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ABSTRACT OF THE DISSERTATION

Safer Polymer Formulations for Stabilizing Protein Therapeutics

by

Madeline Bea Gelb
Doctor of Philosophy in Chemistry
University of California, Los Angeles 2022
Professor Heather D. Maynard, Chair

Biologically derived pharmaceuticals are increasingly useful therapeutics because their
complexity and specificity make them effective and selective drugs. This same complexity,
however, can render the biologics unstable and highly sensitive to environmental stressors. There
are a variety of approaches to stabilizing proteins ranging from small molecule additives such as
sugars or salts and covalent conjugation of polymers. Polymers offer suitably versatile scaffolds
for biologics as they can be functionalized with stabilizing groups — in particular the sugar
trehalose and a zwitterionic group, carboxybetaine. Chapter One provides an overview of the
different trehalose based polymers that have been synthesized with a focus on those bearing
trehalose as a pendent side chain. The different synthetic strategies are detailed along with a
discussion of the advantages, limitations, and challenges of each. This is followed by a description
of the various applications the polymers have been employed for including trehalose polymers as

excipients for and conjugates of biologics.
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Chapter Two details the mechanism by which poly(trehalose methacrylate) stabilizes
insulin against environmental stresses as well as the safety of the polymer. The polymer was found
to inhibit both aggregation and degradation through deamidation with insulin exposed to heat
without shifting insulin from the less stable monomer and dimer states to the more stable hexamer.
Over 46 weeks at 4 °C, while the percent of intact insulin alone dropped significantly, the trehalose
polymer maintained the majority of the insulin intact. The adaptive and innate mouse immune
response to the polymer are explored with immunogenicity assays alone and in the presence of an
immunogenic protein ovalbumin. To better understand the polymer’s safety and, in particular, the
biodistribution and excretion, the synthesis of the trehalose methacrylate monomer and polymer
was modified to incorporate the copper chelating tetraaza macrocycle DOTA for uPET and uCT
imaging. It was found that the majority of the polymer was excreted in 24 h, with only residual

amounts present at the final time point, 5 days post-injection.

Chapter Three continues the exploration of poly(trehalose methacrylate) as an excipient
for insulin but with a focus on fluid characterization and optimizing the formulation as a function
of polymer molecular weight and molecular equivalents relative to insulin. A library of trehalose
polymers with molecular weights ranging from 2.4 kDa to 29.3 kDa were readily synthesized, and,
interestingly, up to 100 mg/mL these polymers displayed Newtonian fluid behavior and low
viscosities, unlike many macromolecules. The formulation was optimized by mixing insulin with
increasing relative concentrations of each polymer molecular weight, exposing the formulation to
both heating and agitation stress, and then measuring the amount of intact insulin remaining. Of
the best performing molecular weights and concentrations, the viscosities of the lowest weight per

volume formulations were found to be above that of insulin alone, but manageable and tolerable.
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Chapter Four parallels the prior chapter by applying the same polymer, poly(trehalose
methacrylate), as an excipient for the antibody Herceptin (generic name trastuzumab). Antibodies
are another important class of biologics, and antibody formulations are known to have issues with
high viscosities in addition to the instability against environmental stresses common to all
biologics. In this chapter, the viscosity of the antibody alone, in market formulation, and
formulated with the trehalose glycopolymer at high concentrations was measured. Additionally,

the three formulations were evaluated for stabilization against mild heat stress.

Chapter Five describes the synthesis of a zwitterionic, degradable polymer,
poly(caprolactone-zwitterion), with a reactive endgroup. The polymer was designed to be
conjugated with an alkyne containing protein, incorporated by an alkyne linker or non-canonical
amino acid, for a degradable protein-polymer conjugate that could safely improve the half-life of
the protein. The polymer was studied alone for adaptive immune response. Copper-catalyzed
alkyne-azide click chemistry was used to install the polymer onto a growth hormone receptor
antagonist (B2036) that had previously had a propargyl tyrosine installed at site of tyrosine 35.
The bioactivity and pharmacokinetics of the site-selective protein-polymer conjugate were

explored. Challenges towards synthesizing both polymers and conjugates are discussed.
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Chapter 1

Synthesis and Applications of Trehalose-

Based Polymers and Nanomaterials



1.1 Introduction

Trehalose is a naturally occurring, non-reducing disaccharide formed by the a,a-1,1
glycosidic linkage of two glucose units (a-D-glucopyranosyl-a-D-glucopyranoside). This specific
bond bends trehalose into a rigid clamshell structure.!"> Trehalose has the highest glass transition
(T,) of disaccharides at 114 °C? and an anhydrous melting temperature (Tm) of 203 °C.* The exact
stereochemical arrangement of trehalose’s many hydroxyl groups is important in the formation of
specific hydrogen bonds.!"> ¢ Similarly to other osmolytes, trehalose can act as a bioprotective
agent against various environmental stresses such as freezing and drying and is produced by some
microorganisms in response to stress. Trehalose is often more effective than other sugars at
maintaining cellular integrity by protecting the native three dimensional structure of cell bilayers
and proteins, inhibiting their denaturation, degradation and aggregation.® > 7!! Relative to other
sugars, trehalose has a higher affinity for water and when hydrated it occupies a larger volume,
thereby accounting for the size disparities between mono- and di- saccharides.!%!! This property,
however, is also likely responsible for the relatively high solution viscosity measured with
trehalose solutions.'® This drawback is often accepted in favor of the better stabilization properties
and for the relative inertness of trehalose, which lacks the free aldehyde groups susceptible to
unwanted Maillard reactions, common with other sugars.” '? Furthermore, as the glycosidic bond
is highly stable, trehalose is less susceptible to hydrolysis, thereby making it more inert than
sucrose, the other common non-reducing sugar.

Trehalose is a highly versatile stabilizer that has already been implemented in the
biomedical field in a wide variety of formulations used for a broad range of applications. Despite
its widespread use, the precise stabilization mechanism is still disputed and most likely depends in

part on the environmental conditions* and the type of molecule being stabilized.” The multiple,
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non-exclusive theories to explain trehalose stabilization include water entrapment or preferential
exclusion, water replacement, and vitrification. Generally, these three mechanisms rely on
trehalose decreasing the local mobility of biomacromolecules by forming many hydrogen bonds,
directly or indirectly, and by resisting solvent crystallization through the formation of a glassy
matrix around unstable biomolecules, respectively.® ® 11! The difference between the water
entrapment and replacement theories lies in whether a solvation layer around the protein is present
or if trehalose is directly interacting with the protein surface. Vitrification requires trehalose to
form an amorphous or glassy matrix to prevent formation of ice crystals that cause “freeze
concentration” — that is the concentration of solute in the remaining liquid which can result in
protein denaturation.'?

Despite early research seeking a single answer to the stabilization mechanism question, it
is now more accepted that multiple mechanisms can work simultaneously and/or are influenced
by the specific macromolecule. Repeated lyophilization studies indicated that trehalose must
continue to maintain direct or indirect hydrogen bonds with the polar residues to maintain native
conformation of the molecule once dried.>* 2 One of the earliest molecular dynamics (MD)
studies on trehalose, and a prime example of early efforts to find a simple answer, concluded that
trehalose did not affect the structure of water in sufficiently dilute conditions and therefore
trehalose must stabilize proteins by water replacement.” Only a few years later, further MD
exploration contradicted this theory, finding that trehalose has significant water interactions and
disrupts the natural tetrahedral network of water, attributing the high degree of order in part to the
conformational rigidity of trehalose.!> !> These later MD studies concluded that, while trehalose
clearly had kosmotropic effects and could cause water entrapment, the ability to structure water

does not exclude water replacement or vitrification as mechanisms by which trehalose stabilizes



biomolecules. Again, this more inclusive view on the role of mechanisms has been borne out

experimentally with spectroscopic experiments reporting the importance of water entrapment, '3-1°

t)S, 16

water replacemen and formation of a glassy matrix by trehalose.* > 1*17 Non-spectroscopic

evidence has also indicated multiple mechanisms with experiments involving lyophilizing proteins

%19 and even measuring

from organic solvents,'® studying the thermodynamics of protein stability,
trehalose water matrix viscosity.?’ These studies confirmed that no one mechanism can exclusively
explain the stabilizing properties of trehalose. From all of the mechanistic studies, Cordone et al.
came to the conclusion that trehalose stabilizes proteins primarily by water entrapment whereas
lipids are stabilized by water replacement, although this is disputed in the literature.” More
generally, researchers agree that these mechanisms can and do act in combination to prevent the
unfolding, misfolding, and aggregation of biomacromolecules.! % '® Throughout the study of the
mechanism by which trehalose stabilizes biomolecules, researchers repeatedly showed trehalose
to be more effective than other sugars.> ! 16 For instance, in stabilizing pyrophosphatase and
glucose 6-phosphate dehydrogenase against heat, trehalose was 4x more effective than the same
mole concentration of sucrose and maltose or double the mole concentration of glucose or
fructose.!” Comparatively, trehalose resulted in a better liposome protectant than sucrose against
lyophilization followed by storage or heating conditions.’

As a small molecule, trehalose is a highly effective stabilizer, and trehalose has been
incorporated into polymers for even more dramatic stabilization results.2!?* As our group has
previously shown, in heat and lyophilization stability assays, proteins retain greater bioactivity in
the presence of trehalose polymers (excipient, conjugate, hydrogel, or nanogel) than alone or with
the same weight concentration of trehalose.?!> 2526 In the same vein, trehalose nanoparticles were

better than trehalose alone at preventing proteins from undergoing fibrillation.?* Cryopreservation



assays of different mammalian cells in the presence of increasing amounts of trehalose polymer
similarly showed improved cell growth after freezing with trehalose polymer rather than trehalose
alone.?* These trehalose polymers and nanoparticles have also been shown to reduce the relative
amount of trehalose molecules required to stabilize biomolecules and cells.?->* 27 Unexpectedly,
amidst this improved stabilization work, linear trehalose polymers did not show similarly high
viscosities as the small molecule or more complex fluid flow properties.?’

Taken altogether, these characteristics firmly demonstrate the utility of trehalose polymers
in the rapidly growing biopharmaceutical market. In this chapter, different polymerization
strategies to prepare trehalose-based polymers will first be discussed. Afterwards, various
applications in the biomedical field, such as protein stabilization, gene delivery and amyloid

aggregate prevention, will be presented and discussed.
1.2 Polymerization Strategies

Many strategies have been employed over the years to synthesize poly(trehalose) polymers
with various architectures. Linear polymers can be prepared following two different approaches:
(1) step-growth polymerization where trehalose is incorporated by polyaddition or
polycondensation directly into the backbone of the polymer, or (ii) chain-growth polymerization
where trehalose is linked to unsaturated monomers as side chains and, typically, radical
polymerization affords linear chains with trehalose pendant on the side chains. Crosslinked
materials can be prepared by (iii) curing of trehalose containing multiple olefins to afford insoluble
thermoset resins or crosslinking of poly(trehalose) in aqueous conditions to give hydrogels (Figure

1.1).
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Figure 1.1 Schematic representation of a) polymer with trehalose in the backbone, b) polymer
carrying trehalose in the side chains, ¢) thermoset or hydrogel network with trehalose as crosslinker
or in the side chain.
1.2.1 Backbone-Trehalose

A selection of polymers with trehalose in the backbone are summarized in Figure 1.2. The
first attempt to prepare linear trehalose polymers was reported in 1979 by Kurita et al., when the
authors employed direct addition polymerization to copolymerize trehalose with diisocyanates
yielding polyurethanes, although likely producing branched polymers as a side product.?® They
later resolved this issue by synthesizing diaminotrehalose using sequential protection-deprotection
steps to selectively modify the C-6,6' hydroxyl groups. The modified trehalose was then reacted
with various diisocyanates, such as diphenylmethane diisocyanate, to afford polyureas by
polyaddition using various polar solvents at temperatures ranging from 5 to 20 °C. The resulting
polymers could be biodegraded using trehalase or o-amylase.?® Similarly, trehalose hydroxyls
could be reacted with aldehydes or derived acetals to afford polyacetals by polycondensation.3*-!
This strategy presents the advantage of being regioselective for C-6,6 hydroxyls with no

protection steps required. However, this methodology presented some clear disadvantages such as

harsh polymerization conditions, low (8.5 kDa) maximum molecular weight (MW) obtained, no



glass transition temperature (Tg) found up to the decomposition temperature (Td) of 325 °C,*° and
formation of a mixture of polymers with different end groups or even cyclization.?! To overcome
these drawbacks, Teramoto et al. designed a different strategy to regioselectively modify trehalose
with 4-allyl-oxybenzaldehyde and then polymerize by hydrosilylation with SiH-terminated
dimethylsiloxane oligomers.*? Polymers with a MW up to 50 kDa were obtained when the mixture
was heated at 80 °C for 72 h. Yields were generally high (~80%), but molecular weight
polydispersity was also very high, averaging 3.5. The polymers presented two T peaks: one (~-
110 °C) independent of and one (96-152 °C) dependent on siloxane oligomer segment length.? In
parallel, they developed a synthetic strategy to afford degradable linear poly(trehalose) by
exploiting the Diels-Alder reaction between trehalose bearing difurfurylidene and bismaleimides.
At high temperature (140 °C), the polymer undergoes a retro Diels-Alder and degrades into its
monomers.>* In a follow up study, the two strategies were combined by using difurfurylidene
trehalose and maleimide bearing dimethylsiloxanes oligomers. The degradable and flexible
poly(trehalose-siloxanes) presented similar advantageous thermal properties to the previous
siloxane copolymer, while retaining degradability from the Diels-Alder reversibility.>* Finally,
trehalose was derivatized to afford a diepoxide and polymerized following the addition of aliphatic
diamines in the presence of a base catalyst. While the trehalose diepoxide had low solubility in
various organic solvents, requiring the polymerization be conducted in 1-methyl-2-pyrrolidone
(NMP) at 200 °C, the resulting polymer was soluble in a range of organic solvents and showed a

T of 100 °C and a T4 of 320 °C.*
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Figure 1.2 Representative selection of polymers and reaction classes with trehalose in the
backbone.

Another early development in the polycondensation approach involves reacting monomers
containing amine-reactive imidoester groups with diaminotrehalose in the presence of sodium
carbonate to afford cationic polyamidines. The polymerization only took 16 h, but yields were
limited (23-45%).% As part of the development of a family of sugar-containing polycations,
trehalose was functionalized in 6 and 6’ positions with dimethylamine, that proceeded through a
diiodide intermediate. The tertiary amines were then reacted with 1,6-dibromohexane via
Menschutkin reaction yielding polycations bearing quaternary amines. The polymerization was
conducted at 40 °C for 3 days, but yields were similarly modest (32-38 %).%’

Arguably, Cul-catalyzed azide—alkyne cycloaddition (CuAAC) has been the most
successful reaction employed to synthesize polymers with trehalose in the backbone. CuAAC is
widely applied both in polymer®® and carbohydrate®® syntheses. The strategy was popularized by
Reineke and coworkers, in their effort to synthesize cationic trehalose copolymers for gene
delivery.*** Trehalose bearing two azido groups in the 6 and 6’ positions was prepared by

iodination of the respective hydroxyl group, followed by substitution with sodium azide, and

finally protection of the remaining hydroxyls with acetyl groups. The diazidotrehalose monomer
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was polymerized by a reaction with dialkyne-oligoamine monomers. Specifically, an equimolar
mixture of the monomers was heated at 50 °C in a 1:1 cosolvent system of tert-butyl alcohol and
water in the presence of Cull and sodium ascorbate and stirred for 4-24 h depending on the amine.
Finally, the hydroxyls and the amines were deprotected following conventional methods to afford
the desired water-soluble copolymer. In addition to the milder polymerization conditions than
previously discussed strategies, these reactions could easily obtain polymers with higher MW, up

).40

to 40 kDa, dispersity as low as 1.2, and higher degree of polymerization (56-61).” This synthetic

strategy and these conditions allow facile customization of many characteristics of the final

polymer including polymer length,*: ** amine number,*> *

and end group chemistry, by
introducing a capping monomer at the end of the polymerization.*** Additionally, a third
comonomer could be added, for instance to add a lanthanide chelating moiety for theranostic
purposes.*’

Other applications involving polymer prepared by CuAAC include a thermoresponsive
glycopolymer in physiological temperature range>® and an asymmetric trehalose bearing both an
alkyne and azide for copper free topochemical azide-alkyne cycloaddition.’! In the first case,
trehalose primary and secondary alcohols were selectively tosylated and acetylated, respectively.
After the initial protection, the tosyl groups were displaced with azides. Dialkyne terminated PEGs
with MWs of 200, 600, and 1000 Da were prepared by reaction with propargyl bromide, and the
comonomers were polymerized at 60 °C for 24 h with copper wire as a catalyst. Acetal-protected
glycopolymers containing 600 Da PEG showed a cloud point at 2 mg/ml of 39 °C, but acetyl
deprotection led to water soluble polymers that did not present thermoresponsive behavior.

Interestingly, the analogous polymers of 200 Da and 1000 Da PEG were either insoluble in water

or presented a phase transition at 90 °C, respectively.’’ In the last example, an asymmetric



acetylated trehalose monomer bearing either an azide or an alkyne at the primary alcohols was
synthesized in five steps, with most yields above 80%. To avoid challenges from conventional
glycopolymer synthesis, topochemical click chemistry was used. The monomer was crystalized
from a 2:1 mixture of either ethyl acetate or chloroform and n-hexane. The crystals were heated at
90 °C and the polymer was visible by 'H NMR after 24 h, reaching full conversion within 96 h,
with the highest attained MW ~7 kDa.>! This innovative approach requires more exploration in the
future as it solves issues related to purification and metal removal related to conventional CUAAC
chemistry. However, the final product is still acetylated and would require a final deprotection step
to be useful as stabilizer, and the obtained MW is relatively low. Additionally, preparing
copolymers might be more difficult than polymerization in solution phase, due to the possibly
incompatible crystal structures and alignment, or the inability to prepare crystals from an eventual
comonomer.
1.2.2 Side Chain-Trehalose

Figure 1.3 illustrates some examples of polymers bearing trehalose on the side chains. The
earliest reports of side-chain trehalose polymers employed enzymes, such as protease or lipase, to
regioselectively modify trehalose at the C6 position with vinyl esters that could subsequently be
polymerized by free radical polymerization (FRP) to afford poly(vinyl esters) bearing trehalose on
their side chains.*?">* The polymers were explored only in terms of lectin recognition and enzyme
inhibition.>?

A decade later, our group became interested in the field of trehalose polymers with
numerous contributions to the pendant trehalose design.?!”> 25-27- 3463 Ap innovative approach
taking advantage of the benefits of reversible-deactivation radical polymerization (RDRP) was

initially designed. A styrenyl monomer bearing monodiethyl acetal in the para position was reacted
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selectively in 4,6 positions by acetalization to afford the styrenyltrehalose monomer in 41% yield.
Using a pyridyl disulfide (PDS) functionalized chain transfer agent (CTA), polymers were
synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization. As is
common for controlled polymerization techniques, this method presents many advantages such as
low dispersity, possibility to target a specific molecular weight, compatibility with multiple
architectures, and high end group retention.®* The last advantage is especially important in this
case because the PDS group was installed for a post-polymerization reaction with proteins to create
polymer-protein conjugates. Inclusion of a short PEG spacer between the PDS and the CTA
improved conjugation yields with the protein as visualized by SDS-PAGE. Polymerizations
proceeded in controlled fashion for 6 h with high conversion, affording a series of polymers with
MW in the 4-50 kDa range and dispersity as low as 1.05.?! Shortly after, the trehalose monomer
library was expanded to include methacrylate acetal, styrenyl ether and methacrylate, each
prepared in a few steps with moderate yields. Free radical polymerization (FRP) with
azobisisobutyronitrile (AIBN) at 80 and 65 °C, for the styrenyl and methacrylate monomers,
respectively, successfully yielded polymers of 10.8-23.4 kDa.>* The monomer synthesis was
designed without any protection step, thus it results in a mixture of various regioisomers that can
be easily isolated by preparative HPLC, as was done in the case of styrenyl ether trehalose.> Four
isomers were isolated, with styrenyl group in position 2, 3, 4 or 6. Regioselectivity could be
controlled through careful choice of base metal counterion for the etherification reaction, with
sodium and potassium hydroxide favoring 4 or 6 position, respectively, and higher reaction
temperature or use of water as a solvent raising O6 relative yields. Quantum mechanical
calculations confirmed that each isomer maintained the clam shell conformation, important for the

stabilizing properties of trehalose.>
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Figure 1.3 Representative selection of polymers with trehalose in the side chains and
polymerization strategies.

Our group has made several efforts to incorporate biodegradable moieties into
poly(trehalose) structures. One strategy used RAFT to copolymerize 5,6-benzo-2-methylene-1,3-
dioxepane (BMDO), a cyclic ketene acetal (CKA) which ring opens during polymerization to form
degradable esters, with but-3-enyl methacrylate (bMA), an alkene containing monomer. No cross
reactivity of the alkene unit was noticed during polymerization, but the final dispersity was
relatively high (1.76), which was attributed to mismatch reactivity between the monomers. Thiol-
ene chemistry was then used to add thiol-trehalose to the alkenes, and the polymer was degraded
in 24 h under basic conditions.’® Alternatively, biodegradable units can be introduced in the
polymer chain via ring opening polymerization (ROP) of cyclic esters. Polycaprolactone,
polyvalerolactone, polycarbonate and polylactide with reactive alkene side chains were
polymerized with different organocatalyst and co-catalyst systems at room temperature with fast
kinetics and low dispersity. Thiol-trehalose was again added in post-polymerization, by
photoinitiation.?> ® While the trehalose polycaprolactone backbone esters began to undergo
hydrolytic cleavage within 24 h in accelerated basic conditions.??> The same physiological
conditions with trehalose polymers made of polyvalerolactone, polylactide, and polycarbonate
backbones indicated no degradation up to 30 days, complete degradation within a few days, and

complete degradation over the course of a month, respectively.>®
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Among the other advantages of RDRP, the ability to generate well defined block
copolymers has been employed extensively by Reineke and coworkers. A trehalose-
methacrylamide monomer could be polymerized by RAFT into a poly(trehalose) macroCTA from
which the chain was then extended with a cationic block and used for gene delivery and
stabilization.% Similarly, diblock terpolymers were easily prepared by polymerizing trehalose-
methacrylamide with a variety of comonomers for usage in micelle formulation or pH-responsive
drug delivery.5¢7

Moving beyond RAFT, atom transfer radical polymerization (ATRP), and specifically
activators generated by electron transfer (AGET) ATRP, has been employed by our group and
others to prepare poly(trehalose) polymers. An insulin-poly(trehalose) conjugate was synthesized
by installing a nitrophenyl carbonate-activated ATRP initiator to a lysine residue (LysB29), HPLC
purifying the singly modified insulin, and using AGET ATRP to “graft from” the protein.>® By
growing the poly(trehalose) directly from insulin, both purification and characterization of the
conjugate were streamlined when compared to “grafting to” insulin.®**, AGET ATRP was chosen
to polymerize the trehalose monomer because of the mild, aqueous, and room temperature
conditions required. A sacrificial resin was added so that the polymerization would occur.*
Recently, we used AGET ATRP to graft poly(trehalose) to the antibody Herceptin (trastuzumab)
and Herceptin Fab via a bis-sulfone alkyl bromide initiator, which was chosen as a specific, stable,
and irreversible reduction-conjugation handle for disulfide bridging. It was hypothesized that the
bis-sulfone might undergo ligand-assisted elimination, giving an alkene that may potentially lead
to side reactions and loss of polymerization control. Through careful optimization of
polymerization conditions, such as TPMA ligand equimolar concentration relative to Cu salts or

more dilute monomer concentration, the reaction occurred in a satisfactory controlled fashion, with
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dispersity below 1.1. The resulting polymer was then conjugated to Herceptin and Herceptin Fab,
and mass spectrometry experiments revealed that single modification was achieved as expected.
ATRP was also used to synthesize poly(trehalose) not as protein conjugates. Madeira do O et al.
prepared linear and 4-arm star poly(propargyl methacrylate) polymers via classic ATRP, and
azido-trehalose and other sugars were added in a post-polymerization CuAAC reaction.’® Morelli
et al. used a similar CuUAAC post-polymerization modification approach to functionalize azido-
bearing poly(disulfide)s with alkyne-trehalose and other sugars. The polymers were prepared by
ring-opening disulfide exchange polymerization and underwent the post-polymerization
modification with high yield. Both strategies employed post-modification to allow direct
biological comparison of the various glycopolymers without concern for possible different
polymer physicochemical characteristics.”!

In addition to RAFT and ATRP, our group in collaboration with Sawamoto also utilized
ruthenium-catalyzed living radical polymerization to copolymerize acetylated trehalose
methacrylate (AcTrMA) with PEGMA and 1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA)
to obtain amphiphilic macromolecules capable of self-assembly in water and organic solvents.>’
Solvent choice was critical in controlling the polymerization, achieving low dispersity and
equimolar monomer incorporation. Initial AcTrMA and 13FOMA polymerizations carried out in
toluene yielded polymers with relatively high dispersities (~1.55). Whereas switching to 1,2-
dichloroethane (DCE) reduced dispersity to 1.27, polymerization time greatly increased, up to 96
h, and resulted in different relative monomer rates of consumption. Ultimately, a 6:4 mixture of
toluene:DCE produced low dispersity (1.35) polymers in reasonable reaction times. The addition
of PEGMA as a comonomer lowered the dispersity even more (1.26), as the monomer has

intermediate polarity that mediates the interaction of the other two comonomers. The polymers
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were deacetylated using hydrazine hydrate, and self-assembly monitored by dynamic light
scattering (DLS) showed a bimodal distribution of smaller peaks of 10 nm coming from single-
chain species and larger peaks at 100-200 nm resulting from interchain assemblies.>’

Compared to the backbone strategy, the side chain approach presents some advantages.
The ability to use controlled polymerization techniques opens the door for fine-tuning of MW and
dispersity, facile chain-end control, and the ability to form well defined random, gradient or block
copolymers along with larger (co)monomer scope and orthogonality. Moreover, modification of
the side chains allows for the easy introduction of different functionalities.
1.2.3 Thermoset Resin

Other than producing linear polymers, trehalose monomers can be crosslinked to form
thermoset resins of insoluble polymer networks with outstanding thermomechanical properties
(Figure 1.4). Out of concern for the environment, a focus on producing thermosets from renewable
resources has led multiple scientists to replace petroleum based polymers with bio-renewable

stocks, such as polysaccharides.”> "3
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Figure 1.4 Representative trehalose monomers with different degree of substitution for curing and
preparation of thermoset resins.

Teramoto and Shibata provided the first example of a thermoset polymer based on
trehalose.” Styrenyl moieties were installed on the sugar by reaction with p-chloromethylstyrene,
with a maximum degree of substitution (DS) of 3.2. The monomer was then cured by applying
heat and pressure (200 °C, 29 bar, 30 min) and the thermal properties were analyzed. A correlation
between T, and DS was found, showing lower T, (ranging 118-143 °C) with higher DS. Only 5%
of the resin degraded over 50 days, and no further degradation was observed up to 90 days. This
was attributed to the stability of the styrenyl backbone.’ Instead of continuing research exclusively
with trehalose monomers, the Reineke group functionalized trehalose with succinic anhydride to
be used as a crosslinking hardener for their epoxy-containing trimethylolpropane triglycidyl ether
(TTE)” or epoxidized soy bean oil (ESO)’®’® based thermosets. The properties of the cured
thermosets varied greatly, with Tg’s of 63 °C and 3 °C and tensile strengths up to 47 MPa and 1.3
MPa for the TTE and ESO based trehalose thermosets, respectively. In particular, the

trehalose/TTE resin showed high adhesion strength of 3600 psi. The TTE resins were degradable
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in both basic and acidic conditions, reaching full degradation in a few hours or 1-2 months,
respectively, but remained stable at neutral pH. On the other hand, trehalose-containing ESO resins
were instead stable in both neutral and acidic conditions, but quickly degraded in basic media. The
different behavior in acidic media was attributed to the higher hydrophobicity of the ESO moiety
compared to TTE.”® The authors noticed that the ESO resins prevented cell adhesion and growth
and attributed this to the low elastic modulus, thus proposing the material as a potential fouling-
resistant coating material.”® In a different study, trehalose cinnamoyl esters (TCs) smooth thin
films promoted fibroblast cell proliferation, with better results than a standard polystyrene culture
plate.”” TCs were prepared by esterification between trehalose and cinnamoyl chloride, and thin
films were prepared by photocuring of the monomer solution, as cinnamoyl undergoes
dimerization to form a cyclobutane ring under UV irradiation. The polymerization is favored with
a DS of 4 compared to a DS of 8, due to larger steric hindrance from the extra cinnamoyl groups
in the latter. Photocured TCs showed a T, of 91.6 °C.”8 In a follow up study, unreacted hydroxyl
groups of the TCs were further functionalized with 4-(4-hexyloxybenzoyloxy)phenoxy-6-
oxohexanoic acid (HBPHA) as a mesogenic unit, yielding a material with liquid-crystal
morphology from 150 °C to 180 °C. The resulting thin film was found to be biocompatible, and
plates coated with the film allowed fibroblast attachment and had properties comparable to a
polystyrene culture plate. Due to the material’s mesogenic characteristics, some of the cells were
found to align the spindle shaped cells in controlled fashion.”

An alternative photocuring strategy employs thiol-ene photopolymerization of allyl-
etherified trehalose (AT) with various thiols, such as pentaerythritol-based tetrathiol (S4P)% or
isocyanurate-based trithiol (S31).89-%! The films were transparent to visible light and presented a

T, approx. 27-28 °C for most cases.’’ Interestingly, the S4P based film showed higher tensile
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strength and modulus but lower elongation at break than the S31 based film.*’ To improve the
thermomechanical properties, polysilsesquioxanes were included as a co-crosslinkers in the
production of the S3I based film, affording organic/inorganic hybrid nanocomposites. The
resulting films were transparent and uniform even at the microscopic level. Additionally, both T,
tensile strength and modulus were higher than the organic analogues, increasing with inorganic
content.®! In a recent report, AT was functionalized with cysteamine hydrochloride to afford
aminated trehalose. The monomer was cured with sorbitol polyglycidyl ether (SPE) in the presence
or absence of cellulose nanofibers (CNFs). The surface of films without CNFs was smooth, and,
while addition of CNFs rendered surfaces more uneven, they also had the expected effect of
increasing tensile strength and modulus. In the case of trehalose polymers with high amine content
and crosslinking, the T, was ~43.6 °C regardless of the presence of CNFs. At lower amine content
and crosslinking, the T, decreased from 62 to ~50 °C in the presence of CNFs.%?
1.2.4 Hydrogel

Hydrogels are highly crosslinked polymer networks able to trap and retain large amounts
of water that have many applications in biomedicine and biotechnology.®* Our group proposed a
simple two-step synthesis to prepare trehalose-based hydrogels.?> ¢! Trehalose was modified by
etherification with 4-vinylbenzyl chloride and after precipitation in DCM, a mixture of mono, di
and tri-substituted monomer was obtained. The crude mixture could be polymerized directly in
water at room temperature using ammonium persulfate (APS) and tetramethylethylenediamine
(TEMED) as a co-initiator pair, with the multi-substituted monomer acting as a chemical
crosslinker. The purified hydrogel was obtained as a colorless powder, although this first attempt
yielded only a modest 17% product.®' By increasing the 4-vinylbenzyl chloride to trehalose ratio,

greater trehalose modification was achieved, with a preference for mono-substituted monomer
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(Figure 1.5a). The scaled up multi-gram reaction gave an impressive 76% yield, suitable for
industrial applications. Many solvent systems were screened to find a greener alternative to the
precipitation step that previously used toxic DCM and hexane. Eventually, ethyl acetate:toluene
(2:3) was selected as the greener choice that afforded the highest yield of 64% after radical
gelation, which occurred within 10 min.*

The examples discussed above employed chemical crosslinking, but trehalose polymers
can also be physically crosslinked to form hydrogels. When well-engineered, these hydrogels can
be reversible and even stimuli responsive. For instance, our group synthesized a glucose-
responsive trehalose polymer hydrogel for insulin stabilization and delivery, taking advantage of
the dynamic covalent bond formed between phenyl boronic acids (PBA) and diols containing
molecules, in this case trehalose. A styrenyl trehalose polymer was prepared by FRP and mixed in
PBS with an 8-arm PEG bearing PBA at every end group. A gel formed within 5 min, and it was
hypothesized that the multivalency of the trehalose polymer favors gelation since trehalose itself
has almost no affinity for PBA’s. Due to the higher binding affinity of PBA for glucose compared
to trehalose, in the presence of glucose the polymer is displaced, crosslinking is broken, and the
hydrogel dissolves in a concentration dependent manner.

Related to hydrogels in composition and applications, nanogels and microgels are defined
as highly cross-linked hydrophilic polymers that form particles in the nanometer or micrometer
scale, respectively. Our group synthesized trehalose-based nanogels for the stabilization and
delivery of glucagon, an unstable peptide used in the treatment of hypoglycemia.?® Briefly, a PDS
containing trehalose copolymer (PDSMA-co-TrMA) was prepared by FRP from methacrylate-
derived trehalose and pyridyl disulfide methacrylate. Crosslinking with a 1 kDa PEG-dithiol

yielded nanogels of about 9 nm regardless of the amount of crosslinker, although size could be
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controlled by tuning the polymer concentration. By installing two thiols on glucagon using
dimethyl-3,3'-dithio-bis(propionimidate), the peptide itself could be used as crosslinker to form
nanogels in less than 2 h, with a 60-70% yield. A higher PDSMA content, polymer concentration
of 1-0.5 mg mL-1, and a 5:1 thiol ratio of polymer to glucagon resulted in more defined and
uniform particles (Figure 1.5b).%

Burek et al. designed a series of thermoresponsive and acid degradable hydrogels using
modified trehalose as a crosslinker and NIPAM as a monomer.**% Trehalose was functionalized
with 2, 3 or 4-allyloxybenzaldehyde to form diacetals regioselectively at the C4 and C6 positions.
These trehalose crosslinkers were insoluble in water, thus water:DMF mixtures were employed
for the polymerization, with 1:1 and 2:1 ratios. The TEMED/APS co-initiator pair was used to
generate the initial radicals, with TEMED maintaining a basic pH to avoid acetal hydrolysis
throughout the 2 h polymerizations at room temperature. The effects of solvent system, crosslinker
identity, and mol. % on LCST and volume phase transition temperature (VPTT) of the hydrogels
were studied. Due to the low mol. % of trehalose crosslinker, VPTTs were similar to NIPAM
homopolymer hydrogels with a range of 31.5-34.5 °C until the mol. % was increased to 4%, when
VPTT unexpectedly decreased to 29 °C. The authors hypothesized that water preferentially
interacts with trehalose moieties, resulting in weakened hydrogen bonds with the NIPAM amide
groups. The same characteristics also influenced swelling abilities, with low crosslinking, 2-isomer
and higher water content in the solvent system leading to higher swelling capacity. Due to the
presence of acetals in the crosslinker, the hydrogel degraded within hours in acidic solution at
room temperature, although no degradation occurred at acidic pH above the VPTT, due to

shrinkage of the hydrogel and masking of the acetals (Figure 1.5¢).3*
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To obtain a hydrogel able to degrade at physiological temperature, hydrophilic
comonomers, such as acrylamide (AAm), N-(2-hydroxyethyl)acrylamide (DMAAm) and N,N-
dimethylacrylamide (HEAAm) were added in the polymerization feed. Using a 13-25 mol. % of
these comonomers, hydrogels with VPTTs of 37-42 °C were obtained, with HEAAm and AAm
containing hydrogels showing the highest VPTT values. With increased hydrophilic comonomer
content, swelling capacities and degradation rates also increased, making degradation possible at
physiological temperature.> Among other parameters that were altered to tune and modify
thermomechanical and degradations properties, a different trehalose comonomer, 4,6-O-
acrylidene-a,a-D-trehalose, was prepared and found to be water soluble, eliminating the need for
DMF during the polymerization. Moreover, it enabled higher overall trehalose content for protein
stabilization, although real incorporation was much lower than theoretical feed content (up to a
75% difference).®® The acrylidene monomer and its diacrylidene version, as a crosslinker, were
copolymerized with NIPAM to form thermoresponsive microgels by surfactant-free precipitation
copolymerization. The microgels had diameters in the 200-400 nm range, dispersities <0.1, and
shrinking abilities above their VPTT (~29 °C). However, when dispersed in solutions with ionic
strengths of 0.165 M, such as in DMEM cell culture media, the microgels aggregated into a
macroscopic hydrogel above their VPTT.?® These hydrogels could be used as soft matrices for 3D

cell culture® or in microfluidic microchambers.”!
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Figure 1.5 Representative hydrogel formation: a) Large scale hydrogel synthesis using styrenyl
ether trehalose monomer and crosslinker; b) Glucagon-crosslinked trehalose nanogels for the
treatment of hypoglycemia; ¢) Thermoresponsive, acid-cleavable acetal trehalose hydrogel; d)
Trehalose hydrogel prepared by thiol-ene reaction for protein delivery. Reprinted and adapted with
permissions from Ref. 25, 26, 84, and 93.

Alternatively, hydrogels with even higher trehalose content, up to 51.7 wt. %, were
prepared to treat neurodegenerative diseases, with trehalose as the drug being delivered.®® To
ensure these hydrogels would also be degradable at basic pH, an ester moiety was added to the
trehalose crosslinker.3® * The degradation characteristics could additionally be controlled by the
nature of the linker in para and meta position of the acetals and the hydrophilicity of comonomers
used.?%7 A final set of degradable chitosan hydrogels were prepared using a diiodo-trehalose

derivative as the chemical crosslinker, and could be fully biodegraded in 96 h by trehalase.?
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Recent examples of trehalose-based hydrogels have shown expanded uses to protein
stabilization and controlled released,”® hydrogels for skin burn treatment’® and trehalose-
epichlorohydrin hydrogels for cryopreservation and to act as a cell scaffold.>* For instance, O’Shea
et al. developed tri-composite hydrogels by thiol-ene reaction using enzyme derived diacrylate
trehalose, PEG diacrylate and trimethylolpropane ethoxylate thiolactate as a thiol-bearing
crosslinker (Figure 1.5d). Within a few minutes of mixing, hydrogels with varied trehalose
contents were prepared and their rate of degradation increased proportionally with trehalose
amount. Using attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR),
they found that the signal strength of the hydroxyl hydrogen bond was linearly dependent on
trehalose content. Moreover, hydrogels in the semi-dry state were found to possess more robust
mechanical properties, such as stiffness and tensile strength, compared to fully hydrated gels, and
complete dehydration led to materials with properties comparable to analogous gels not containing
trehalose, confirming the importance of the carbohydrate in hydrogen bond formation and

organization.”
1.3 Applications

1.3.1 Protein and Peptide Stabilization and Delivery

Based on the stabilization, hydrophilic, and biocompatible properties of trehalose as a small
molecule, it was hypothesized by many groups that incorporating trehalose into a polymer would
aid in drug solubility and prevent aggregation, denaturation, and degradation of proteins. In the
following section, the ability of trehalose polymers to stabilize proteins and peptides as excipients,

conjugates, or hydrogels will be discussed.
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1.3.1.1 Excipients

Linear or star, homopolymers and copolymers of trehalose have been studied as excipients
for different protein drugs, although all have utilized pendant trehalose monomers rather than
incorporating trehalose into the backbone.

The earliest published use of trehalose polymers specifically to stabilize proteins as an
excipient and as a protein polymer conjugate came from our group in 2012.2! RAFT of styrenyl
trehalose yielded polymers that stabilize hen egg white lysozyme (HEWL) against heat (90 °C for
1 h, 100 mol. eq.) and lyophilization (10 cycles, 1 or 100 mol. eq.). The remaining HEWL activity
was vastly improved with polymer, 55-100% activity as compared to less than 20% activity alone
or 20-30% activity with a comparable amount of small molecule trehalose (1 or 100 wt. eq)
(Figure 1.6a). It was hypothesized that, by covalently joining trehalose molecules into a single
chain, the entropic barrier would be lowered.?! This chemistry was rapidly expanded to include
another trehalose styrene monomer and trehalose methacrylate monomers.>* The derived
polymers, as well as small molecule trehalose, were applied in 1-80 weight equivalents (wt. eq.)
to horseradish peroxidase (HRP), B-galactosidase (B-gal), and glucose oxidase (GOx). The percent
original activity of B-gal after three lyophilization cycles or of HRP (Figure 1.6b) and GOx after
heating (70 °C for 30 min) clearly showed that all of the polymer excipient formulations, except
for 1 wt. eq. of poly(trehalose methacrylate) (pTrMA) with B-gal, significantly increased the
remaining enzyme activity (60-100% HRP, 50-100% B-gal, and 80-95% GOx activity) relative to
no excipient or trehalose.>*

Counterintuitively, initial experiments with trehalose polymers did not appear to have
improved stabilization with increasing molecular weight (MW)?! even though concentration

clearly played a critical role in stabilizing proteins.?! *> Eventually the stabilization effect was
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confirmed to be MW dependent.?? Furthermore, Pelegri-O’Day et al. found that, keeping the total
amount of polymer or trehalose in solution constant, increasing the MW of trehalose-based
polymer excipients resulted in more stable protein formulations.?? This effect, known as
polyvalency or multivalency, has also been observed in entirely different classes of polymers
including a sialic acid containing polyacrylamide copolymer that prevents agglutination of
erythrocytes by an influenza virus.” Due to the polymer backbone connecting individual trehalose
molecules, the likelihood of more trehalose molecules in the polymer interacting with the protein
surface is increased. Taking the effect of both MW and concentration into account, trehalose
polymer formulations were optimized to reduce the total amount of polymer needed to stabilize
proteins.?’

After exploring the initial range of model enzymes, researchers began employing trehalose
polymers to improve the formulation properties and stability of therapeutically relevant drugs:

27,55, 58-59

insulin, granulocyte colony stimulating factor (GCSF),?* 3¢ and probucal,®’ as well as

% polycaprolactone,

antibodies.”” Our trehalose polystyrene, polymethacrylate,>”
polyvalerolactone, polycarbonate, and polylactide polymers>® were all able to maintain fully intact
insulin (97-100%) despite heat and agitation (37 °C and 250 rpm for 3-4 h). Although these
polymers have yet to be compared in a single experiment, Pelegri-O’Day et al. found that, with 10
wt. eq. of the ROP degradable polymers, there was no difference in insulin stabilization, indicating
that the side chain trehalose was more important to the stabilizing properties than the polymer
backbone. Additionally, Messina et al. found that all of the different regioisomers of poly(trehalose
styrenyl ether) fully stabilized insulin to mechanical agitation. As indicated by computational

modeling, this is most likely due to the maintenance of the rigid clamshell structure of trehalose

regardless of how trehalose is affixed to the polymer backbone.>
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An additional therapeutic that has been studied with a range of different trehalose polymers
is granulocyte colony-stimulating factor (GCSF), a particularly unstable protein. The degradable
poly(trehalose caprolactone) maintained GCSF activity even after both mild (4 °C for 1.5 h) and
aggressive (60 °C for 30 min) temperature changes with 100 wt. eq. as measured by cell
proliferation, 168% and 179%, respectively, which hold comparison with fresh GCSF, showing
150-180% proliferation (Figure 1.6¢).?? In a similar heating assay (40 °C for 30 min), a RAFT
copolymerized BMDO-trehalose copolymer maintained GCSF activity at 66% with 10 wt. eq. and
51% with 500 wt. eq.® While this was better than no excipient (~30% activity), the degradable
copolymer’s results did not hold up against the poly(trehalose styrenyl acetal) polymer with over
75% and full activity at 10 and 500 wt. eq., respectively, or even 77% activity with small molecule
trehalose.>® While all three polymers were found to be non-cytotoxic up to 1 mg/mL (primary
human umbilical vein endothelial cells (HUVECs)?? or human dermal fibroblasts (HDFs) and
murine myeloblasts NFS-60),>¢ the degradation products of the BMDO-trehalose copolymer
reduced cell viability to 74%. Similarly to how the BMDO-trehalose copolymer better stabilized
GCSF at 10 wt. eq. than at 500 wt. eq., linear and four-arm methacrylate-based trehalose polymers
were found to better stabilize a highly concentrated model monoclonal antibody (mAbl, 50
mg/mL) against heat (25 °C and 40 °C for 7 weeks) with lower mol. eq. of polymer (1 and 100 vs

200 and 300).7°
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Figure 1.6 Protein stabilization by trehalose polymers. a) Activity of stabilized HEWL incubated
at 90 °C for 1 h.; b) Activity of stabilized HRP incubated at 70 °C for 30 min; c) Activity of GCSF
stabilized with 100 wt. eq. of polymers with increasing MW incubated at 60 °C for 30 min; d)
Percentage of intact insulin stabilized with trehalose methacrylate with different MWs and
concentrations incubated at 37 °C for 3 h; ) Percentage of intact Herceptin conjugated to trehalose
methacrylate incubated at 75 °C for 1 h. Reprinted and adapted with permissions from Ref 21, 54,
22,27, 60; copyrights for Ref 21, 54, and 22 in 2012, 2013, and 2017 with American Chemical
Society, respectively.

The wide variety of pendant-trehalose polymers that are well suited for use as excipients
emphasizes the utility of trehalose polymers in formulating drugs for solubility and stability. A
recent exploration, Chapter 3, of the poly(trehalose methacrylate) examined the effect of polymer
concentration and MW on stabilization of insulin. This study confirmed the hypothesized trend

that increasing MW or concentration led to greater insulin stability against environmental stresses
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(Figure 1.6d).>” Based on the similarities in stabilization properties across polymer backbones, it
seems likely that excipient formulations of the other trehalose polymers could be similarly
optimized to reduce the amount of polymer in solution.
1.3.1.2 Conjugates

Excipient-based chemistry was further expanded by our group by incorporating protein
reactive moieties to the polymer or initiator to synthesize protein-polymer conjugates. We
hypothesized that conjugation of trehalose polymers to proteins would improve the stability of
biomacromolecules against environmental stressors. Additionally, we expected that conjugating
the polymer directly to the protein could further improve the stabilization provided by trehalose
polymers by bringing the polymer closer to the protein. Another potential benefit that could come
from conjugation was to extend the half-life of the biomolecules in vivo. Conjugation of
poly(ethylene glycol) (PEG), or PEGylation, has been extensively shown to lengthen the half-life
of proteins, including some already on the market such as Somavert, PEGasys, and Neulasta.”**’
Beyond PEG, poly(oxazoline), poly(N-(2-hydroxypropyl)methacrylamide), and other polymers
have also been used to improve the pharmacokinetics of biologics, so it was anticipated that
trehalose polymers would have a similar effect.”®

Thus far, the only protein conjugates made with trehalose polymers have come from the
Maynard lab, using diverse conjugation methods, proteins, and trehalose monomers. The earliest
published protein conjugation began with modification of amines on the surface of HEWL to
which free thiols were nonspecifically added via N-succinimidyl-S-acetylthiopropionate.?! Singly
modified protein was purified before forming a disulfide bond via “grafting to” with a RAFT
synthesized styrenyl trehalose polymers (MW: 8.0-49.5 kDa). Conjugation provided stability

against both heat (1 h at 90 °C) and lyophilization (10 cycles) with up to 100% or 81% conjugate
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stability relative to 17% and 18% of protein alone. The MW of the conjugated polymers led to no
apparent trends in stabilization, and all of the conjugates performed significantly better than 1 or
100 eq. of excipient polymer (relative to HEWL) and 1 or 100 eq. of free trehalose (relative to
conjugated polymer trehalose units).

This work was expanded to incorporate one of the most widely used therapeutic proteins,
insulin, both as a non-specific “grafted to” conjugate®® and as a site-specific “grafted from”
conjugate.’® The conjugation approaches relied on reductive amination or addition-elimination,
respectively. In the second case, the greater nucleophilicity of lysine B29 was exploited by
increasing the reaction pH from 8.0 to 9.5 in order to favor single modification of insulin using a
nitrophenyl carbonate-activated ATRP initiator. Like with the HEWL conjugate, the insulin
macroinitiator was purified by semipreparative HPLC to yield the singly modified insulin at 40%.
AGET ATRP of trehalose methacrylate monomer in aqueous conditions and at room temperature
yielded the site-specific protein polymer conjugate with a MW comparable to the grafted to
conjugate (8.7 kDa and 1.2 D grafted from, 9.9 kDa and 1.1 D grafted to). While the dose of insulin
required for each conjugate was higher than native insulin, the site-specifically modified insulin
required only a three-fold dose as compared to the five-fold dosage of the original conjugate (16
pg/kg vs 48 ng/kg vs 80 pg/kg). However, both insulin conjugates stabilized insulin against
environmental heat stress (90 °C for 30 min) better than unmodified insulin by HPLC analysis,
and insulin tolerance tests (ITT) of the original conjugate and insulin after heat stress showed that
the conjugate retained its activity. Furthermore, both conjugates prolonged the effect of glucose
reduction measured by ITT, and pharmacokinetics of the “grafted to”” conjugate confirmed that the
insulin trehalose polymer had a longer circulation time in blood, comparable to that of a

comparable sized insulin PEG conjugate.
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Disulfide bonds were utilized to non-specifically or site-selectively conjugate trehalose
polymers onto an antibody and antigen-binding fragment (Fab), respectively.®® A bis-sulfone alkyl
bromide ATRP initiator was used to polymerize trehalose methacrylate, and the bis-sulfone alkyl
bromide could insert directly into one of the four disulfides of the full IgG Herceptin (trastuzumab)
and into the single disulfide of Herceptin Fab for multiple and singly modified polymer conjugates.
Conjugation of multiple 16 kDa trehalose polymers to Herceptin and the single 23 kDa trehalose
polymer to Herceptin Fab did decrease bioactivity by ELISA. As expected, due to polymer steric
hindrance, conjugates had higher ECso’s relative to the unmodified antibody and Fab, 0.90 nM vs
0.26 nM and 2.74 nM vs 0.56 nM, respectively. However, conjugation of the trehalose polymer
significantly increased the stability of both the antibody and Fab against heat stress (75 °C for 1 h)
with around 50% soluble antibody or Fab conjugate rather than 0% soluble unmodified (Figure
1.6e).

All five of these protein-polymer conjugates provided the greater protein stability that is
expected from trehalose polymers. Additionally, comparing the stability of conjugates to trehalose
polymer and trehalose small molecule excipient formulations has shown some improvements in
stabilization.?"> 3° For insulin, polymer conjugation also enhanced the circulation time of the
biomolecule and prolonged the effect of treatment.> ¢ Similar results are anticipated for other
proteins. As expected, decreased bioactivity was the main drawback observed from conjugation.*®
60. 63 byt site-selectivity provided some improvement. It is likely that more conscious selection of
conjugation sites could further reduce the loss in bioactivity, as thus far conjugation sites have
been chosen for their accessibility as site-selective points of modification without considering the

effects on the biomolecule activity.
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1.3.1.3 Hydrogels

With the success of trehalose polymers as excipients and conjugates for stabilizing proteins
and the many functional hydroxyl groups on trehalose, a logical extension of previous work led
researchers to create trehalose hydrogels to entrap and stabilize proteins. Hydrogels allow both the
immobilization of proteins as well as controlled release through passive diffusion or through
network degradation and dissolution. Additionally, it was expected that incorporating trehalose

into hydrogels would provide the same protein stabilization observed with linear trehalose

polymers.

i) &INo additive 21 wt equiv hydrogel b) -
£15 wt equiv hydrogel & 10wt equiv hydrogel =l

160 H
O 80

140 o §
2120 E 60
100 R

g
80 g

o
o

% Original Activit

B
)

n
o

o

|
Heated with insulin

Figure 1.7 Protein or peptide stabilization by trehalose hydrogel/nanogel. a) Activity of phytase,
xylanase, and -glucanase loaded in trehalose hydrogels at various wt % after incubation for 1 min
at 90 °C; b) Percentage intact insulin in the presence of trehalose hydrogel, linear trehalose
polymer (Poly(SET)), 8-arm PEG-boronic acid, or no additives after incubation at 90 °C for 30

min; TEM images of ¢) glucagon nanogels in solution, d) immediately after reduction, €) 24 h after
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reduction and release (note the presence of glucagon fibrils). Reprinted and adapted with
permissions from Ref. 25, 62, and 26.

Our and the Langer groups simultaneously published two different routes for creating
enzyme stabilizing trehalose hydrogels — the first based on mono- and multi- styrene functionalized
trehalose and more focused on the protein stabilization,®' and the second including trehalose
diacrylate as part of a three-component system with PEG and TMPE with greater focus on the
release kinetics.”> After our group synthesized the styrenyl trehalose hydrogel, phytase (an enzyme
important to agriculture feed stocks) was entrapped within the network structure in a 1, 10, and 40
wt. eq. of hydrogel to protein. The trehalose hydrogel was able to protect phytase during exposure
to feedstock production-like conditions (90 °C, 1 min, 53 wt. % water), maintaining 80-100%
activity as compared to 39% activity of phytase alone. The best performing hydrogel (10 wt. eq.)
was used to study release kinetics, and ~80% of the phytase was released in 6 h from the hydrogels
by passive diffusion with no agitation. An expansion of our styrenyl trehalose work was published
more recently tested more feedstock relevant enzymes (phytase, B-glucanase, and xylanase).?> As
with the original work, the enzymes were encapsulated in the trehalose hydrogel, exposed to 90
°C for 1 min with 50 wt. % water, and then tested for activity. Based on the finding that 10 wt. eq.
performed best, now 1, 5, and 10 wt. eq. were tested. At 10 wt. eq., >98% activity was maintained
with all enzymes, great improvements over the 15-58% enzyme activities when alone. Notably,
phytase and xylanase activity were increased above 100% possibly due to the gel network and/or
trehalose scaffold stabilization enhancing substrate binding or stabilizing the proteins to the
activity assay conditions (Figure 1.7a). These results were also compared to the stability of the
enzymes in the presence of the same amount of molecular trehalose (0.54, 2.7, and 5.4 wt. eq), and

only the highest concentration consistently retained any significant amount of activity (65-100%)
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relative to the enzymes alone; all concentrations of hydrogel outperformed the equivalent
concentration of free trehalose. Importantly, similar to the original work, quantitative release of
phytase was achieved within 4 h at 37 °C.% The three-component trehalose/PEG/TMPE hydrogels
with varying amounts (6.25-100% diacrylate component) of trehalose incorporation were found to
have faster protein release with increasing trehalose content for both OVA and IgG proteins,
despite the large difference in size.” This, along with a triphasic release profile, suggested that the
initial diffusion release gives way to network degradation based release and that the higher amount
of trehalose component the faster this degradation occurs. Furthermore, HRP encapsulated in the
hydrogel, then exposed to heat (37 °C for up to 12 days), and subsequently recovered to test activity
showed that higher trehalose content results in higher recovered activity (100% compared to <10%
with protein alone) and activity within the gels (100% activity after up to 6 days at 37 °C, ~50%
activity after 1 h at 70 °C, ~10% activity after 1 h at 80 °C). Conversely, the hydrogels with less
trehalose content could destabilize the protein as hydrolysis of the network exposes carboxylate
groups.”?

In an effort to expand the functionality of trehalose based hydrogels, Burek et al.
incorporated NIPAM, mono- and bis- functionalized trehalose, and other hydrophilic comonomers
into thermoresponsive diacetal trehalose hydrogels.’® By modifying the solvent system and
concentration of different components, these hydrogels could be tuned for specific LCST, VPTT,
and degradation rates. From swollen hydrogels, BSA was released in PBS pH 7.4 at 37 °C in a
burst fashion nearly quantitatively within 2-6 h due to phase transition shrinkage and regardless of
the hydrogel components. However, if the gels were dried first, release was delayed with higher
trehalose content hydrogels, only reaching complete release in 5-8 h. Lower trehalose content

hydrogels began to have near-linear release profiles over 10 h. The hydrogels at different
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concentrations were also shown to stabilize -galactosidase (B-Gal) against acidic pH (pH 3.0) and
37 °C for 1.5-6 h with 65-95% (10 wt. %) or 56-88% (5 wt. %) activity as compared to 42-82%
activity for the p-gal alone.®® The authors further explored the tunability of this hydrogel’s
degradability and subsequent protein release by using different trehalose diacetal crosslinkers that
could be cleaved to yield soluble polymer chains and free trehalose.®” With this design, the release
profile of BSA in PBS pH 5.0 at 37 °C was initially linear and sustained until degradation of the
hydrogel and enlarging pore size resulted in a burst of BSA, typically after 40-50% had already
been released. The onset of this degradation-based burst release of BSA at pH 5.0 began at 21-72
h with complete release in 30-100 h, but this burst was suppressed at higher, more physiologically
relevant, pHs.?’

Our group further explored the possibilities of responsive trehalose hydrogels by
incorporating boronic acid into networks to confer glucose responsiveness and treat diabetes.®? By
mixing pendant trehalose polymers with 8-arm PEGs end-capped with boronic acid groups, insulin
was encapsulated within a hydrogel formed by the dynamic covalent bonds between boronic acid
and trehalose. In a hyperglycemic event, the network is dissolved by glucose displacing trehalose
in the boronic acid interaction, due to the 5.4x higher binding affinity of glucose with boronic acid,
and the insulin released. In accordance with previous reports, the trehalose hydrogel stabilized
insulin against accelerated heating conditions (90 °C, 30 min) with 74% intact insulin relative to
63% with just the linear trehalose polymer, 39% with the 8-arm PEG, or only 2% with insulin
alone (Figure 1.7b). Furthermore, insulin was completely released from the hydrogel in 1 h at
1000 mg/dL glucose or 2 h at 500 mg/dL glucose, whereas at 0 mg/dL glucose only 60% of insulin
was released in 2 h.®? In a similar vein, glucagon, a highly unstable peptide used in hypoglycemia

treatment, was entrapped within a trehalose network matrix in a non-responsive system to improve
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stabilization.?® Glucagon is a peptide notorious for its isoelectric point around physiological pH,
making it very difficult to store in solution. Glucagon was modified to have two free thiol groups
and then used to crosslink trehalose-PDSMA copolymer. The resulting nanogels increased the
solution stability of glucagon from less than 24 h at physiological pH to at least 3 weeks (Figure
1.7¢-7e). The in vitro activity of the thiolated glucagon was found to be similar to native glucagon.
More surprisingly, glucagon in nanogels showed comparable activity to glucagon released under
mild reducing conditions.?®

As with other hydrogel drug delivery systems, these trehalose-containing hydrogels and
nanogels offer tunable release and degradation delivery matrices. Even the multi-functionalized
trehalose used as monomers and crosslinkers still provides stabilization for the encapsulated
proteins. Similar to other hydrogel delivery systems, avoiding burst release is an ongoing issue,
but the tunability on display already indicates that optimization is possible to match a specific
system’s need. Additionally, both thermoresponsive and chemically responsive trehalose
hydrogels have already shown great promise for stabilization and controlled delivery of proteins.
1.3.2 Gene Delivery

Gene therapy recently witnessed a surge in translation to clinic with the approval and
widespread use of mRNA-based COVID-19 vaccines, and many more nanoparticle gene
formulations for a range of diseases are currently in clinical trials.”” Polymeric materials play an
important role in these non-viral gene delivery strategies.'*

Poly(trehalose) was selected early on to prepare cationic copolymers carrying amidines>®
or quaternary amines®’ for plasmid DNA (pDNA) stabilization and delivery. The influence of
sugar size, charge spacing and charge type of the trehalose polymer polyplexes on transfection,

toxicity, and pDNA stabilization were investigated. Amidine-based polyplexes demonstrated
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higher transfection ability than quaternary amines while achieving comparable toxicity.?” Presence
of trehalose significantly lowered the cytotoxicity.*® This work was expanded by the Reineke
group using a new click-chemistry based synthetic strategy to prepare trehalose cationic
glycopolymers.*>-* While trehalose promotes stability and prevents aggregation, the cationic units
interact with DNA phosphate groups and amido-triazole units promote DNA binding via hydrogen
bonding and hydrophobic interactions. As such, triazole containing polymers complexed pDNA
at lower N/P ratios than analogues without triazoles. Moreover, increasing the number of amine
repeating units (1-6, polymers labeled Tr1-Tr6) results in higher pDNA affinity, polyplexes
stability in cell media, pDNA transfection, and gene expression in HeLa cells.** Nonetheless,
although cellular uptake was higher than Jet-PEI, a common polymer used for gene delivery, gene
expression was lower possibly indicating low endosomal escape. Higher amine content yielded
higher cell toxicity, but trehalose copolymers were still much less toxic than Jet-PEI (70% vs 25%
at N/P =15).*C While Tr1 was found to interact with pPDNA through an electrostatic mechanism,
Tr3 and especially Tr4 were more dependent on base pair interactions through hydrogen bonding,
probably due to the longer spacer between amine groups.*?

Although the amine number did initially have a significant effect on polyplex formation,
transfection, and stability, the effect tailed off at higher numbers (Tr5, Tr6), evidenced by reduced
transfection of polyplexed pDNA into rat mesenchymal stem cells (RMSC) (20% Tr4 vs 10% Tr5
vs 8% Tr6).** To investigate chain length effect on biological properties, Tr4 was prepared at
different DP (35, 53, 75, and 100). Interestingly, while chain length had no apparent impact on
pDNA binding, heparin displacement, ITC, pDNA degradation, or gene uptake, increasing DP
resulted in higher polyplex stability in complete media and higher gene expression, but with an

unfortunate increase of toxicity in HeLa cells.*! Moreover, higher DP Tr4 showed an impressive
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40% transfection of pPDNA in RMSC,* demonstrating this feature might be dependent on cell type.
Further, exploring different polymer end groups of Tr4 polymers led to the discovery that carboxyl,
octyl and oligoethyleneamine groups caused higher pDNA uptake and gene expression than other
end groups, including adamantane, alkynyl-oligoethyleneamine and azido trehalose in HeLa
cells.*® The azido-trehalose end-capped Tr4 was also found to have reduced efficacy compared to
PEGs and triphenylacetamide end groups in RMSC.* Additionally, 4D spatiotemporal cellular
imaging was used to demonstrate that decreasing nanoparticle size allows for faster advancement
to the perinuclear zone. In particular, Tr4 was internalized via caveolae/Rab-5 dependent pathway
and reached the area within 4 h of cellular internalization.®

Importantly, RAFT trehalose-cation block copolymers stabilized pDNA polyplexes against
one cycle of lyophilization and reconstitution; both colloidal stability and gene delivery ability
were retained after the physical process (Figure 1.8).!°' Other than pDNA, Tr4*¢*7 and RAFT®
copolymers were used to deliver siRNA, demonstrating theragnostic abilities*’ and colloidal and
freeze/drying stabilization properties.®

Finally, additives to increase transfection efficiencies and protein expression have been
explored for delivering pDNA with trehalose-based polymers. Increasing heparin concentration
was found to linearly increase GFP expression in primary fibroblasts (PFB), human liver
carcinoma HepG2, and human glioblastoma U87 cells (4-fold), despite only increasing cellular
internalization in HepG2 cells. It is possible this discrepancy is due to heparin-coated Tr4
polyplexes being taken up by a different endocytic pathway (clathrin-mediated endocytosis and
micropinocytosis) or to enhanced nuclear delivery.*® The effect of plasmid size on gene delivery
was studied with heparin-coated polyplexes, and, predictably, larger plasmids (10 kbp) had

reduced gene expression in primary human dermal fibroblasts (HDFs) and induced pluripotent
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stem cells (iPSCs). An alternative additive, dexamethasone, was used to destabilize the nuclear

barrier and increase trafficking enhancing transfection and expression.*
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Figure 1.8 a-f) TEM images of p(trehalose-b-cation) with increasing cation block MW (a,d: DP =

21, b,e: DP = 44, cf: DP = 57), a-c) fresh polyplexes and d-f) after lyophilization and

reconstitution. Scale bar: 100 nm; g) Luciferase expression in U87 cells following transfection

with lyophilized polyplexes (AEMA: cationic block, pMAT: trehalose block). Reprinted with

permission from Ref. 101; copyright 2016 American Chemical Society. Ref 101
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1.3.3 Aggregate Prevention for Amyloid Disorders

Trehalose has been found to be effective in the treatment of different neurodegenerative
pathologies including Alzheimer, Parkinson and Huntington’s diseases.!??1% Although the exact
mechanism is not clear yet, it likely includes anti-aggregation, anti-inflammation and, in particular,
pro-autophagy.'®* Trehalose glycoclusters were more efficient in delaying fibril formation and
protecting neurons than small molecule trehalose, indicating that the multivalency seen in
stabilizing proteins with trehalose polymers is also in effect.!%® Recently, poly(trehalose) was also
found effective in preventing amyloid B (AP) peptide aggregation, part of the progression of
Alzheimer’s disease. In two instances, Miura et al. prepared poly(trehalose)s by FRP and studied
their effect on AP aggregation inhibition.!%!%7 The polymer with a short adipoyl trehalose spacer
showed greater aggregation inhibition than molecular trehalose or peptide alone, 20% vs 60%
aggregation, respectively, protecting HeLa cells from AP cytotoxicity. However, a longer alkyl
side spacer, sebacoyl, was found to induce aggregation.'®® To eliminate spacer contribution,
acrylamide-trehalose copolymers were prepared and found to better prevent AP aggregation than
small molecule trehalose and maltose and lactose based polymers, again decreasing AP aggregate
cytotoxicity (Figure 1.9). Surprisingly, polymers with higher trehalose content were not more
efficient at preventing aggregation, possibly due to higher steric hindrance and difficulties
generating hydrogen bonds.!'?’

Notably, Jana and Jana and coworkers prepared poly(trehalose) zwitterionic nanoparticles
with an iron oxide core that were able to bind and completely disintegrate mature AP peptide or
HEWL fibrils in 10 days or 20 hours, respectively.'® These rates were three to four orders of
magnitude more effective than molecular trehalose in preventing aggregation and aggregation-

derived cytotoxicity in a Huntington’s disease cell or mouse model.!”® The same group found
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similar results for other neurodegenerative diseases using different trehalose nanoparticles: with a

 dendrimer-based,''® poly(lactide)-based to confer degradability and

gold core,!”
biocompatibility,'!! or prepared by heating/carbonization of trehalose.”® In every case, the

nanoparticles were more effective than molecular trehalose, again indicating that trehalose is more

effective in a multivalent system than in small molecule form.
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Figure 1.9 Thioflavin T assay for AP fibril detection over time at pH 7.4, 37 °C. a) green: no
additives, pink: molecular trehalose, red: p(trehalose); b) green: no additives, grey: p(maltose),
blue: p(lactose), red: p(trehalose). Reprinted with permission from Ref. 107.
1.3.4 Others

Beyond the applications discussed thus far, there have been assorted forays into the realms

of photolithographic printing of proteins and metal-incorporated nanoparticles for the detection of

bacteria and infection prevention. Trehalose polymers have enabled the direct-write electron-beam
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lithography of multiple proteins into nanometric and submicron width lines and patterns.
Photolithography requires electron beam irradiation and vacuum. By spin coating proteins with a
styrenyl ether trehalose polymer, many proteins were able to withstand multiple iterations of these
harsh conditions. The original experiments patterning HRP, GOx, IgG (chicken, human, mouse),
streptavidin (SAv), vascular endothelial growth factor (VEGF), and basic fibroblast growth factor
(bFGF) found that there was more active protein with the trehalose polymer than with trehalose,
PEG, or nothing.!'? This protein patterning method was applied as the basis for a sandwich
immunoassay measuring inflammatory cytokine production by localized surface plasmon
resonance (LSPR).!'® Antibodies for two common cytokines, interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) could be sequentially lithographically patterned using the trehalose
polymer and still capture their respective cytokine from LPS-stimulated cell media.

In the pursuit of detecting and treating bacterial infections, trehalose polymers have been

incorporated into nanoparticles encapsulating iron oxide''*

or poly(trehalose acrylate) coated
gold.!" As trehalose is a key component of the cell wall and glycolipids of some organisms, some
bacteria, including Mycobacteria (M.), have lectins that will specifically bind to trehalose. Based
on an earlier iteration of an iron oxide NP directly incorporating trehalose that interacted strongly

6 researchers synthesized an iron oxide encapsulated pendant-trehalose

with M. smegmatis,'!
poly(lactic acid) polymer micelle NP.!'* This NP not only specifically detects M. smegmatis over
Staphylococcus (S.) epidermidis and Escherichia (E.) coli (gram-positive and —negative,
respectively), but the NP could also facilitate removal by magnetically dragging the trehalose-
lectin bound bacteria by the magnetic NPs. Using similar trehalose-lectin interactions, it was

possible to reduce bacterial infection by grafting a RAFT polymerized poly(trehalose acrylate) to

gold NPs by thiol-gold interaction.'!> The trehalose-gold NPs prevented HUVECs from being
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infected with S. aureus by preferentially binding with HUVEC lectins, thereby avoiding the first
step in bacterial infection i.e., adhesion via lectin-glycan bonding. These NPs were also found to

be non-cytotoxic up to 0.75 mg/mL in either mouse macrophage RAW 264.7 or HUVEC cells.

1.4 Conclusion

In this introduction chapter, recent advances in the preparation and utilization of trehalose-
based linear polymers, resins, gels, and nanoparticles were presented and discussed. Due to the
impressive stabilization properties of trehalose, it has been widely used in the biopharmaceutical
field. Moreover, the biocompatibility of trehalose makes it an ideal candidate for other fields,
including plastic manufacturing and agriculture. Many synthetic strategies have proven successful
in synthesizing trehalose polymers, with click chemistry and controlled radical polymerization
becoming the most popular preparation methods for backbone or side chain trehalose molecules,
respectively. Every form of trehalose polymer has shown increased efficacy in stabilizing and
preventing biomacromolecules aggregation compared to molecular trehalose and other sugars both
in vitro and in vivo, making trehalose polymers an ideal candidate for the biopharmaceutical
industry.

Nonetheless, few studies on the safety and in vivo fate of these polymers can be found.
Comprehensive  studies  regarding  poly(trehalose)  biodistribution,  accumulation,
pharmacokinetics, immunogenicity, and toxicity in general are needed to advance this polymer
with great potential to being routinely utilized in everyday life. Herein this thesis, Chapter 2 will
explore the safety and mechanism by which the trehalose methacrylate polymer stabilizes insulin,?’
while Chapter 3 investigates the effect of molecular weight and molar concentration on stabilizing
insulin and characterizes the viscosity both of the polymer and optimized insulin formulations.

Subsequently, Chapter 4 studies how the trehalose methacrylate polymer prevents aggregation of
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the antibody trastuzumab as well as the effect of the polymer on ultra-highly concentrated
formulations. Finally, Chapter 5 investigates the conjugation of a related stabilizing polymer that
was previously studied as an excipient for GCSF and insulin, poly(caprolactone-
carboxybetaine),?? 3 site-specifically conjugated to the therapeutic protein growth hormone

receptor antagonist (GHRA, B2036-yne).
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Chapter 2

Poly(Trehalose Methacrylate) as
an Excipient for Insulin Stabilization:

Mechanism and Safety
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2.1 Introduction

Diabetes is a chronic metabolic disease that affects around 422 million people globally,
making it one of the most pressing global health issues according to the World Health Organization
(WHO) and Center for Disease Control.!”> The large number of diabetic patients that rely on
injections of insulin to prevent permanent damage caused by hyperglycemia including impaired
kidney function and retinal damage has brought insulin onto the WHO Model List of Essential
Medicines.> While insulin is effective for managing diabetes in many patients, there are still
challenges in stabilizing insulin to environmental stressors that are encountered in manufacture,
storage, and transportation, particularly because it is a worldwide disease. Insulin requires a cold
chain before and after being delivered to patients, so increasing the stability of insulin formulations
would minimize the costs of insulin lost due to poor storage and short expiration dates and allow
delivery to places where the cold chain is limited.*

Insulin undergoes two main mechanisms of degradation through either physical or
chemical means. Insulin degrades chemically through deamidation at Asn A21 under acidic
conditions and at Asn B3 under neutral to basic conditions.® Interestingly, deamidation does not
appear to alter the activity of insulin in vivo. Physical degradation of insulin through aggregation
and fibrillation is the major challenge associated with insulin instability and loss of activity. Insulin
rapidly forms large fibrils upon exposure to heat and/or mechanical agitation.®” These aggregates
can lead to a multitude of issues including occlusion of needles and pumps, immunogenicity, and

inadequate dosing.”

While there are many insulin analogs on the market that alter
pharmacokinetics, these modifications are not intended to improve the storage stability.

Our group has developed polymers based on the natural stabilizer trehalose, and we have

shown that these polymers stabilize antibodies, enzymes, growth factors, and hormones against
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environmental stressors.”!® The trehalose-based glycopolymers provide better stabilization than
trehalose alone and showed no signs of cytotoxicity up to 8 mg/mL polymer in vitro with NIH 3T3
mouse embryonic fibroblast cells.® Studying insulin stabilization with a styrenyl ether-based
trehalose polymer, we found that different regioisomers of the monomer all stabilized insulin
against heat and agitation, indicating that the trehalose itself is more important in stabilizing insulin
than the site by which trehalose is attached to the backbone.!* Additionally, a clear dependency of
insulin stability on polymer concentration was detected. At the same time, we found that
conjugating the methacrylate trehalose polymer (pTrMA) to insulin both prolonged the half-life in
vivo and stabilized insulin against heat and mechanical agitation.'*!*> Given that insulin is
stabilized equally by pTrMA excipient and conjugate, we opted to study the excipient pTrMA so
that the results are more easily translated to other biologics. Moreover, this choice removes the
concern that the reaction conditions or modification site of a conjugate may cause loss of insulin
bioactivity or increased susceptibility to degradation or aggregation.

We successfully optimized pTrM A concentration and molecular weight (MW) for complete
insulin stabilization against heat and agitation, in order to reduce the amount of pTrMA in
formulation for cost, safety, and improved fluid properties.'® Further, while the pTrMA did increase
the formulation viscosity from insulin alone, formulations were well-below a known threshold for
tolerable injections.!® This work provided formulations of insulin, but no understanding of the
polymer safety or the mechanism by which pTrMA stabilizes insulin. Given the promising results
we have obtained with the pTrMA regarding insulin stabilization, this chapter describes
investigations of not only the mechanism by which the polymer stabilizes insulin, but also the

safety profile of the pTrMA glycopolymer through immune and biodistribution studies. In addition,
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the long term stability of insulin with and without polymer and the effect of the polymer excipient

on the pharmacokinetics of insulin are explored in this chapter.
2.1 Results & Discussion

2.1.1 Immunogenicity of pTrMA

To study the adaptive immune response in the form of antibody production, mice were
challenged at weeks 0 and 2 with the model immunogenic protein ovalbumin (OVA, 2 mg/kg) as
a positive control, pTrMA (10 wt% or 100 mg/mL), or both OVA + pTrMA (2 mg/kg OVA, 10
wt% pTrMA) via intraperitoneal (i.p.) injection. Serum was collected each week and the
immunoglobulins IgG and IgM antibodies specific to the OVA or pTrMA were measured by
ELISA. For the ELISA, OVA or bovine serum albumin (BSA) conjugated with pTrMA (Figure
A1) are adsorbed for 16 — 18 h on microplate wells to capture any antibodies in the serum. Serum
from challenged mice and naive mice as a negative control was measured for antibodies against
the challenge antigen, OVA, or the BSA-pTrMA conjugate. Serum from the mice treated with OVA
and pTrMA was tested against both OVA and the BSA-pTrMA conjugate. Testing against both
antigens measures if the polymer increases the immunogenicity of OVA and, conversely, if the
presence of an immunogenic protein, OVA, elicits an immunogenic response to the polymer
(Figure A2). The resulting data indicates that only the OVA elicited an IgG response which, for
OVA alone, increased in both weeks 2 and 3 and for OVA with trehalose polymer, increased from
week 1 to week 2 but was not significantly different from naive serum by week 3 (Figure
2.1a)Error! Reference source not found.. While OVA did also elicit an [gM immune response,
it tailed off quickly; with OVA alone, IgM was only elevated in the first week, whereas for OVA

with the trehalose polymer, IgM was only elevated in the second week (Figure 2.1b). pTrMA did
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not induce any significant generation of polymer-specific IgG or IgM antibodies even in the

presence of OVA.
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Figure 2.1 Antibody levels in mice specific to OVA or pTrMA (BSA-pTrMA conjugate) antigens
over 3 weeks after i.p. injection of OVA (2 mg/kg), OVA + pTrMA (2 mg/kg, 10 wt%), or pTrMA
(10 wt%) at weeks 0 and 2 (n =5 — 6). Levels measured by immune ELISA for a. IgG and b. IgM
specific antibody responses and compared to non-specific baseline antibody recognition in naive
mice (*: p < 0.05, **: p <0.01, ***: p <0.001, with horizontal lines indicating the conditions
corresponding to the significant difference from the naive control for the respective antigen).

For a full picture of immune response to pTrMA, the innate response was evaluated by
measuring cytokine levels in mice (work done by Jeong Hoon Ko). A library of pro-inflammatory
(interleukin (IL)-1b, IL-2, IL-6, IL-8 IL-12 KC (IL-8 analog in mice), TNF-a, and IFN-y) and anti-
inflammatory (IL-10 and IL-4) cytokines were detected by Luminex’s xXMAP® immunoassay, a
multiplexed ELISA that measures multiple analytes at once. Cytokine levels were measured at 1
h, 6 h, and 24 h after i.p. injection of phosphate-buffered saline (PBS) or pTrMA (10 mg/kg). As
expected from the negative control, PBS, there was minimal production of any of the tested
cytokines over the study (Figure 2.2). Cytokine levels in the mice exposed to pTrMA were

comparable to the negative control group indicating little innate response to the polymer. These
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cytokine measurements together with the antibody response results show pTrMA to not be

immunogenic or inflammatory alone or in the presence of an immunogenic protein.
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Figure 2.2 Plasma cytokine levels of a. IL-1b, b. IL-2, c. IL-4, d. IL-6, e. IL-10, f. IL-12, g.

interferon-y, h. KC (IL-8 murine homolog), i. tumor necrosis factor-a fin mice (n=>5) at 1 h, 6 h,
and 24 h post i.p. injection of PBS or pTrMA (10 mg/kg) measured by Luminex xMAP
immunoassay.
2.1.2 Biodistribution, Excretion, and Inflammation with pTrMA-co-DOTA by Micro
Positron Emission Tomography (WPET) and Micro Computer Tomography (unCT)

pTrMA was synthesized as a random copolymer with a single unit of PDSMA on average
per polymer chain (pTrMA-co-PDSMA) via free radical polymerization (Scheme 2.1). After the

polymerization, the disulfide was reduced and reacted with the tetraaza 12-membered chelating
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ring DOTA via thiol-maleimide chemistry, forming pTrMA-co-DOTA. This modification
successfully removed all PDSMA from the polymer, but, despite attempts to improve modification,
DOTA incorporation did not exceed 85%. Given there was an average of a single PDSMA unit per
polymer chain, 85% of the pTrMA polymers bore a single DOTA as a pendant side chain. This
pTrMA-co-DOTA polymer could then chelate **Cu with >99% efficiency by HPLC (radioactive
work conducted by Crump Imaging Facility members: Jeffrey Collins JC, Mikayla Tamboline MT,
and Shili Xu SX). Although the cytokine production studies showed that pTrMA does not cause a
systemic inflammatory response, to further examine the possibility of pTrMA causing localized
inflammation in specifically inflamed organs, JC, MT, and SX conducted an experiment using '3F-
fludeoxyglucose (FDG). Mice (female n = 4, male n = 4) were i.v. injected with 'F-FDG as a
baseline before injecting mice with pTrMA (1 mg/kg i.v.) or LPS (1 mg/kg i.p.), a positive control
to cause inflammation, and repeating the '8F-FDG 1i.v. injection 24 h later. While LPS did cause
inflammation that resulted in 2 — 4 fold increases in signal intensity for the liver, intestine, spleen,
and bone arrow, there was no significant change in FDG signal compared to the baseline in any
organ with measurable signal from the mice injected with pTrMA (Figures A3 —5).

Scheme 2.1 Two-step synthesis of pTrMA-co-DOTA by first a polymerization of pTrMA-co-
PDSMA according to previous literature?® followed by a post-polymerization disulfide reduction

and thiol-ene addition of thiol-DOTA.
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The time-course biodistribution and excretion of the trehalose polymer was aso studied in
vivo with pPET co-registered with pCT images for the anatomical information and attenuation
correction (again radiolabeling performed by JC and pPET/uCT by MT and SX). Mice (female n
= 4, male n = 4) were injected intravenously (i.v.) with the *Cu-labeled pTrMA-co-DOTA (200
uCi) and underwent a series of pWPET/uCT scans beginning with a 1 h dynamic scan followed by
static scans at 4 h, 24 h, 48 h, 72 h, and 120 h post-injection (Figure 2.3, Figures A6 — 13).
Radioactivity was measured as a percent of injected dose per cubic centimeter (% ID/cc) showed
that pTrMA-co-DOTA was 77.5 + 0.4% and 79.6 + 2.0% excreted from female and male mice
after 24 h, respectively. Dynamic scans over the first hour clearly show renal clearance of the
majority of the **Cu-signal from labeled pTrMA-co-DOTA. The signal from the radiolabeled
material moved through the kidneys, accumulated temporarily in the bladder, before being
excreted from the animal. The pTrMA-co-DOTA was distributed symmetrically in paired organs.
Final pPET and pCT time point of the mice indicated minimal signal of 8.3 + 1.4% and 6.0 £ 1.2%
in the liver and 3.0 £ 0.4% and 2.0 &+ 0.3% in the kidneys of female and male mice, respectively,

indicating incomplete clearance of the polymer with some accumulation in the liver (Figure 2.4).
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Figure 2.3 Representative maximum-intensity projection (MIP) pPET/ uCT images from 5 min
to 120 h post-injection of **Cu-labeled pTrMA-co-DOTA (200 uCi) into b. female (n = 4) and c.

male (n = 4) mice (dynamic scans 0-60 h, static scans for later time points).
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Figure 2.4 Time-course biodistribution and excretion of **Cu-labeled pTrMA-co-DOTA (200 pCi)
from the organs a. brain, b. heart, c. liver, d. left kidney, e. right kidney, f. bladder, g. muscle, h.

left lung, and i. right lung of female (red, n = 4) and male (blue, n = 4) mice. Data were quantified

from puPET images.
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To determine if organ signal attenuation was occurring because **Cu was released from
pTrMA-co-DOTA in vivo due to insufficiently strong DOTA chelation, we explored the stability
of the radiolabeled polymer as well as the biodistribution and excretion of free **Cu by further
uPET/uCT imaging. Mice (female, n = 4) were i.v. injected with the fresh **Cu-labeled pTrMA-
co-DOTA (200 uCi), $*Cu-pTrMA-co-DOTA after incubating in plasma at 37 °C for 24 h (100
uCi), and free **CuCl, (100 pCi). Post-injection, the mice were immediately scanned for 1 h with
dynamic pPET followed by a pCT scan; subsequently they were scanned statically at 4 h (10 min)
and 24 h (20 min) (Figure 2.5, Figures A14 — 16). We are able to conclude that the **Cu-pTrMA-
co-DOTA is largely stable in the plasma, as the biodistribution patterns between the two groups
exposed to the **Cu-pTrMA-co-DOTA is similar especially when compared to **CuCl,. If **Cu
was readily leached from the DOTA group when incubated in plasma, the shifting biodistribution
in the organs with time would have been the same as with the mice exposed to free **CuCl..
However, intensity from 24 h time point showed that, while 64.4 + 5.7% of **Cu-pTrMA-co-DOTA
had been cleared, only 49.7 + 2.9% and 43.7 = 19.7% signal had been cleared from the plasma
incubated **Cu-pTrMA-co-DOTA and **CuCl,, respectively (Figure 2.51). Additionally, as the
fresh and plasma incubated %*Cu-pTrMA-co-DOTA are quite similar, it cannot be determined from
this if the attenuated liver signal is due to radiolabeled polymer or released ®*Cu. Additionally,
there is an interesting accumulation of signal in the spleen from mice injected with the plasma
incubated **Cu-pTrMA-co-DOTA that is not apparent in the other groups. While immunoglobulins
are known to accumulate in the spleen, given the immunogenicity results and that the polymer was
incubated ex vivo in naive serum, attributing this accumulation to immunoglobulins binding would

only be valid in the unlikely case of non-specific binding.>! While this result was curious, further
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exploration did not seem warranted as plasma incubation would not be a normal part of pTrMA

use.
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Figure 2.5 Time-course biodistribution and excretion of fresh ®*Cu-labeled pTrMA-co-DOTA
(blue), plasma incubated **Cu-labeled pTrMA-co-DOTA (red), and free **CuCl, (green) from the
organs a. brain, b. heart, c. liver, d. left kidney, e. right kidney, f. bladder, g. muscle, h. left lung, i.
right lung, j. spleen, and k. intestine of female (n = 4) mice. l. The total signal remaining for each
condition after 24 h (*: p < 0.05, **: p < 0.01, with horizontal lines indicating the significantly
different conditions). Data were quantified from pPET images.
2.1.3 Insulin Pharmacokinetics with pTrMA

Next Kathryn M. M. Messina (KMMM) looked at whether pTrMA affects the
pharmacokinetics (PK) of a biologic it is formulating. Insulin was chosen to study PK since it is

widely used and we have previously shown that pTrMA stabilizes this protein to elevated
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temperatures and agitation.'® 7 Insulin levels in vivo (n = 4) over time were determined by ELISA
for mice injected with insulin alone or insulin with two molar equivalents of pTrMA, the amount
known to stabilize insulin (Figure 2.6). PK of insulin was not significantly changed by the
excipient pTrMA at any time point, further proving the benign nature of employing pTrMA as a

stabilizing excipient in that alteration of the PK does not occur.
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Figure 2.6 Pharmacokinetics of insulin (120 pg/kg) injected i.v. in mice (n = 4) alone and with 2
mol. eq. of pTrMA measured by insulin ELISA. No significant difference between the two
conditions was detected at any time points (10 min, 20 min, 40 min, and 60 min).
2.1.4 Mechanism of Insulin Stabilization to Simulated Accelerated Storage and Standard
Storage Conditions with pTrMA

Previous stabilization studies within the Maynard lab have found that the trehalose
polymers stabilize insulin to both heat-only stress conditions as well as heat with mechanical
agitation conditions.!*!® An accelerated heating assay was applied herein to insulin and insulin
with 2 mol. eq. of pTrMA to elucidate what mechanisms of degradation or aggregation pTrMA
was inhibiting. The formulations were heated to 90 °C for 30 min. Samples were then analyzed by

KMMM for degradation specifically by deamidation with high pressure liquid chromatography
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(HPLC) using conditions that separate degraded insulin from the intact species as reported
previously.’ After heating, insulin alone degraded extensively at the AsnB3 site resulting in Asp
and isoAsp insulin derivatives with very little intact insulin remaining (Figure 2.7Error! Reference
source not found.a). Just the 2 mol. eq. of pTrMA prevented most degradation at AsnB3 with no
Asp insulin present and only minimal isoAsp insulin formation. The heated samples were also
investigated by native polyacrylate gel electrophoresis (PAGE) for changes to molecular weight
or isoelectric point (pI) for evidence of chemical changes or aggregate formation (Figure 2.7b).
PAGE gel confirmed the HPLC analysis that both insulin chemical degradation products form with
heat, and that 2 mol. eq. of pTrMA is sufficient to inhibit such degradation. Additionally, native
PAGE gel indicated aggregates had formed by the higher MW species in the gel (Figure 2.7¢).
However, changes to the insulin heated alone indicate the formation of the Asp and isoAsp insulin
derivatives along with insulin aggregate.

KMMM next evaluated the fibrillation and aggregation of insulin by thioflavin T (ThT)
assay whereby the ThT molecule binds to available amyloids or misfolded proteins causing a shift
in its emission spectrum to strongly fluoresce. Heated insulin produced significantly higher (p <
0.01) fluorescence signal than fresh insulin or insulin heated with pTrMA indicative of the
unfolded insulin forming fibrils that the ThT could bind (Figure 2.7d). Notably, the insulin heated
with pTrMA was not significantly different from the fresh insulin with pTrMA although both
pTrMA solutions were higher than fresh insulin alone (fresh p < 0.05, heated p < 0.01). SEC-
MALS analysis of the insulin alone and with pTrMA was performed to investigate the
oligomerization state of insulin.?>* Monomeric and dimeric insulin were not resolved by SEC and
co-eluted in an overlapping peak (Figure A17), However, no hexameric insulin was present with

insulin alone or when pTrMA was added, and, interestingly, the remaining soluble insulin after
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heating was still monomeric or dimeric in apparently the same relative concentrations for insulin

with and without pTrMA (all aggregated insulin was filtered out).
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Figure 2.7 Characterization of insulin alone or in the presence of 2 mol. eq. of pTrMA after
exposure to extreme heat (90 °C) for 30 min by a. HPLC, b. native PAGE gel [1. Insulin (fresh),
2. Insulin + 2 mol. eq. of pTrMA (fresh), 3. Insulin (heated), 4. Insulin + 2 mol. eq. of pTrMA
(heated)], and c. SDS PAGE [0. Protein Dual Color Ladder (10, 15, 20, 25, 37, 50, 75, 100, 150,
and 250 kDa standard bands), 1-4. same as b. native PAGE gel], and d. ThT assay (n = 3). e.

Quantification of remaining intact insulin alone or in the presence of 2 mol. eq. of pTrMA (n = 3)
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after mild storage conditions (4 °C) for 46 weeks by HPLC (difference compared to the original
time point). For all *: p <0.05, **: p <0.01, ***: p <0.001.

In the same manner, an extended storage assay was applied to insulin alone and insulin
with 2 mol. eq. of pTrMA to measure and correlate the effects of realistic storage conditions for
comparison with accelerated aging. Under the accelerated aging conditions, pTrMA inhibited both
aggregation and degradation, leaving the majority of the insulin entirely intact. To study relevant
storage, the formulations were stored at 4 °C (refrigeration temperature) for 46 weeks. After 14
weeks, samples were analyzed for the intact insulin with HPLC conditions to separate out the
degraded insulin (Figure 2.7e).’ After 20 weeks, insulin incubated alone significantly degraded to
67.4 = 7.0% of original level (p = 0.023 compared to the original time point), while insulin with
pTrMA did not significantly differ from the original time point (100.3 + 4.0%). Over the
subsequent 26 weeks, as the percent intact insulin alone dropped, the solutions became visually
cloudy and noticeably more difficult to filter before HPLC indicating aggregation. At the final time
point, only 7.8 &= 4.6% of the insulin alone was intact. However, the level of insulin formulated
with pTrMA only decreased by 13.0 + 7.1% over the whole 46 weeks at 4 °C.

pTrMA is shown in these studies to be a safe excipient for stabilizing insulin. While the
immunogenic protein OVA elicited a clear IgG and IgM antibody response alone and in the
presence of pTrMA, no significant immune response to the polymer was found for the polymer
with or without OVA. Also, no significant cytokine response to pTrMA was detected. The
expanded inflammation study by '®F-FDG corroborated the ELISA-based immunogenicity results
by showing that pTrMA did not cause inflammation, and it does not appear to localize in inflamed
organs. Based on these observations, we do not expect that pTrMA would trigger antibody

production as a host immune response or elicit increased inflammatory cytokine production due to
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the generally safe nature of trehalose combined with a benign methyl methacrylate backbone.
Additionally, earlier studies from within our group demonstrated that conjugation of pTrMA
conjugated to insulin prolonged its half-life, indicating that no anti-pTrMA antibodies formed as
they would have rapidly cleared the conjugate.'*!

A total of 77.5 + 0.4% and 79.6 = 2.0% of the radioactivity was cleared primarily via renal
excretion within 24 h from female and male mice, respectively. ®*Cu has been shown to stably
accumulate in the liver (13% ID/cc) of C57HL/6 mice with concurrent accumulation in the kidneys
(10% ID/cc) at 72 h.** uPET/uCT of the Cu® radiolabeled pTrMA revealed some signal
attenuation in the liver even at the final time point, 8.3 + 1.4% and 6.0 + 1.2%, respectively, similar
to the retention of signal in the liver and kidneys from ®*CuCl, alone. In the final time points of
the extended pPET/uCT experiment, signal in the liver still appeared to be going down; while the
study could not be extended due to the nature of radioactive decay, it is possible that pTrMA was
still being excreted. These results are similar to results with DOTA conjugated PEG-based star and
linear polymers from the Wooley, Hawker, and Welch labs with some accumulation in the liver
and kidneys across a range of polymer chemistries and architectural designs.>>?° Like our 10 kDa
linear copolymer, nanoparticles formed from poly(methyl methacrylate) and poly(ethylene glycol)
comb copolymers (1 — 5 kDa) showed attenuation in the liver, spleen, and kidneys even at 50 h.?
Alone, our data could not reveal whether the DOTA chelating ligand was leaching **Cu in vivo,
but additional experiments by pnPET/uCT could be used to explore this possibility in the future
including using an alternative metal and chelators. Finally, the addition of trehalose polymer as
excipient did not alter the in vivo pharmacokinetics of insulin, indicating it would not cause a delay

in bioactivity. The lack of anti-pTrMA IgG or IgM antibodies combined with majority clearance
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of pTrMA and no significant impact on the PK of insulin indicate reasonably benign behavior in
Vivo.

While in vivo safety is critical, the main purpose of pTrMA is to provide stabilization to
the therapeutic protein or peptide. Insulin was stabilized against heat-induced chemical
degradation and aggregation by the pTrMA according to HPLC, ThT assay, and native PAGE gel.
All three assays indicated that the trehalose polymer decreased the aggregation of insulin.
Furthermore, HPLC and native PAGE gel analysis demonstrated that the deamidation of insulin
was inhibited, and gel indicated intact insulin to be present. Fibrillation of insulin is accelerated
when the conformational stability is decreased, such as through exposure to heat, low pH, or the
air-water interface during mechanical agitation.>® SEC-MALS of fresh insulin indicated that the
addition of pTrMA did not shift the monomeric and dimeric insulin into the more complexed
hexameric assembly, and the relative concentrations did not appear to be affected by exposure to
heat stress. These results indicate that the pTrMA is maintaining the stability of monomeric and
dimeric insulin, the less stable conformations. By stabilizing insulin without complexing into the
hexameric state, pTrMA would most likely not increase any delay in onset of insulin activity due
to the time required for insulin to disassemble from greater oligomeric states into the active
monomeric state.

While we did not detect any insulin complexation with pTrMA as indicated by SEC-MALs
in this study, it is unknown at this time how pTrMA stabilizes insulin without complexing with it.
SEC-MALS is additionally limited in resolution and any aggregate is removed by filtration. Better
understanding of this protein-polymer relationship would likely come from NMR spectroscopy
analysis to identify binding interfaces by their chemical shift perturbations. Studying different

polymer chain lengths as well as polymer concentrations could also elucidate the importance of
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polyvalence for the trehalose polymer. Further analysis should include thermal shift (differential
scanning calorimetry or fluorimetry) to track protein unfolding when stabilized by the trehalose
polymer. Other forms of particle characterization and sizing (including dynamic light scattering
and micro-flow imaging) could also be used to further understand how pTrMA prevents insulin
from undergoing the aggregation and fibrillation pathway that leads to loss in activity. In previous
work using horseradish peroxidase, we reported that a similar methacrylate trehalose polymer
made with an ether linkage acted as a chaperone and helped the protein refold after heating.” It is
possible that pTrMA may improve the conformational stability of insulin, and of insulin monomer
in particular, to prevent aggregation by a similar mechanism. Inhibition of heat-induced
deamidation by pTrMA may also be related to conformational stability of the protein, as solvent
accessibility/flexibility around relevant residues is related to the rate of deamidation in proteins.*°
Further investigation into the mechanism of stabilization of pTrMA is ongoing.

Thus far we have shown that the pTrMA successfully stabilizes insulin as a conjugate or
excipient, and as an excipient can be optimized to reduce the total amount of polymer for cost and
fluid flow purposes while maintaining insulin stability against heat and mechanical agitation. This
work shows that pTrMA stabilizes insulin from heat and mechanical agitation by inhibiting both
chemical degradation and aggregation into fibrils. We also find pTrMA to be promising from a
safety standpoint with no innate or adaptive immune response, and majority excretion of the
polymer in 24 h with continued clearance over the subsequent 4 days. Future work will explore
further immune studies and extensive toxicity in higher-order animals. Key among these still-
necessary studies will be more detailed understanding of the polymer excretion.

Overall, the pTrMA formulated insulin is highly promising especially for use in insulin

pumps where formulations are exposed to body and elevated temperatures for prolonged periods
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at the skin surface, and strenuous activity can cause mechanical agitation for the insulin within the
pump reservoir. Further, the safety and stabilization capabilities of pTrMA as an excipient with
insulin suggest it could be expanded to other therapeutic biologics, making it promising for

formulation application in the pharmaceutical industry.
2.3 Conclusions

As insulin continues to be major therapeutic for treating diabetes, the need for stabilizing
excipients becomes greater. Insulin needs to not only be stabilized against environmental stressors,
but also be available in its active, less-stable, monomeric state to reduce delays in onset of activity
post-administration. Biodistribution of the trehalose-based glycopolymer pTrMA by PET and
immunogenicity by ELISA and multiplexed ELISA indicated that pTrMA resides only minimally
in the liver, similarly to other polymers, and does not cause immunogenic clearance responses
(innate or adaptive). Insulin injected with pTrMA had the same PK profile as free insulin further
indicating that pTrMA does not affect insulin’s in vivo properties. Stability studies into the
mechanism by which insulin is stabilized demonstrated inhibition of the known chemical
degradation pathways as well as prevention of aggregation pathways. Investigation of the
oligomeric state of insulin showed that pTrMA did not shift the insulin to the slower onset of
activity hexameric state even after heat stress. Long term stability studies at 4 °C showed that with
just pTrMA, insulin was stabilized for 46 weeks at pH 7.4. This work clearly illustrates the safety
and utility of pTrMA for the stabilization of insulin as an excipient, and should be further explored

for use in the clinic.
2.4 Experimental Details

2.4.1 Materials
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All chemicals purchased from Sigma Aldrich or Fisher Scientific were used without further
purification unless mentioned otherwise. Azobis(isobutyronitrile) (AIBN) was recrystallized from
acetone before use. Trehalose purchased from BulkSupplements.com (Henderson, NV) was
repeatedly dried azeotropically from ethanol and stored under vacuum. Spectra/Por3® regenerated
cellulose membrane (MWCO 3.5 kDa or 1.0 kDa) used for polymer dialysis was purchased from
Spectrum Chemical (New Brunswick, NJ). Maleimide-DOTA (2,2',2”’-(10-(2-((2-(2,5-diox0-2,5-
dihydro-1H-pyrrol-1-yl)ethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid) was purchased from CheMatech and used as-is. Sterile, endotoxin-free, chicken
egg white ovalbumin (OVA) containing <I EU/mg was purchased from InvivoGen (EndoFit,
Version 17E10-MM, EFP-41-02) and reconstituted with EU-free, sterile, saline solution according
to manufacturer’s protocol. Recombinant human insulin was purchased from Sigma-Aldrich (Lot
no. 17N331). Bovine serum albumin (BSA), heat shock treated, was purchased from Fisher
Scientific (Lot no. 43233). Cuprisorb was purchased from Seachem on Amazon.com. Goat anti-
mouse IgG HRP conjugate and goat anti-mouse IgM HRP conjugate were both purchased from
Abcam, reconstituted, diluted 2x with glycerol, and stored at —80 °C following manufacturer’s
recommendations. Pierce BCA assay kit and enzyme-linked immunosorbent assay (ELISA) TMB
development solution was purchased from ThermoFisher Scientific. Insulin ELISA kit was
purchased from Mercodia. Any kD Mini-PROTEAN-TGX™ PAGE gels and SDS-PAGE protein
standards (Precision Plus ProteinTM Dual Color) were purchased from Bio-Rad. Amicon
Centriprep™ tubes were purchased from Millipore. ®*Cu radioisotope was purchased from
Washington University School of Medicine. Initiators, methacrylate trehalose monomer (TrMA),
and polymers excepting pTrMA-co-DOTA were synthesized as previously described and their

synthesis is briefly described below.® !%2°
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2.4.2 Analytical Techniques

Nuclear Magnetic Resonance (NMR) spectroscopy were performed on a Bruker AV 400
MHz, DRX 500 MHz, or AV 500 MHz instrument. '"H-NMR spectra were acquired with a
relaxation delay of 2 s for small molecules and 30 s for polymers. '>*C-NMR spectra were acquired
with a relaxation delay of 30 s for polymers. Preparatory reverse phase high performance liquid
chromatography (HPLC) purification was performed on a Shimadzu HPLC system equipped with
a UV detector using a Luna 5 pm C18 100A column (preparatory: 5 um, 250 x 21.2 mm) with
monitoring at A = 215 nm and 254 nm. Aqueous gel permeation chromatography (GPC) was
conducted on a Malvern Viscotek GPCMax system equipped with a triple detector array (TDA
305-040 Quadruple Detector Array), with two Viscotek A600 M general mixed aq. columns
(300x8.0mm). Samples were injected at 5 mg/mL and run with the water and 20% methanol
(MeOH) at a flow rate of 1 mL/min. The RI detector used a dn/dc value of 0.15, and calibration
was performed with near-monodisperse PEG standards from Polymer Labs. Fast protein liquid
chromatography (FPLC) to purify BSA conjugates was performed on a Bio-Rad BioLogic
DuoFlow chromatography system equipped with a HiTrap™ Q HP (1 mL) cation exchange
column from GE Healthcare with an eluent of 20 mM Tris buffer pH 8.6 from 0 M to 1 M NacCl.
Immune ELISA assay results were read on a ELX800 Universal Microplate Reader (Bio-Tek
Instrument Inc., Winooski) with A =450 and 630 nm for signal and background, respectively. uPET
imaging was performed with a Siemens Inveon pPET scanner, and the corresponding pCT was
performed on a CrumpCAT scanner (UCLA Crump Institute for Molecular Imaging). Analytical
HPLC for insulin detection was conducted on an Agilent 1260 Infinity II LC System equipped
with a UV detector and Zorbax 300 SB-C3 column with a gradient of 0 — 100% acetonitrile in

water + 0.1% trifluoroacetic acid (TFA) over 17 min unless otherwise noted. ThT fluorescence
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assay results were read on a Tecan Infinite M1000 Pro equipped with a Tecan Quad4
Monochromator. Size exclusion chromatography coupled with multi-angle light scattering (SEC-
MALS) was performed on insulin samples with a General Electric Healthcare Akta Pure and Wyatt
Technology miniDawn TREOS in tandem with an Optilab T-rtEX refractometer with extended
range. The SEC-MALS was equipped with a Wyatt WTC-030S5 SN 0830 SEC column with an
eluent of 0.25 M PBS pH 7.4.
2.4.3 Animal Usage

All animal experiments were conducted according to protocols approved by the UCLA
Animal Research Committee (ARC).
2.4.4 Methods

Synthesis of methacrylate trehalose monomer (TrMA)
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The methacrylate functionalized trehalose monomer was synthesized according to
literature procedure.’ In a flame-dried round bottom flask, trehalose (4.6 g, 13.4 mmol) was
dissolved with anhydrous dimethyl sulfoxide (DMSO, 60 mL). Anhydrous trimethylamine (TEA,
5.6 mL, 40.2 mmol) and methacrylic anhydride (400 pL, 2.7 mmol) were added, and the mixture
was stirred at 23 °C for 18 h. DMSO was removed by precipitating into 0 °C hexanes and
dichloromethane (hex:DCM, 8:2, 1400 mL). The organic layer was decanted and remaining
organics were removed from the viscous liquid by rotary evaporation. The crude product was

diluted with water before filtering and purifying by preparatory HPLC with a gradient of MeOH
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in water (10-50%). To the product containing fractions, mequinol was added to prevent
autopolymerization. Solvent was removed by rotary evaporation using a 2-neck flask equipped
with a septa and long needle directly into the solution to further prevent autopolymerization by
providing a source of oxygen. The product was finally recovered by lyophilization (460.6 mg, 42%
yield). "H NMR (400 MHz in D,0) §: 6.03 (s, 1H), 5.62, (s, 1H), 5.07 (d, J = 3.9 Hz, 1H), 5.03 (d,
J=3.9Hz, 1H),4.38 (dd, /J=12.2,2.2 Hz, 1H), 4.24 (dd, /= 12.2, 5.2 Hz, 1H), 3.96 (qd, /= 10.2,
1.8 Hz, 1H), 3.71 (m, 4H), 3.63 (m, 1H), 3.52 (ddd, /= 19.6, 10.2, 3.9 Hz, 1H), 3.42 (dd, /= 10.2,
9.3 Hz, 1H), 3.32 (t, J=9.3 Hz, 1H), 1.82 (s, 3H). 'H-NMR spectrum agreed with that previously
reported.

Synthesis of 2-hydroxyethyl 2-bromoisobutyrate (HEBIB)

Q Ho TEA 0
—_—
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HEBIB was synthesized according to literature procedure.’! Ethylene glycol (1.33 mL,
23.8 mmol, anhydrous) and anhydrous TEA (0.66 mL, 4.74 mmol) were stirred together and cooled
to 0 °C before dropwise adding a-bromoisobutyryl bromide (0.5 mL, 4.8 mmol). The reaction
mixture was stirred for 2 h at 0 °C before warming up to 23 °C to stir an additional 12 h. Water
(10 mL) was added to the flask and extracted with chloroform three times (10 mL each time). The
chloroform layer was washed with dilute hydrochloric acid, saturated sodium bicarbonate
(NaHCO:3), and water (10 mL each wash). The organic layer was dried over anhydrous magnesium
sulfate (MgS0Oa), filtered, and the product was recovered after rotary evaporation. The product was
purified by silica gel flash chromatography with an eluent system of diethyl ether and hexanes
(1:1). The product containing fractions were collected and recovered product as a yellow-clear oil

by rotary evaporation (658 mg, 65% yield). '"H NMR (400 MHz in CDCls) &: 4.32 (t, J = 4.6 Hz,
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2H), 3.87 (t, J = 4.6 Hz, 2H), 1.95 (s, 6H), 1.86 (s, 1H). 'H-NMR spectrum agreed with that
reported for this compound.

Synthesis of 4-formylphenyl-2-bromoisobutyrylate initiator

0 o 2
TEA
Br DMF OJH(
OH 0-23°C B

4-Formylphenyl-2-bromoisobutyrylate (benzaldehyde initiator) was synthesized according
to literature procedure.*? 4-Hydroxybenzaldehyde (174 mg, 1.4 mmol) was dissolved in anhydrous
dimethylformamide (4 mL) under argon. Anhydrous TEA (0.2 mL, 1.4 mmol) was added and
stirred at 0 °C for 10 min before dropwise adding a-bromoisobutyryl bromide (0.1 mL, 1.4 mmol).
The reaction mixture was stirred for 30 min at 0 °C before warming up to 23 °C to stir an additional
14 h. The white precipitate that formed was filtered off and the remaining filtrate was concentrated
by rotary evaporation. Dissolved crude material in DCM and washed twice with saturated
NaHCO:s. The organic layer was dried over anhydrous MgSQOs, filtered, and the product was
recovered after rotary evaporation. The product was purified by silica gel flash chromatography
with an eluent system of diethyl ether and ethyl acetate (1:4). The product containing fractions
were collected and recovered by rotary evaporation (86 mg, 33% yield). '"H NMR (400 MHz in
CDCls) 8: 10.03 (s, 1H), 7.96 (t, J = 4.6 Hz, 2H), 7.35 (t, J = 4.6 Hz, 2H), 2.08 (s, 6H). 'H-NMR
spectrum agreed with that reported for this compound.

AGET ATRP of TrMA with HEBIB initiator for use as an excipient
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Polymerization was performed according to literature procedure.!> 0.1 M Dulbecco’s
phosphate-buffered saline (DPBS) pH 7.4 was degassed by sparging with argon for at least 1 h.
Ascorbic acid (AA) was dissolved in DPBS (10 mg/mL) and degassed for > 30 min. TrMA (50
mg, 120 umol) was added directly to a Schlenk flask equipped with a stir bar, and the flask was
evacuated and refilled with argon four times. Stock solutions of copper(Il) bromide (CuBr2) and
tris(2-pyridylmethyl)amine (TPMA) were prepared using degassed DPBS at 5 mg/mL and 6.75
mg/mL, respectively. HEBIB initiator (0.23 mg, 1.1 umol) was dissolved with requisite amount of
each of the CuBr> and TPMA solutions (0.24 mg, 1.1 umol and 0.31 mg, 1.1 umol), and then
transferred to the flask under argon. AA solution (0.1 mg, 0.6 umol) was added to the flask under
argon to initiate the polymerization, with a final TrMA concentration of 0.45 M. The
polymerization proceeded under argon at 25 °C for 7.5 h. The polymerization was ended by
exposing to air, and the polymer was dialyzed against water (3.5 kDa MWCO) with Curpisorb, a
metal-chelating resin, to chelate copper for 2 days (8 L water). Polymer was recovered as flufty
white solid by lyophilization (27.1 mg, 65% yield). '"H NMR (400 MHz in D;0) §: 5.10, 5.07,
4.24,4.02,3.94,3.75,3.53,3.35, 1.83, 1.51, 0.96, 0.80. Number average molecular weight (M,) =
10.1 kDa (by GPC with PEG standards), molecular weight dispersity (£2) = 1.25. 'H-NMR
spectrum agreed with that previously reported.

AGET ATRP of TrMA with benzaldehyde initiator for conjugation to BSA
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Polymerization was performed according to literature procedure.'> Water and MeOH (1:1)
was degassed by sparging with argon for 40 min. TrMA (150 mg, 0.37 mmol) was added directly
to a Schlenk flask equipped with a stir bar and the flask was evacuated and refilled with argon four
times. CuBr2 and TPMA were dissolved with degassed water and MeOH as 34.0 mg/mL and 44.2
mg/mL, respectively. Benzaldehyde initiator (4.1 mg, 15 umol) was dissolved with CuBro/TPMA
solution (3.4 mg, 15 pmol and 4.42 mg, 15 pmol), and then transferred to the flask under argon.
AA was dissolved with degassed water and MeOH solution (3 mg/mL), and an aliquot of this
solution (1.6 mg, 9 umol) to flask under argon to initiate the polymerization, with a final
concentration of 0.45 M TrMA. The polymerization proceeded under argon at 25 °C for 15 h.
Polymerization was ended by exposing to air, and polymer was dialyzed against water and MeOH
(1:1, 3.5 kDa MWCO) for 2 days (8 L water, 1 day with Curpisorb). Polymer was recovered via
lyophilization (138.1 mg, 92% yield). '"H NMR (400 MHz in D,0) &: 9.86, 7.96, 7.26, 5.10, 5.06,
4.24, 4.01, 3.92, 3.75, 3.53, 3.35, 1.82, 1.53, 0.98, 0.80. M, = 24.9 kDa (by GPC with PEG
standards), molecular weight dispersity (£2) = 1.05. "H-NMR spectrum agreed with that previously
reported.

FRP copolymerization of TrMA and pyridyl disulfide ether methacrylate for studying

biodistribution and excretion
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Polymerization was performed according to literature procedure.’’ TrMA (75 mg, 0.18
mmol) and pyridyl disulfide ether methacrylate monomer (PDSMA, 1.9 mg, 7.5 umol) were
dissolved with a solution of AIBN in dry DMSO (10 mg/mL AIBN, 0.25 M TrMA). The solution
was freeze-pump-thawed five times, and polymerized at 80 °C for 20 h. Polymer was dialyzed in
3.5 kDa MWCO dialysis tubing against water containing Cuprisorb for 2 days (8 L).
Lyophilization yielded a random pTrMA-co-PDMSA copolymer with 0.85 PDSMA units per
polymer chain as determined by combined 'H NMR and GPC analysis (81.3 mg, 100% yield). 'H
NMR (500 MHz in D;0) &: 8.37, 7.82, 7.27, 5.10, 5.06, 4.24, 3.95, 3.76, 3.53, 3.36, 1.85, 1.55,
0.97, 0.81. 3C NMR (126 MHz in D0) &: 93.4, 72.7, 72.1, 71.1, 69.7, 64.4, 60.7, 44.9, 38.7. M,
= 8.9 kDa (by GPC with PEG standards), molecular weight dispersity (8) = 2.19.

Synthesis of pTrMA-co-DOTA via post polymerization modification
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Using metal free water, a stock solution of (tris(2-carboxyethyl)phosphine) (TCEP, 12
mg/mL) was prepared. The polymer pTrMA-co-PDMSA (8.9 kDa, £ =2.19 by GPC, 20.3 mg, 2.3
pumol of polymer, 2.3 umol of PDMSA) was dissolved with TCEP stock (3.3 mg, 11.4 pumol) and
mixed at 25 °C and 350 rpm for 30 min. Small molecules were removed by Centriprep centrifugal
filtration (3 kDa MWCO) three times with additional TCEP stock before diluting the polymer with
TCEP solution. Maleimide-DOTA (10.0 mg, 18.9 umol) was dissolved in metal-free MilliQ and
added to the reaction for a polymer concentration of 8.4 mM. The reaction was mixed in a
ThermoShaker at 25 °C and 350 rpm for 36 h before dialyzing reaction in 3.5 kDa MWCO dialysis
tubing against water containing Cuprisorb (16 L, 30 h). Polymer was recovered via lyophilization
(18.4 mg, 86% yield). "H NMR (500 MHz in D,0) §: 5.11, 5.07, 4.24, 3.94, 3.75, 3.53, 3.35, 3.04,
2.91, 2.58, 2.48, 1.84, 0.96, 0.80. '*C NMR (126 MHz in D;0) &: 178.7, 177.8, 92.4, 71.8, 70.4,
68.9, 63.3,59.9, 53.1, 51.6, 48.2, 44.0, 17.1, 15.5. M, = 10.3 kDa (by GPC with PEG standards),
molecular weight dispersity (B) = 2.68.

Preparation of BSA conjugate for IgG and IgM ELISA Assay

Bovine serum albumin (BSA, 25 mg, 0.38 pmol) and benzaldehyde pTrMA (24.9 kDa,
55.2 mg, 2.2 umol) were dissolved with 25 mM borate buffer, pH 8.5. This solution was incubated
for 10 min at 23 °C on a rocker. Sodium cyanoborohydride (41.1 mg, 654.3 umol) was added to
the reaction and this was mixed for 4 h at 37 °C with 300 rpm agitation. Small molecules were
removed from the crude product by Centriprep centrifugal filtration (30 kDa MWCO) with 25 mM
PBS buffer pH 7.4 four times. The conjugate was purified by cation exchange FPLC and product-
containing fractions were pooled and buffer exchanged to PBS pH 7.4 using Centriprep centrifugal
filtration (MWCO 30 kDa). Some unconjugated BSA was still present along with a majority

conjugate product, and the relative amount of unconjugated BSA was measured to be 4.9% using
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Image]J (Figure S1). It was determined that the BSA conjugate could be used as-is, given the
majority was BSA conjugate and the subsequent step by ELISA is blocking the wells with
unmodified BSA.
Determination of BSA conjugate concentration by BCA assay

BSA-pTrMA conjugate concentration was determined using Pierce BCA assay kit
according to manufacturer specifications. Briefly, conjugate was diluted (10 % and 100 ) and 10
pL of sample and BSA standards (20 — 2,000 pg/mL) were pipetted into a 96-well plate. Working
reagent (200 pL, 50-parts A + 1-part B) was added to each well. The plate was incubated at 37 °C
for 30 min then cooled to room temperature before measuring absorbance at 562 nm. Diluted BSA-
pTrMA conjugate concentration was calculated from the standard curve (R? = 0.9954) to be 18.4
mg/mL (final product: 10.0 mg, 40% yield).
Antibody immunogenicity study of OVA and pTrMA in vivo

CD-1 mice (8 weeks, female, n =5 — 6, Charles River Laboratories) were used to study the
immunogenicity of pTrMA (10.1 kDa, £ = 1.25) alone or with ovalbumin (OVA), a known
immunogenic protein. OVA antigen with or without pTrMA was administered via i.p. injection (2
mg/kg OVA, 10 wt% pTrMA in sterile saline buffer); pTrMA (10 wt% pTrMA in sterile saline
buffer, 100 mg/mL) was also administered alone via i.p. injection. Mice were challenged again 2
weeks after inoculation with the same dosage for each condition. Blood was collected into serum
separator centrifuge tubes (SSTs) via retro-orbital bleeding at 1, 2, and 3 weeks after
administration. Blood was centrifuged at 2,000 rcf for 15 min to extract serum. Serum was stored
at —80 °C at least overnight until ELISA could be run. Mice were sacrificed after 4 weeks and a

final time point was collected via cardiac puncture. Blood was treated the same as prior time points.
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For the ELISA, sterile filtered 0.1 M PBS buffer + 0.3% Tween-20 was used to wash the
wells four times between each step, making sure to remove solution by hitting the plates against
paper towels after each wash. Antigen solutions of OVA or the BSA-pTrMA conjugate (total 0.02
mg/mL, conjugate only 0.019 mg/mL, 100 pL/well) were plated on 96-well plates. After
incubating at 4 °C for 16 h, antigen was removed, the wells washed and blocked with sterile filtered
3% BSA in 0.1 M PBS (300 pL) for 2 h at 37 °C. After washing out the BSA blocking solution,
serum from the inoculated mice diluted 100, 500, 2,500, and 12,500-fold with filtered 1% BSA in
0.1 M PBS (100 pL/well) was then incubated with the respective antigen for 2 h at 37 °C (OVA
antigen with OVA exposed mice, separately OVA antigen and BSA-pTrMA conjugate with
OVA/pTtMA exposed mice, and BSA-pTrMA conjugate with pTrMA exposed mice). After
washing the wells, goat anti-rabbit IgG or IgM HRP-conjugate antibody diluted 2,000 % with
filtered 1% BSA in 0.1 M PBS (100 pL/well) was incubated for 1 h at 25 °C. The secondary
detection antibody HRP conjugate was removed and the wells washed. In the dark, TMB substrate
solution was added (100 pL/well), and the plate was incubated at 23 °C. After 5 — 10 min when
color had developed in positive control wells, reaction was quenched by adding 2 M H>SO4 (50
puL/well) stop solution. Absorbance was measured at 450 nm and background at 570 nm on Tecan
plate reader. Controls included the OVA antigen with OVA exposed mouse serum (positive
control), OVA antigen with naive mouse serum (negative control), BSA-pTrMA antigen with naive
mouse serum (negative control), and BSA antigen with naive mouse serum (negative control and
check on non-specific BSA binding).

Cytokine immunogenicity of pTrMA
CD-1 mice (6 weeks, female, n = 5, Charles River Laboratories) were used to study the

immunogenicity of pTrMA (33.8 kDa, £ = 1.01, 10 mg/kg in DPBS) relative to the negative
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control DPBS administered via i.p. injection. Blood was collected into SSTs via retro-orbital
bleeding 1 h and 6 h after administration. Blood was centrifuged at 2,000 rcf for 10 min at 4 °C to
extract serum. Mice were sacrificed after 24 h, and a final time point was collected via cardiac
puncture. Blood was treated the same as prior time points. IL-1b, IL-2, IL-4, IL-6, KC (IL-8 murine
analog), IL-10, IL-12, IFN-y, and TNF-o were measured using the multiplexed ELISA-type assay
(Luminex xMAP®) at the UCLA Immune Assessment Core (Dept. Pathology and Laboratory
Medicine directed by Dr. Maura Rossetti).
Radiolabeling of pTrMA-co-DOTA

Dissolved pTrMA-co-DOTA (8.9 kDa) in 0.4 M ammonium acetate buffer pH 3.5 (1
mg/mL). Pipetted *Cu (6 mCi) into a screw-cap polypropylene tube before adding pTrMA-co-
DOTA solution (300 pnL). Solution was mixed gently and set on heat at 50 °C for 30 min. Solution
was diluted with PBS (3 mL) for a specific activity of 20 pCi/pg with a purity of > 99%.
p-Positron Emission Tomography (WPET)/p-computed tomography (nCT) extended study of
%4Cu labeled pTrMA-co-DOTA biodistribution and excretion

C57BL/6 mice (10 weeks, n =4 female and n = 4 male, from UCLA Radiation Oncology
Colony) were anesthetized with 1.5% vaporized isoflurane, and injected with the ®*Cu-labeled
pTrMA-co-DOTA (200 pCi) via i.v. injection (tail vein), immediately followed by a 1 h dynamic
UPET scan and a pCT scan. After the 1 h dynamic imaging, mice were then imaged by pPET/uCT
at 4 h (static uPET, 10 min), 24 h (static uPET, 15 min), 48 h (static pPET, 20 min), 72 h (static
WPET, 30 min), and 120 h (static pPET, 60 min) post-injection. All uPET images were acquired
with an energy window of 350 — 650 keV, followed by three-dimensional (3D) histographic
analysis and reconstruction using the 3D-ordered subset expectation maximization

(OSEM)/maximum a posteriori (MAP) method. Data was decay corrected and scaled by initial
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imaging. Co-registered pPET/uCT images were analyzed and maximum-intensity projections
(MIPs) were generated using AMIDE software.

UPET/uCT stability study of ®Cu labeled pTrMA-co-DOTA for biodistribution and
excretion

84Cu radiolabeled pTrMA-co-DOTA was incubated in plasma collected from a female
C57BL/6 mouse, at 37 °C for 24 h. Three groups of C57BL/6 mice (8 — 12 weeks, female, n = 4,
from UCLA Radiation Oncology Colony) were anesthetized with 1.5% vaporized isoflurane, and
injected via i.v. injection (tail vein) with *Cu-labeled pTrMA-co-DOTA (200 pCi), **Cu-CuCl,
(100 pCi), or the plasma-incubated ®*Cu-labeled pTrMA-co-DOTA (100 uCi). Each group was
scanned immediately after injection for 1 h with a dynamic uPET followed by a pCT scan. Mice
were imaged by uPET/uCT again at 4 h (static uPET, 10 min) and 24 h (static pPET, 20 min). All
UPET images were acquired with an energy window of 350 — 650 keV, followed by 3D
histographic analysis and reconstruction using the 3D-OSEM/MAP method. Data was decay
corrected and scaled by initial imaging. Co-registered pPET/uCT images were analyzed and MIPs
were generated using AMIDE software.

PPET/nCT study of pTrMA-co-DOTA for tissue-specific local inflammation induction
monitored by '8F-fludeoxyglucose (FDG)

C57BL/6 mice (8 — 12 weeks, n = 4 female and n = 4 male, from UCLA Radiation
Oncology Colony) were fasted overnight before being anesthetized with 1.5% vaporized
isoflurane, and injected 'F-FDG (150 pCi) via i.v. injection (tail vein). After 1 h of anesthetized
uptake, took static uPET/uCT baseline scans (10 min). Mice were then injected with either
pTrMA-co-DOTA or LPS (1 mg/kg) via i.v. and i.p. injection, respectively, before being fasted

overnight again. 24 h after injection with polymer or LPS, again anesthetized mice with 1.5%
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vaporized isoflurane and injected '®F-FDG (150 uCi) via i.v. injection (tail vein). After 1 h of
anesthetized uptake, took static uPET/uCT (10 min). All puPET images were acquired with an
energy window of 350 — 650 keV, followed by 3D histographic analysis and reconstruction using
the 3D-OSEM/MAP method. Data was decay corrected and scaled by initial imaging. Co-
registered uPET/uCT images were analyzed and MIPs were generated using AMIDE software.
Pharmacokinetics study of insulin with or without pTrMA excipient

CD1 mice (5 — 6 weeks, male, n = 4, Charles River Laboratories) were used for the
pharmacokinetics studies. A single dose of insulin (120 pg/kg) with or without pTrMA (19.1 kDa,
2 mol. eq. to insulin) was administered by i.v. injection (tail vein). Blood samples were taken from
the saphenous vein (30 — 50 pL) at 10, 20, and 40 min and by cardiac puncture after euthanasia by
inhalation of CO; at 60 min following administration. Blood was collected using a micropipette
with ethylenediaminetetraacetic acid (ETDA)-coated tips into LoBind tubes coated with EDTA.
Blood was stored on ice until separation of the plasma by centrifugation (2000 x g, 15 min). The
amount of insulin in plasma samples was determined by insulin ELISA according to the
manufacturer’s protocol.
Insulin stability studies with pTrMA excipient

Insulin was dissolved at 2 mg/mL in DPBS pH 7.4. pTrMA (28.1 kDa) was dissolved at 19
mg/mL (2 mol. eq. to insulin). Solutions were added 1:1 to a total volume of 100 puL in a LoBind
tube for insulin and insulin + pTrMA (n = 3). Samples were stored at 4 °C or heated to 90 °C for
30 min. Aliquots of each insulin sample were used directly for SDS and native PAGE as well as
ThT assay. Samples were filtered (0.22 pm) to remove insulin aggregates and analyzed by RP-
HPLC. Thioflavin T (ThT) was prepared at 50 uM (0.0159 mg/mL) in 20 mM DPBS pH 7.4. Into

a black 96-well plate, 50 puL of each sample was pipetted. To these was added 250 uL ThT solution
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and the plate was incubated at room temperature (21 °C) for 20 min. Fluorescence intensity was
measured on a Tecan M 1000 plate reader (Aex = 450 nm, Aem = 482 nm).

SEC-MALS investigation of insulin was performed using pTrMA (26.0 kDa). Insulin was
dissolved at 30 mg/mL with minimal metal-free 0.1 M hydrochloric acid followed by 0.1 M PBS
pH 7.4. The insulin solution was used to dissolve pTrMA at 30 mg/mL, and samples were either
analyzed directly or samples were heated to 90 °C for 30 min and then analyzed by SEC-MALS
with an injection volume of 100 pL.

Long term insulin stability studies with pTrMA excipient

Insulin was dissolved at 2 mg/mL in DPBS pH 7.4. pTrMA (10.1 kDa) was dissolved at
2.4 mg/mL (2 molar equivalents to insulin). Added solutions 1:1 for a total volume of 1.4 mL in a
LoBind tube for insulin and insulin + pTrMA (n = 3). Samples were stored at 4 °C for 14 weeks
followed by regular sampling. Samples were filtered (0.22 um) to remove insulin aggregates and
analyzed by RP-HPLC.

2.4.5 Statistical analysis

All experimental values are reported as the mean + SEM, and Graph Pad Prism 7
(GraphPad Software, San Diego, USA) was used for the statistical analyses. To assess the
statistical significance of differences with the means of two groups, the unpaired, two-tailed
Student’s t-test was conducted assuming unequal sample variance. For experiments with greater
than two groups, one-way analysis of variance (ANOVA) followed by Tukey’s test was employed
to compare the means and determine the significance of the differences. Results were considered
significantly different if p < 0.05 (*); results are also reported with p < 0.01 (**) and p < 0.001
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2.5 Appendix A
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Figure A1 SDS-PAGE gel of BSA-pTrMA conjugate after purifying by FPLC and combining the

pre-, post-, and conjugate peak containing fractions.
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Figure A2 Immunogenicity ELISA serum dilutions of a. IgG week 1, b. IgG week 2, c. IgG week

3, d. IgM week 1, e. IgM week 2, and f. [gM week for I. Naive OVA [naive mouse serum with

OVA antigen], II. Naive pTrMA [naive mouse serum with BSA-pTrMA antigen], III. OVA OVA

[mouse serum from mice injected with OVA with OV A antigen], IV. OVA+pTrMA OVA [mouse

serum from mice injected with OVA+pTrMA with OVA antigen], V. OVA+pTrMA pTrMA

[mouse serum from mice injected with OVA+pTrMA with BSA-pTrMA antigen], VI. pTrMA

pTrMA [mouse serum from mice injected with pTrMA with pTrMA antigen].
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Polymer (1 mg/kg, i.v.) LPS (1 mg/kg, i.p.)
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Figure A3 Co-registered pPET and pCT scans of '8F-fludeoxyglucose (FDG) injection to male

mice pre- and 24 h post- 1.v. injection with pTrMA-co-DOTA (1 mg/kg).
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Polymer (1 mg/kg, i.v.) LPS (1 mg/kg, i.p.)
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Figure A4 Co-registered pPET and pCT scans of '*F-fludeoxyglucose (FDG) injection to female

mice pre- and 24 h post- 1.v. injection with pTrMA-co-DOTA (1 mg/kg).
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Figure A5 Quantification of pPET scans of '*F-FDG (150 pCi, i.v.) injection to mice pre- and 24
h post- injection of pTrMA-co-DOTA or LPS (1 mg/kg, i.v. and i.p., respectively) from the organs
with appreciable signal (left lung, right lung, liver, intestine, spleen, left kidney, right kidney, and
bone marrow. Fold change from before to after injection with polymer or LPS was calculated and

plotted for the c. male and d. female mice.
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Figure A6 Co-registered uPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

female mouse 1.

Figure A7 Co-registered pPET and puCT scans post %*Cu-labeled pTrMA-co-DOTA injection to

female mouse 2.
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Figure A8 Co-registered pPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

female mouse 3.

- I s

Figure A9 Co-registered pPET and puCT scans post %*Cu-labeled pTrMA-co-DOTA injection to

female mouse 4.
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Figure A10 Co-registered pPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

male mouse 1.

- EleE s

Figure A11 Co-registered uPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

male mouse 2.
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Figure A12 Co-registered pPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

male mouse 3.

Figure A13 Co-registered uPET and pCT scans post **Cu-labeled pTrMA-co-DOTA injection to

male mouse 4.
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Figure A14 Co-registered uPET and pCT scans

injection in mice (n

= 4).
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Figure A15 Co-registered uPET and pCT scans post plasma-incubated ®*Cu-labeled pTrMA-co-
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Figure A16 Co-registered pPET and pCT scans post **CuCls injection in mice (n
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Figure A17 SEC-MALS elution profiles of a. fresh insulin, b. fresh insulin with pTrMA, c. fresh

pTrMA, d. heated insulin, e. heated insulin with pTrMA, and f. heated pTrMA. Peaks are labeled

as dimer (D), monomer (M), or pTrMA (T).
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Figure A18 'H NMR spectrum (400 MHz, D,0) of trehalose methacrylate (TrMA). 'H-NMR

agreed with that reported for this compound.’
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Figure A19 'H NMR spectrum (400 MHz, CDCls) of 2-hydroxyethyl 2-bromoisobutyrate

(HEBIB) initiator. "H-NMR agreed with that reported for this compound.*!
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Figure A20 'H NMR spectrum (400 MHz, CDCls) of (4-formylphenyl2-bromoisobutyrylate)

(benzaldehyde) initiator. "H-NMR agreed with that reported for this compound.*
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Figure A21 'H NMR spectrum (400 MHz, D,0) of pTrMA polymerized with HEBIB initiator.

"H-NMR agreed with that reported for this compound.>!
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Figure A22 GPC (PEG standards) of pTrMA with HEBIB initiator. Number average molecular

weight (Mp) = 10.1 kDa, B = 1.25.
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Figure A23 'H NMR spectrum (400 MHz, D,0) of pTrMA with benzaldehyde initiator. "H-NMR

agreed with that reported for this compound. '
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Figure A24 GPC (PEG standards) of pTrMA with benzaldehyde initiator. Number average

molecular weight (M) = 24.9 kDa, B = 1.05.
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Figure A25 'H NMR spectrum (500 MHz, D,0) of pTtMA -co-PDSMA polymerized by free
radical polymerization. Relative PDSMA incorporation was calculated by integration of the
PDSMA peaks a, b, and ¢ in comparison with pTrMA peak d. 'TH-NMR agreed with that reported

for this compound.?’
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Figure A26 '°C NMR spectrum (500 MHz, D>0) of pTrMA T-co-PDSMA polymerized by free

radical polymerization. '>*C-NMR agreed with that reported for this compound.?’
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Figure A27 GPC (PEG standards) of pTrMA -co-PDSMA. Number average molecular weight

(M) = 8.9 kDa, D = 2.19.
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Figure A28 'H NMR spectrum (500 MHz, D,0) of pTrMA-co-DOTA. Relative DOTA

modification was calculated by integration of the DOTA peak r and in comparison with pTrMA

peak a.
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Figure A29 °C NMR spectrum (500 MHz, D>0) of pTrMA-co-DOTA.
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Chapter 3

Effect of Poly(trehalose methacrylate)
Molecular Weight and Concentration on the

Stability and Viscosity of Insulin
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3.1 Introduction

Biopharmaceuticals are increasingly prevalent treatments for both acute and chronic
serious diseases, as indicated by a commensurate rise in their market value to nearly $200 billion
annually in 2017, with a projection to reach over $500 billion by 2025.! As therapeutics,
biopharmaceuticals are advantageously intricate, making them highly selective and effective.
However, they are limited in their stability with narrow windows of acceptable storage
conditions.?? Protein that degrades or aggregates due to inadequate storage prior to injection does
not provide patients with the necessary therapeutic action and can elicit immune responses. It is
thus important for biopharmaceuticals to maintain stability under a range of environmental
conditions.*” This includes stabilizing biopharmaceuticals for storage at physiological pH, room
or body temperatures, agitation that may be encountered during shipping or person movement, and
at concentrations that reduce the frequency and volume of dosing.

Excipients have been employed extensively to maintain biopharmaceutical activity through

the environmental stress caused by manufacturing, transportation, and storage.®* Small molecules

10-11 12-13

such as amino acids, osmolytes, and carbohydrates'* all successfully stabilize proteins
through buffering, preferentially hydrating, and binding interactions. Macromolecules, both
natural and synthetic, have been used to stabilize biopharmaceuticals through various mechanisms
including preventing protein adsorption, unfolding, and aggregation.® Synthetic polymer side
chains have also been designed to incorporate small molecules that have been shown to increase
stabilization of biopharmaceuticals as excipients. For example, charged polymers have stabilized

protein therapeutics through electrostatic interactions'>!°

and zwitterionic polymers via hydration
and protein repulsion.!”’® Our research has shown that polymers with side chains of the

disaccharide trehalose and methacrylate, styrene, caprolactone, valerolactone, carbonate, and
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lactide backbones have also stabilized proteins by preventing aggregation, reducing crystallization,
and serving as chaperones.?%-*

Another factor besides stabilization is formulation solution viscosity, as this is important
in ensuring patient comfort, convenience, and compliance.?>?® Therapeutic proteins are often
limited to injection routes of administration due to the greater challenges of oral delivery and the
benefit of high bioavailability and rapid onset of activity. Inconvenience, difficulty, and pain all
reduce the likelihood that patients will properly adhere to a dosing regimen. The results of patient
pain studies are mixed, but they agree that the majority of pain from self-administered injections
stems from needle insertion.> 23-2% 2° However, high viscosity and poor flow complicates self-
administration, especially because forcefully depressing the plunger raises the possibility of
pushing past the subcutaneous layer and injecting into muscle tissue.?’° Issues with self-injection
of highly viscous or poor flow solutions are exacerbated when patients must administer them
chronically or for patients with dexterity constraints (e.g. rheumatoid arthritis or juvenile patients).
Furthermore, high viscosity of solutions can limit administration at all, or require large volumes
to dilute the therapeutic, such as in the case of antibodies.>>?” These biopharmaceutical limitations
meaningfully impact the treatment experience of patients with chronic diseases.

Insulin, the first US Food and Drug Administration approved biopharmaceutical and a
World Health Organization Essential Medicine, is administered by multiple self-administered
injections or pump infusions as the primary treatment for diabetes, a life threatening, chronic
disease. As with other biopharmaceuticals, heat, agitation, and other environmental stressors met
in manufacturing, transport, and storage can cause insulin to degrade and aggregate.’!"

Additionally, patients can develop insulin resistance over time due to B-cell failure, and to meet

this increased need for externally supplied insulin, higher concentration formulations of insulin
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have now emerged ranging from U-100 (3.47 mg mL™) to U-500 (17.35 mg mL™").>3*% Even with
concentrated formulations, patients with severe insulin resistance must inject themselves multiple
times to meet the required dosage. Again, this is a major disadvantage for patient comfort and
compliance as needle insertion is the most painful part of the process, and large volume injections
are more likely to produce leakage or discomfort. Additionally, while insulin pumps reduce the
frequency of breaking skin and can be more convenient for patients, they are only suitable for
patients who need the lowest concentration of insulin available, U-100.3* Thus, for insulin, it is
important that stabilizing excipients are available and do not appreciably increase the viscosity of
the solution.

Previous research by our group has shown trehalose based glycopolymers stabilize the
protein insulin to stressors such as heat and agitation.>!* However, the minimum concentrations
and molecular weights (MW) required for the effect are not known. Furthermore, the viscosities
of solutions of these polymers have not been investigated. Increasing MW or concentration in
solution is generally known to raise solution viscosity due to internal friction between molecules,
the degree to which depends on the macromolecule and solvent. Additionally, many
macromolecules exhibit non-Newtonian behaviors (e.g. shear thickening or thinning).?”- ¢ Thus,
the interplay between MW, concentration, stability and viscosity for any excipient must be
understood. Herein, we describe a systematic study of pTrMA optimized by MW and
concentration to stabilize insulin against agitation and thermal stress, while minimally changing

the viscosity and flow properties of the solution.
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3.2 Results and Discussion

3.2.1 Polymer Synthesis

Reducing the total excipient used to stabilize biopharmaceuticals is important for both
manufacturing/patient finances and minimizing the effect on solution viscosity and flow. We
hypothesized that small polymers would be less viscous, but may require higher concentrations to
stabilize insulin than larger ones. Thus, a range of MWs relevant for excretion of polymers (2.4-
29.2 kDa) was investigated. The polymers were synthesized by activator generated by electron
transfer (AGET) atom transfer radical polymerization (ATRP) to target specific MWs of pTrMA,
and the initiator 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) was employed.>* Polymers were all
characterized by '"H NMR and GPC and were shown to have the desired range of MWs (2.4 —29.2
kDa) (Table 3.1). While most of the polymers had low MW dispersity (<1.3) as is typical of
polymers made from AGET ATRP, two of the higher MW polymers, 12.8 kDa and 29.2 kDa, each
had a larger dispersity and the GPC traces were not perfectly symmetrical (Figures B1-14).
Polymer excipients are not required to be monodisperse, and the polymers were the correct
number-average molecular weight (M,). Thus, this entire library including these two samples was

studied further.
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Table 3.1 GPC MW data of the AGET ATRP synthesized pTrMA polymers measured in 20%

methanol in water using PEG standards.

Target MW Mn Mw D
(kDa) (Da) (Da)
2.5 2420 3050 1.26
5.0 4650 5830 1.25
10.0 9390 10340 1.10
12.5 12840 20430 1.59
20.0 19770 22070 1.12
30.0 29160 59180 2.03

3.2.2 pTrMA Viscosity and Fluid Behavior

We next tested the fluid behavior of pTrMA using a RheoSense microVisc viscometer.
Specifically, the viscosity of each MW of pTrMA was measured across a range of shear rates at
decreasing concentrations. Independence of fluid viscosity from the acting force, or shear rate, and
a linear relationship between shear stress and shear rate are both fundamental characteristics of
Newtonian fluids.*® Other polymers have been shown to have Newtonian-like behaviors at low
concentrations and MWs including polyethylene glycol (PEG), a polymer commonly used with
biopharmaceuticals.?’® Indeed, the pTrMA each have a linear relationship between shear stress
and shear rate, as well as constant viscosity across shear rates (Figure 3.2 and Figure 3.3). From
the observed fluid property relationships, we conclude that pTrMA acts with Newtonian-like
behavior within the concentration and MW range that we studied. This is important for scaling; as
a Newtonian-behaving fluid with simple fluid flow properties, pTrMA solutions would not exhibit

either shear thickening or shear thinning during injections.

122



a. b. [
14 14 12
12 12 ° .10
g g g H
o 10 o 10 - e H
0 0 0
8 8 $ 8 . 8
=1 = = 6
n 6 e @ 6 ° 2] S,
g4 : g4 8 g4 5
2] 2] 2]
2 | 2 H 2 H
]
0 0 0
© 100 mg/mL 5000 10000 5000 10000 5000 10000
© 50 mg/mL Shear Rate (s') Shear Rate (s) Shear Rate (s)
25 mg/mL
5 mg/mL d. o
© 1 mg/mL 25 14 18
® 16
. 12 . °
© 20 © © 14
o a 10 2
215 Y 4 9 12
8 g 8 ° 810 o
2 10 o 26 = i . .
] @ " T 6
2 @ 2 4 - L] 2 H
w 5 ° $ 2] = 2] ° L
s 21 ¢ ® 2 s
0 0 0
5000 10000 5000 10000 5000 10000

Shear Rate (s)

Shear Rate (s°)

Shear Rate (s)

Figure 3.2 Shear stress (Pa) of pTrMA solutions ranging from 1 mg mL"! to 100 mg mL™! (n = 3)
over the allowable shear rates (s!) for pTrMA MWs of a. 2.4 kDa, b. 5.0 kDa, c. 9.4 kDa, d. 12.8

kDa, e. 19.8 kDa, and f. 29.2 kDa.
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Figure 3.3 Viscosity (1, cP) of pTrMA solutions ranging from 1 mg mL! to 100 mg mL™! (n = 3)
over the allowable shear rates (s') for pTrMA MWs a. 2.4 kDa, b. 5.0 kDa, c. 9.4 kDa, d. 12.8

kDa, e. 19.8 kDa, and f. 29.2 kDa.
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Interestingly, the viscosities (0.90 - 2.57 cP, shear rate 8342 s™!) we measured for pTtTMA
for MWs from 2.4-29.2 kDa were much lower than those reported for the commonly used PEG
(5.2 - 8.9 cP, shear rates 250 — 1250 s!) for MWs 1-8 kDa.’” To directly compare pTrMA to PEG,
we studied the viscosities of a range of low-MW PEGs (0.5 — 8.0 kDa) at 8342 s™! from 1-100 mg
mL"! and verified that significantly higher viscosities were observed for PEG at 100 mg mL™! (1.5
— 4.2 cP, Figure B15). While large macromolecules exhibit increased viscosity as a function of
MW, as described by the Mark-Houwink-Sakurada equation it is well understood that this
relationship is not necessarily linear. Given the low viscosity of the pTrMA polymers, it is likely
that the pTTMA MWs explored herein are below a critical MW threshold and behave more like
oligomers of trehalose than entangled polymers.*® This seems reasonable since the trehalose side
chain is large and thus the degree of polymerization of PEG is much higher than pTRMA at the
same MW. There is a clear increase in viscosity with pTrMA concentration, but, notably, MW has
no discernable impact on viscosity for concentrations below 50 mg mL™! (Figure 3.4). Even at 100
mg mL!, viscosity only appears to be affected at the highest tested MWs (19.8 kDa and 29.2 kDa).
The low viscosities measured for the pTrMA polymers are important as they are well below the
threshold of solution viscosity known to be tolerable for self-injections in humans (5 cP) and are

notably not much higher than water alone (0.89 cP at 25 °C).”
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Figure 3.4 Viscosity (1, cP) of pTtMA solutions ranging from 1 mg mL"! to 100 mg mL"! (n = 3)
at the shear rate 8342 s™!.
3.2.3 Insulin Stabilization with pTrMA

We next investigated the minimum polymer concentration required to fully stabilize insulin
for each MW. pTrMA stabilization of insulin was evaluated with an agitation and heating assay
used previously by the group, as insulin is known to be unstable against agitation or heat.?!?* This
assay is designed to represent insulin carried around by a patient, as there is evidence that severe
diabetic ketoacidosis can result after heat exposure of insulin.?! Polymers 2.4 kDa, 5.0 kDa, 9.4
kDa, and 12.8 kDa were mixed with insulin at 1-10 mol. eq. and 19.8 kDa and 29.2 kDa polymers
were mixed with insulin at 0.1-2 mol. eq., since higher MWs should require less polymer. Stock
solutions of insulin and TrMA polymers were made by dissolving with DPBS pH 7.4. Samples for
each condition were prepared in triplicate by mixing insulin with polymer in a 1:1 manner. As a
negative control, an insulin sample was made where DPBS only (no pTrMA) was mixed with the

insulin stock. An aliquot was taken from each sample as a control and stored at 4 °C before
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transferring each sample to a 1.5 mL glass vial, taping the vial horizontally for greater surface area,
and agitating at 250 rpm and 37 °C for 3 h. The percent intact insulin for each MW and
concentration was measured by HPLC using the area under the curve (AUC) of the insulin peak
relative to a control without heat (example chromatograms see Figure B16). We have found that
HPLC AUC does relate to in vivo bioactivity.??

From the data, it can be concluded that the minimum concentrations necessary to maintain
over 95% intact insulin are 10 mol. eq. (5.0 kDa), 7.5 mol. eq. (9.4 kDa), 5 mol. eq. (12.8 kDa), 1
mol. eq. (19.8 kDa), and 0.5 mol. eq. (29.2 kDa) (Figure 3.5 and Figures B17-20). For
comparison, under these same stress conditions without any additive, only 13.1% insulin was
detected. For MW 2.4 kDa polymer, even at 10 mol. eq. polymer the percent intact insulin was
only 76.3%. It is possible that, at higher concentrations, this polymer would have reached over
95% intact insulin, although this was not tested. For the other polymers, while some of the lower
concentrations stabilized insulin significantly, they did not meet the 95% threshold. It should be
noted that the conditions tested were harsh, and may not represent typical storage conditions for
insulin. Therefore, it is possible that lower concentrations for each polymer MW could be utilized
for normal storage of the therapeutic (for example under refrigeration). It should also be noted that
increasing pTrMA MW or molar concentration inevitably causes the mass concentration of
pTrMA in the solution to rise. To look at this, the percent intact insulin versus net pTrMA mass
concentration were also plotted (Figure B21). The same trend is observed in this plot, but is not
as pronounced as when looking at the stability by MW and mol. eq. Specifically, while the higher
MW polymers all required low concentrations to reach 100% stabilization, the 5-12.8 kDa

polymers required similar mass concentrations.
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Figure 3.5 Biochemical stability assay of insulin with pTrMA of varying polymer MW and
concentration after shaking at 250 rpm at 37 °C for 3 h by HPLC AUC (n = 3, **: p <0.01, ***;
p <0.001, ****: p <0.0001). Representative results of exploring an a. pTrMA (9.4 kDa) over 1-
10 mol. eq. and b. higher MW pTrMA (29.2 kDa) over 0.1-2 mol. eq. to insulin. DPBS is insulin
without any polymer added. c. The full range of pTrMA MWs are summarized with the heat map
reporting average and standard deviation of percent intact insulin for each condition. Percent intact
insulin is calculated by HPLC AUC of heated sample divided by AUC of insulin without polymer
and not stressed.
3.2.4 Viscosity of pTrMA Formulated Insulin

Currently on the market, there are insulin concentrations ranging from U-100 (3.47 mg mL"
1 to U-500 (17.35 mg mL™!), but higher concentrated formulations are expected in order to reduce
the required injection volumes for those with severe insulin resistance.**-*> Because this range of

insulin concentrations is so wide, we measured viscosity of insulin alone, as well as insulin
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formulated with the pTrMA polymers at U-100 (3.47 mg mL™), U-200 (6.94 mg mL™), U-400
(13.88 mg mL™), and U-600 (20.89 mg mL™!) which is not yet on the market. We chose to test
three MWs of pTrMA at the minimum concentrations required to provide intact insulin (indicated
with an * on Figure 3.5¢). Specifically, we added 10 mol. eq. of 5.0 kDa, 1 mol. eq. of 19.8 kDa,
and 0.5 mol. eq. of 29.2 kDa to insulin. We then measured solution viscosity at both 25 and 37 °C
to be relevant to storage and injection, respectively. As we have already demonstrated that pTrMA
solutions have Newtonian-like behavior, we only explored viscosity at the maximum shear rate
(8342 s7).

Insulin alone only marginally increased the solution viscosity above that of water (Figure
3.6, Table 3.2, and Figure B22), suggesting that the pTrMA polymers generated the majority
effect on formulation viscosity. Viscosities of insulin formulated with these pTTMA MWs were
higher than with insulin alone, but the highest viscosity measured (U-600 insulin with 10 mol. eq.
of 5 kDa pTrMA) was 1.43 cP at 25 °C and 0.96 cP at 37 °C, which is still well below a tolerable
viscosity (5 cP) for up to 3.5 mL injections.” As expected, the 0.5 mol. eq. of 29.2 kDa pTrMA
produces the lowest viscosity, with the U-600 formulation measuring only 1.18 cP at 25 °C and

0.86 cP at 37 °C (Table 3.2).
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Figure 3.6 Viscosity (1, cP) at the maximum shear rate 8342 s of insulin formulated with the
requisite equivalents of pTrMA for the explored MWs (5 mol. eq. of 5.0 kDa, 1 mol. eq. of 19.8
kDa, and 0.5 mol. eq. of 29.2 kDa).

These data demonstrate that pTrMA sufficiently stabilizes the biopharmaceutical insulin
without raising viscosity to unacceptable levels or creating challenging flow properties such as
shear thinning or thickening. All of the polymers could maintain a greater percent intact insulin
than insulin alone at the studied pTrMA concentrations, and many formulations maintained >95%
intact insulin after heating and mechanical agitation. The stabilizing concentrations were found to
have viscosities suitable for self-injection and only minimally increased the viscosity of insulin.
Thus, pTrMA should be studied further as an excipient for insulin, and indeed, long term stability,

safety and mechanism of stabilization studies were studied in Chapter 2.
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Table 3.2 Viscosity (1, cP) at the maximum shear rate 8342 s’ of insulin alone and formulated

with the requisite equivalents of pTrMA (5 mol. eq. of 5.0 kDa, 1 mol. eq. of 19.8 kDa, and 0.5

mol. eq. 0of 29.2 kDa).

pTrMA MW pTrMA pTrMA Conc Insulin Conc n@?225°C n@ 37°C
(kDa) D (mg/mL) (mg/mL) (cP) (cP)
20.89 (U-600) 0.98 + 0.04 0.81 £0.01
0 0 0 13.88 (U-400) 0.97 £ 0.06 0.81+£0.08
6.94 (U-200) 0.89 + 0.04 0.68 £0.01
3.47 (U-100) 0.84 £ 0.01 0.69 +0.003
100 1.12+0.01
50 0 1.12+0.01
25 1.02 £0.01
5.0 1.11 5 0.94 £0.02
89.97 20.89 (U-600) 1.43 + 0.02 0.96 + 0.002
59.98 13.88 (U-400) 1.17 £0.06 0.9+£0.01
29.99 6.94 (U-200) 0.95+0.02 0.81£0.02
15 3.47 (U-100) 0.89 +0.04 0.75+£0.02
100 1.55+0.02
50 0 1.11 £0.01
25 1.09 £0.07
19.8 1.12 5 0.96 £0.01
70.98 20.89 (U-600) 1.21 £0.03 0.89 £0.02
47.32 13.88 (U-400) 1.06 £0.01 0.93 £0.04
23.66 6.94 (U-200) 0.96 £0.01 0.8+0.02
11.83 3.47 (U-100) 0.96 + 0.04 0.72 £0.003
100 1.84 £0.005
50 0 1.21 £0.01
25 1.03 +£0.01
292 203 5 0.91 £0.01
52.34 20.89 (U-600) 1.18 £0.05 0.86 £0.01
34.89 13.88 (U-400) 1.11 £0.03 0.95 £0.04
17.45 6.94 (U-200) 0.96 + 0.02 0.82 £0.01
8.72 3.47 (U-100) 0.92 +£0.03 0.72 £0.01
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3.3 Conclusions

Major challenges in treating chronic conditions with biopharmaceuticals are injection
administration and stability against environmental stress. Injection is often the best administrative
route for therapeutic proteins due to bioavailability, onset of activity, and difficulties with oral
delivery. However, the inconvenience and pain associated with biopharmaceuticals and self-
injection negatively impact the treatment experience for patients and can result in poor compliance
and dosing adherence. We showed that the MW and concentration of pTrMA can be successfully
optimized to stabilize insulin using minimal polymer, advantageous for financial and fluid
viscosity reasons. The polymer itself exhibits Newtonian behavior and viscosity below a known
threshold of tolerability, which is a favorable attribute for patient self-administration. Moreover,
formulations of the 5.0 kDa, 19.8 kDa, and 29.2 kDa pTrMA polymers maintained intact insulin
after extreme heating and agitation and have relatively low insulin formulation viscosities which
offers the possibility of improved manufacturing, transportation, and storage options for insulin
and potentially for other biopharmaceuticals. To verify the efficacy of pTrMA more broadly as a
protein stabilizer, the polymer’s stabilization efficacy for other antibodies is further explored in

Chapter 4.
3.4 Experimental Section
3.4.1 Materials
Chemicals were all purchased from Sigma Aldrich or Fisher Scientific and used without
further purification wunless otherwise mentioned. Trehalose was purchased from

BulkSupplements.com (Henderson, NV) and repeatedly azeotropically dried from ethanol and

stored under vacuum. Spectra/Por3® regenerated cellulose membrane (MWCO 1.0 kDa or 3.5
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kDa) was purchased from Spectrum Chemical (New Brunswick, NJ) for polymer dialysis.
Recombinant human insulin was purchased from Sigma-Aldrich (Lot no. 17N331). Cuprisorb was
purchased from Amazon.com. Initiator, trehalose methacrylate monomer (TrMA), and pTrMA
polymers were synthesized according to literature and described below.* %
3.4.2 Analytical Techniques

NMR spectroscopy were performed on a Bruker AV 400 MHz or AV 500 MHz instrument.
'H-NMR spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for
polymers. Preparatory HPLC purification was performed on a Shimadzu HPLC system equipped
with a UV detector using a Luna 5 um C18 100 A column (preparatory: 5 um, 250 x 21.2 mm)
with monitoring at L =215 nm and 254 nm. Aqueous GPC was conducted on a Malvern Viscotek
GPCMax system equipped with a triple detector array (TDA 305-040 Quadruple Detector Array),
with two Viscotek A600 M general mixed aq. Columns (300x8.0mm). The eluent was 20%
methanol in water at a flow rate of 1 mL/min. Near-monodisperse PEG standards from Polymer
Labs were used for calibration. Viscosity was measured using a RheoSense microVisc (San
Ramon, CA). Analytical HPLC for insulin detection was conducted on an Agilent 1260 Infinity 11
LC System equipped with a UV detector and Poroshell 2.7 um Bonus-RP C18 120 A column (4.6
x 100mm) with a gradient of 25-90% acetonitrile/water + 0.1% trifluoroacetic acid over 6 min

with insulin eluting at 4.3 min.
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3.4.3 Methods

Synthesis of methacrylate trehalose monomer (TrMA)

OH OH OH I}
nOs Or
. o] (o} [0} TEA
. K (0]
HO™ ™ + Yko)l\( HO™ ™
0.0 DMSO 0.0
HO 23°C HO -
HO' ‘OH Ho™ oH

OH OH

The methacrylate functionalized trehalose monomer (TrMA) was synthesized from
literature procedure.? In a flame-dried round bottom flask was added trehalose (4.6 g, 13.4 mmol)
with anhydrous dimethyl sulfoxide (DMSO, 60 mL). Next anhydrous trimethylamine (TEA, 5.6
mL, 40.2 mmol) and methacrylic anhydride (400 pL, 2.7 mmol) were added, and the mixture was
stirred at 23 °C for 18 h. DMSO was removed by precipitating into 0 °C hexanes and
dichloromethane (8:2, 1400 mL). The organic layer was decanted and remaining organics were
removed from the viscous liquid by rotary evaporation. The crude product was diluted with water
before filtering and purifying by preparatory HPLC with a gradient of methanol in water (10-50%,
TrMA elutes at 14 min, 25% methanol). To the product containing fractions, mequinol was added
to prevent autopolymerization. Solvents were removed by rotary evaporation using a 2-neck flask
equipped with a septa and long needle directly into the solution to further prevent
autopolymerization by providing a source of oxygen. The product was finally recovered by
lyophilization (418.4 mg, 30.1% yield). "TH-NMR agreed with that previously reported: '"H NMR
(400 MHz, D;0) 6: 6.01 (s, 1H), 5.60 (s, 1H), 5.04 (d, J = 3.5 Hz, 1H), 5.01 (d, J = 3.5 Hz, 1H),
4.35(d,J=12.5Hz, 1H), 4.24 (dd, J = 12.5,5.2 Hz, 1H), 3.94 (dd, ] = 10.0, 5.2 Hz, 1H), 3.69 (m,
4H), 3.62 (m, 1H), 3.50 (ddd, J = 19.4, 13.5, 6.1 Hz, 1H), 3.40 (t, ] = 9.5 Hz, 1H), 3.29 (t,J =9.5

Hz, 1H), 1.79 (s, 3H).
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Synthesis of 2-hydroxyethyl 2-bromoisobutyrate (HEBIB)

0 HO TEA i
—_—
Br + T"ow HO_~¢o
Br 0-23°C Br

HEBIB was synthesized according to literature procedure.’® Ethylene glycol (1.33 mL,
23.8 mmol, anhydrous) and anhydrous TEA (0.66 mL, 4.7 mmol) were stirred together and cooled
to 0 °C before dropwise adding a-bromoisobutyryl bromide (0.59 mL, 4.7 mmol). The reaction
mixture was stirred for 2 h at 0 °C before warming up to 23 °C to stir an additional 12 h. Water
(10 mL) was added to the flask and extracted with chloroform three times (10 mL each time). The
chloroform layer was washed with dilute hydrochloric acid, saturated sodium bicarbonate
(NaHCO:3), and water (10 mL each wash). The organic layer was dried over anhydrous magnesium
sulfate (MgS0Oa), filtered, and the product was recovered after rotary evaporation. The product was
purified by silica gel flash chromatography with an eluent system of diethyl ether and hexanes
(1:1). The product containing fractions were collected and recovered product as a yellow-clear oil
by rotary evaporation (658 mg, 65% yield). "TH-NMR agreed with that reported for this compound:
"H NMR (400 MHz, CDCls) §: 4.32 (t, ] = 4.6 Hz, 2H), 3.87 (t, ] = 4.6 Hz, 2H), 1.95 (s, 6H).
Representative AGET ATRP of methacrylate trehalose monomer (TrMA) with HEBIB

initiator

o)
n
I OH 070
o OH 0”0 CuBr,, TPMA, Ascorbic Acid :
Ho\/\o + HOL A HO,
Br DPBS, pH 7.4, 23°C L 0
- 0 N
"o g
0.0
HO - HO/\Q
HO™ “OH HO' ‘OH

OH OH

Y
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Polymerization was performed according to literature procedure.”® 0.1 M Dulbecco’s
phosphate-buffered saline (DPBS) pH 7.4 was degassed by sparging with argon for at least 1 h.
Ascorbic acid (AA) was dissolved in DPBS (10 mg mL™") and degassed for >30 minutes. TrMA
(400 mg, 0.97 mmol) was added to an oven-dried Schlenk flask equipped with a stir bar, and the
flask was evacuated and refilled with argon four times. A stock solution of copper(Il) bromide
(CuBr2) and tris(2-pyridylmethyl)amine (TPMA) were prepared using degassed DPBS at 5 mg
mL"! and 6.75 mg mL", respectively. Dissolved HEBIB initiator (7.6 mg, 34.8 pmol) with the
CuBr; and TPMA solution (7.8 mg, 34.8 umol and 10.1 mg, 34.8 pmol), and then transferred to
the flask under argon. AA solution (3.7 mg, 20.9 umol) was added to the flask under argon to
initiate the polymerization for a final TrMA concentration of 0.45 M. The polymerization
proceeded under argon in a water bath at 25 °C for 15 h. The polymerization was ended by
exposing to air, and the polymer was dialyzed against water (3.5 kDa MWCO) with Curpisorb, a
metal-chelating resin, to chelate copper for 2 days (8 L water). Recovered polymer was a fluffy
white solid after lyophilization (261.2 mg, 75% yield). 'H-NMR agreed with that previously
reported: 'H NMR (400 MHz, D>0) &: 5.07, 4.23, 4.03, 3.92, 3.72, 3.51, 3.33, 1.83, 1.48, 1.04,
0.93, 0.77. Target MW of 10 kDa, experimental Mn of 12.8 kDa (by SEC with PEG standards, 5
mg mL!, dn/dc = 0.15), MW dispersity (D) = 1.59.

Viscosity Measurements

The microVisc is a microfluidics based slit-viscometer that measures the pressure drop
from fluid flowing through the microchannel as a function of flow rate to calculate fluid viscosity.
Samples are injected into the microfluidics chip with a 50 pm flow channel (A05) at programmed
rates using the built-in syringe pump. Each MW of pTrMA was dissolved at 100 mg mL'and

solutions were diluted to reach 50 mg mL™!, 25 mg mL"', 10 mg mL!, 5 mg mL"!, and 1 mg mL"'.

135



Insulin formulations were made by dissolving insulin in the minimum necessary 0.1 M HCI to
dissolve insulin and then diluting with 0.1 M PBS pH 7.4 to reach insulin concentrations of U-100
(3.47 mg mL"), U-200 (6.94 mg mL™"), U-400 (13.88 mg mL™"), and U-600 (20.89 mg mL™!). The
insulin solution was then used to dissolve the desired pTrMA for their respective concentrations.
All pTrMA measurements were performed in triplicate at 25 °C with shear rates starting at 8342
s'! and decreasing by half (4071 s™!, 2085.5 s}, 1042.8 s!, and 521.4 s!) until the pressure drop
was below the instrument’s measurable threshold (pressure-scale <5%). Selected insulin
formulations were also measured in triplicate and at both 25 and 37 °C but only at the maximum
shear (8342 s™'). Summarized results are reported only for the maximum shear rate with all
formulations (Table 3.2).
Stabilization of insulin with pTrMA

Insulin stabilization was measured according to literature procedure.?! 2* Briefly, insulin
was dissolved at 2 mg mL™in 0.1 M DPBS pH 7.4. pTtMA was dissolved at 100 mg mL! in 0.1
M DPBS pH 7.4 and then diluted to the requisite mol. eq. to insulin (0.1, 0.2, 0.5, 1, 2.5, 5, 7.5, or
10 mol. eq.). Insulin solution 1:1 with pTrMA solutions (n =3) were mixed and a reference time-
point taken from each sample prior to heat and shaking, followed by storing at 4 °C until analysis.
Mixed solutions (200 pL) were added to 1.5 mL clear glass screw-top vials, samples were taped
horizontally for maximum surface area, and shaken at 250 rpm for 3 h in the incubating shaker set
to 37 °C. Samples were filtered (0.22 pm) to remove insulin aggregates and analyzed by RP-
HPLC, and the 4 °C reference was used to quantify percent intact insulin.
3.4.4 Statistical Analysis

All experimental values are reported as the average + SEM. Graph Pad Prism 7 (GraphPad

Software, San Diego, USA) was used for the statistical analyses. To assess the statistical
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significance of differences between control and stressed insulin samples, the paired, two-tailed
Student’s t-test was conducted assuming unequal sample variance. For experiments with greater
than two groups, one-way analysis of variance (ANOVA) followed by Tukey’s test was employed
to compare the means and determine the significance of the differences. Results were considered
significantly different if p < 0.05 (*); results are also reported with p < 0.01 (**), p <0.001 (**%*),

and p < 0.0001 (****),
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Figure B2 '"H NMR spectrum (400 MHz, CDCl3) of 2-hydroxyethyl 2-bromoisobutyrate (HEBIB)

initiator. 'H-NMR agreed with that reported for this compound.>”
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Figure B3 'H NMR spectrum (400 MHz, D,0) of pTrMA 2.4 kDa polymerized with HEBIB

initiator. 'H-NMR agreed with that reported for this compound.?’
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Figure B4 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 2.4 kDa, B = 1.26.
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Figure B5 'H NMR spectrum (400 MHz, D,0) of pTrMA 5.0 kDa polymerized with HEBIB

initiator. 'H-NMR agreed with that reported for this compound.
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Figure B6 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 5.0 kDa, B = 1.25.
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Figure B8 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 9.4 kDa, £ = 1.10.
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Figure B10 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 12.8 kDa, £ = 1.59.
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Figure B11 'H NMR spectrum (400 MHz, D>0) of pTrMA 19.8 kDa polymerized with HEBIB

initiator. 'H-NMR agreed with that reported for this compound.
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Figure B12 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 19.8 kDa, B = 1.12.
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Figure B13 'H NMR spectrum (400 MHz, D>0) of pTrMA 29.2 kDa polymerized with HEBIB
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Figure B14 GPC (PEG standards) of pTrMA with HEBIB initiator. M, = 29.2 kDa, £ = 2.03.
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Figure B15 Shear stress (Pa) (a.-d.) and viscosity (1, cP) (e.-h.) measurements of PEG solutions
of 1 mg mL™! to 100 mg mL™! (n = 3) over the allowable shear rates (s!) for PEG MW’s of 0.5 kDa
(a., e.), 2.0 kDa (b., f.), 5.0 kDa (c., g.), and 8.0 kDa (d., h.). The PEG solutions were clearly
Newtonian across the MWs and concentrations, but the i. viscosity measurements (shear rate 8342

s™!) at the highest concentration showed a clear linear dependence on MW.
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Figure B16 HPLC (220 nm) chromatograms of insulin from the biochemical stability assay
stressed by shaking at 250 rpm and heating to 37 °C for 3 h. Left side from top to bottom:
Unstressed insulin, stressed insulin with 1 mol. eq. of 2.4 kDa pTrMA, 5 mol. eq. of 9.4 kDa
pTrMA, and 0.5 mol. eq. of 29.2 kDa pTrMA added, and insulin stressed without polymer. Right:

Insulin peak at 4.3 min overlaid from chromatograms on the left.
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Figure B17 Percent intact insulin without polymer (DPBS) and with 1-10 eq of 2.4 kDa pTrMA
after shaking at 250 rpm and heating to 37 °C for 3 h. The percent intact insulin for each sample
was determined by HPLC AUC (n = 3, **: p <0.01) compared to the same sample not stressed.

5.0 kDa

*% I —I_

100 f
_I_

50

% Intact Insulin

T

T T T T T
DPBS 1eq 25eq S5eq 7.5eq 10eq

Figure B18 Percent intact insulin without polymer (DPBS) and with 1-10 eq of 5.0 kDa pTrMA
after shaking at 250 rpm and heating to 37 °C for 3 h. The percent intact insulin for each sample
was determined by HPLC AUC (n =3, **: p <0.01, ***: p <0.001) compared to the same sample

not stressed.

147



12.8 kDa

*kkk

100

50+ -

% Intact Insulin

DPBS 1eq 25eq 5eq 7.5eq 10eq

Figure B19 Percent intact insulin without polymer (DPBS) and with 1-10 eq of 12.8 kDa pTrMA
after shaking at 250 rpm and heating to 37 °C for 3 h. The percent intact insulin for each sample
was determined by HPLC AUC (n =3, **: p <0.01, ***: p <0.001, ****: p <0.0001) compared
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Figure B20 Percent intact insulin without polymer (DPBS) and with 0.1-2 eq of 19.8 kDa pTtMA
after shaking at 250 rpm and heating to 37 °C for 3 h. The percent intact insulin for each sample
was determined by by HPLC AUC (n = 3, ***: p < 0.001) compared to the same sample not

stressed.
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Chapter 4

Antibody Stabilizing Trehalose

Glycopolymer and its Effect on Viscosity
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4.1 Introduction

Therapeutic antibodies have become the fastest growing segment of the
biopharmaceuticals market as their highly specific recognition and binding of specific antigens
gains awareness and usage.!? The therapeutic applications of antibodies currently range from
inhibiting or stimulating the immune system, imaging, and treating diseases like cancer using
antibody-drug conjugates. Just as with other biologics, however, antibodies are susceptible to
activity loss when exposed to stressful environments in storage and transportation.! Another major
limitation with antibody therapeutics is their relatively low potency that requires high doses of the
protein.>* To allow for self-administered, subcutaneous (s.c.) injections, formulations must fit
within a lower volume (1.5-2.5 mL).* Antibodies intended for s.c. injection need to be formulated
at high and ultra-high concentrations (>100 mg mL"' or >150 mg mL') which dramatically
increases formulation viscosity.*> The high solution viscosity of antibodies is caused at least in
part by intermolecular protein-protein interactions (PPI) as well as aggregation, both adversely
impacted by increasing antibody concentration.* ¢ The increased concentration makes every
variation of PPI a more common occurrence as there is less solute space between antibodies; non-
native aggregation, unfolding, and other non-native protein conformations are more likely to have
undesirable PPI that will also cause higher viscosity. Additionally, highly concentrating antibody
and other protein solutions can increase protein instability resulting in solutions that more easily
undergo unfolding, aggregation and loss of intact or active protein that can further increase the
solution viscosity.>+ 710

In considering using antibodies as drugs, many small molecule excipients have been
explored for their use as stabilizers or viscosity reducing agents (VRA). In particular salts, amino

acids, and even nucleotide analogs like caffeine have been found to reduce viscosity by preventing
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antibody-antibody PPL°> Unfortunately, some of these VRA also destabilize the antibody,
necessitating the addition of stabilizing excipients such as sugars or amino acids.> While trehalose
has been repeatedly shown to be one of the best sugars for stabilizing biologics, it is not typically
studied for antibodies with viscosity challenges because it has a much higher viscosity than other
sugars including maltose, glucose, fructose, and even sucrose, another disaccharide, at the same

molar concentrations (Figure 4.1).!!
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Figure 4.1 Relative viscosities of disaccarides (® trehalose, o sucrose) and monosaccharides (m
maltose, A glucose, A fructose) at 25 °C reproduced with permission from Sola-Penna, M. and
Meyer-Fernandes, J. R., 1998, Figure 1.!!

In the Maynard lab we have already explored the utility of trehalose methacrylate polymer
as both an excipient and protein-polymer conjugate to stabilize a range of therapeutic proteins. !>
14 As part of this body of work, pTrMA was “grafted to” the therapeutic antibody trastuzumab
(trade name Herceptin) and its Fab fragment in an effort to provide greater stability and potentially

increase the half-life in vivo.'> Trastuzumab is currently used to treat Human Epidermal growth
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factor Receptor 2 (HER2) positive breast cancer.'®!” Further, its formulation is comprised of 11:10
weight ratio of antibody:trehalose small molecule and administered as an intravenous (i.v.)
infusion at 21 mg mL"' with a pH ~6.0. This is a relatively high amount of trehalose by weight and
corresponds to ~386 mol. eq. of trehalose relative to antibody. As with other therapeutic antibodies,
the low potency of trastuzumab requires high protein doses currently administered by i.v. at a
relatively low antibody concentration. This route of administration is less desired by both patients
and clinicians because i.v. infusion is a clinical procedure while s.c. or intramuscular (i.m.)
injections can be at-home and self-administered.! ' However, Herceptin is formulated to be
administered by i.v. for multiple reasons including injecting larger volumes than is allowable with
s.c. and i.m. injections. Because trastuzumab requires a large amount of trehalose for stability,
increasing antibody concentrations to reduce injection volume would likely increase the viscosity
dramatically due to both the antibody PPIs and trehalose viscosity. A more concentrated version
of Herceptin could be uncomfortable and even difficult for patients to self-administer if the
resulting viscosity is too high.!®

While small molecule trehalose has issues with high viscosity, in the most recently
published iteration of pTrMA excipient work (see Chapter 3), we found that pTrMA up to 29.2
kDa and 100 mg mL™! has relatively low solution viscosity (<2.6 cP) and Newtonian like fluid
behavior."* We had also already shown that pTrMA prevents both aggregation and chemical
degradation of insulin without causing insulin to form larger quaternary structure complexes
(Chapter 2). Additionally, the trastuzumab and Fab site-specific conjugates synthesized with
pTrMA were found to have far better stability against heat (constant and ramped) than the
unmodified proteins.'> Both conjugates were able to withstand aggregation up to 75 °C in a heat

ramp. Holding constant at 75 °C, the antibody and Fab conjugate lost significantly less intact
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protein than their unmodified species; both conjugates maintained >50% protein after 30 min at
75 °C, as compared to the unmodified species at ~0% antibody and <25% Fab.'®

We hypothesized that exploring trastuzumab formulated with excipient pTrMA would
result in improved antibody stability without dramatically increasing the viscosity. This in turn
would allow the use of pTrMA as an excipient potentially for other therapeutic IgGs. As with other
antibodies, the viscosity of the antibody stabilizing formulation can affect patient compliance,'® so

we studied the viscosity at a range of highly concentrated conditions (100, 200 and 400 mg mL").

4.2 Results and Discussion

4.2.1 Polymer Synthesis

Due the viscosity challenges presented by highly concentrated antibody formulations and
the low viscosity of pTrMA seen in Chapter 2,'* we hypothesized that we could improve the
stability of an antibody without adversely increasing the viscosity of even highly concentrated
samples. As in the previous chapters, pTrMA was synthesized by AGET ATRP using the initiator
HEBIB. The polymer was then characterized by 'H NMR and GPC. pTrMA was shown to have a
M, of 22.9 g/mol and a low £ of 1.04 (see experimental section for full characterization).
4.2.2 Trastuzumab Stabilization with pTrMA

We investigated the efficacy of pTrMA to stabilize the antibody trastuzumab against mild
heat conditions that could be encountered during shipping and storage. Antibody solutions were
prepared with the addition of MilliQ water to the lyophilized Herceptin overnight without any
unnecessary shaking or other agitation. Formulated Herceptin was taken from this dissolved
solution and diluted to reach 20 mg mL™' of antibody. The deformulated antibody formulations
were made by removing the Herceptin excipients (trehalose, L-histidine HCI, L-histidine, and

polysorbate-20) via centrifugal preparation before diluting the deformulated antibody with 0.1 M
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PBS pH 7.4 with and without pTrMA (22.9 kDa, B 1.04) to reach 20 mg mL"! of antibody with 2
and 0 mol. eq. of polymer and filtering (0.22 pm).

We first explored these solutions by DLS to study aggregation calculated as a percent of
the original non-aggregated antibody solution (Figure 4.2). Each condition was transferred to low-
volume polystyrene cuvettes (n = 3) before taking DLS measurements of the samples as a control
time point. Samples were then heated inside of the capped cuvettes in a water bath at 40 °C for 2
h, 24 h,48 h, 72 h, 120 h, 168 h and 228 h, returning the samples back to the water bath in between
time points. The size of the particles or aggregates in solution at each time point were averaged
until the point when the DLS was unable to obtain good quality measurements from each sample.
Alone, trastuzumab begins to lose a significant amount of non-aggregated antibody at 72 h. The
amount of aggregation in the Herceptin formulated and pTrMA formulated samples is only
significantly different at 168 h at which point the Herceptin formulation out-performs pTrMA
(***: p <0.001). However, this difference is not apparent at the final time point of 228 h when
both are aggregating approximately 20% and when none of the Herceptin formulated samples

measurements were of good quality according to the standard criteria set by the DLS.
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Figure 4.2 Antibody formulation stability against heating (40 °C) as measured by DLS particle
size (n =3). Solution formulations include Herceptin (red), deformulated trastuzumab alone (blue),
and deformulated trastuzumab with 2 mol. eq. of 22.9 kDa pTrMA (green) (*: p < 0.05, **: p <
0.01, ***: p <0.001). Noted time point measurements that include data of not good quality with
black outlined marker and lighter fill (Formulated 120 h, Deformulated 72 h and 168 h, 20 mol.
eq. pTrMA 288 h); time points with no good DLS measurements are outlined in black and filled

in with yellow (Formulated 288 h, Deformulated 120 h and 288 h).
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Figure 4.3 DLS size distribution by intensity of peak 1 (non-aggregated antibody) for Herceptin
formulated, deformulated trastuzumab, and trastuzumab with 2 mol. eq. of 22.9 kDa pTrMA (n =

3) over 288 h with heating (40 °C) (*: p <0.05, **: p <0.01, ***: p <0.001).
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Table 4.1 DLS size distribution by intensity of antibody formulation exposed to 40 °C (n = 3).
Non-aggregated sample peaks were clearly defined by the system, and peaks 2 and 3 were defined

as aggregated species >2000 nm or <2000 nm, respectively.

S | Time Peakl1 Peak 1 Peak 2 Peak 2 Peak 3 Peak 3
ample
P (h) (nm) (%) (nm) (%) (nm) (%)
0 39+ 0.1 958+ 33 3190+495 25+ 3.0 1520+388 1.7+ 3.3
2 40+03 988412 3690+196 12+1.2
24 39+0.2 100
48 4.1+02 995+0.9 4200+221 0.5+0.9
Herceptin
72 45+£0.1 995+1.0 4150+273 0.5+0.9
120 46+03 962+53 4070+£702 1.6+1.7 504+802 23445
168 47+03 983+1.6 4330+445 1.7+1.6
288 4.8+0.62 75.1+8.8 4930+234 42+£29 859+364 20.8+7.0
0 125+£0.6 100
2 122402 100
24 12.8+0.3 100
48 13.6+0.6 90.0+8.1 3160+1060 24+43 1110+390 7.6+94
Deformulated
72 125+£0.7 745+13.6 4540+103 04+0.8 1100+42.625.1+144
120 11.6+0.1 61.1+2.8 0.81+£0.08 389+2.8
168 13.0+ 0.871.4+ 11.0 4950+404 124+ 1.7 878+265 274+ 11.1
288 11.7+1.2 26.7+13.5 5320£109 1.7+£29 731+£238 71.6+15.1
0 13.1+£0397.7+35 2750+£849 14+ 29 1294+0 0.8 £2.5
2 134+03 993+1.1 4100+£123 0.7+1.2
24 1484+0.7 993+1.0 4050+178 0.7+1.0
2 mol. eq.
48 12.8+0.3 100
22.9kDa
72 147+£02 95.1+7.0 4390 03+0.7 1430+286 4.6+7.0
pTrMA
120 1424+0.3 999+04 4610 0.1+04
168 144+04 85.6+55 3830+695 4.1+£39 1360+325 102+6.2
288 144+04 70.8+4.5 4900+294 33+24 943+205 259457
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We next investigated the stability of the formulations by HPLC for each condition to
confirm that aggregation would indeed lead to loss of soluble antibody. Samples were diluted to
0.25 mg mL"" with MilliQ or 0.1 M PBS pH 7.4 for the formulated Herceptin or deformulated
antibody, respectively, and split the samples up into LoBind tubes (n = 3). A t0 aliquot was taken
from each sample as a control and stored at 4 °C before transferring the remaining material to a
water bath at 40 °C. Additional time points for each condition were taken at 2 h, 4 h, 24 h, 48 h,
72 h, 120 h, 168 h, 288 h, and 432 h and stored at 4 °C until HPLC analysis could be run. The
percent intact and soluble antibody for each condition was measured by HPLC calculated by the
area under the curve (AUC) of the antibody peak relative to the tO control without heat as seen
with loss of soluble, intact, insulin in Chapter 3 (Figure B12).

Similar to the DLS study, there was a significant loss of antibody first from the
deformulated samples and beginning at 120 h (*: p < 0.05, Figure 4.4). There was no significant
aggregation that would result in detecting a loss of soluble antibody for Herceptin formulated or
pTrMA formulated samples except at 168 h when Herceptin formulation dipped below the
allowable error and became significantly different (*: p <0.05). All samples had less than 20% of

the original soluble antibody by 432 h at 40 °C, and the study was thus ended.
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Figure 4.4 Antibody formulation stability against heating (40 °C) as measured by HPLC (n = 3).
Solution formulations include Herceptin (red), deformulated trastuzumab alone (blue), and
deformulated trastuzumab with 2 mol. eq. of 22.9 kDa pTrMA (green) (*: p <0.05, **: p <0.01,
*H%k: p <0.001).
4.2.3 Viscosity of pTrMA Formulated Trastuzumab

We finally measured the fluid behavior of pTrMA using a RheoSense microVisc
viscometer to study how deformulating trastuzumab and adding pTrMA to the antibody would
affect solution viscosity and patient experience. Samples were prepared following the same
method as performed with DLS and HPLC studies but targeting concentrations of 100 mg mL™,
200 mg mL!, and 400 mg mL! and without a filtration step after making the solution. The standard
Herceptin formulation was also prepared at the label concentration of 20 mg mL™! for comparison.
Samples were loaded into the microVisc syringes and the viscosity was measured in triplicate at

25 °C (Figure 4.5).
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While below 400 mg mL™! the formulations do have significantly different viscosities
(Figure 4.5) with the pTrMA formulation always the highest, the change in viscosity was not

t.'% At 400 mg mL"!, however,

dramatic enough to cause difficulties or discomfort for the patien
the viscosity of both the deformulated and pTrMA formulated trastuzumab are significantly and
noticeably higher than the viscosity of Herceptin formulated trastuzumab. Although this increase
was certainly due to the higher viscosity of the deformulated and pTrMA formulated solutions, the
difference is likely exacerbated due to differences in applied shear rates for these later two
solutions. Because the solutions were measured starting at the lowest concentrations, the shear rate
was originally set to 8432 s’ until the force required to perform measurements at that rate were
above the instrument’s abilities with the deformulated and pTrMA formulated samples (Figure
4.5). These two formulations alone were measured according to the instrument’s automatic settings
with the deformulated and pTrMA formulated solutions measured at 2035 s and 962 s,
respectively. Antibody and protein containing solutions are well known to have fluid behavior not
characteristic of Newtonian fluids including shear thinning properties.® ' As a result, while the
viscosity measurements for these two samples are significantly higher than the Herceptin
formulated solution at 400 mg mL"!, this is not an exact comparison to make. However, with excess
solution from the label Herceptin formulation (20 mg mL!), it is clear that, at lower concentrations,
the formulated Herceptin behaves with Newtonian characteristics as the relationship between shear

stress and shear rate is linear (Figure C11) and the viscosity is constant across a range of shear

rates (Figure C12).
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Figure 4.5 Viscosity of trastuzumab antibody formulations at increasingly concentrated antibody
levels taken at 25 °C and 8434 s except for 400 mg mL"! of deformulated (2035 s™!) and pTrMA
formulated (962 s!) trastuzumab where the solution viscosity was too high for the microVisc to
run at the maximum shear rate. Solution formulations include Herceptin (red), deformulated
trastuzumab alone (blue), and deformulated trastuzumab with 2 mol. eq. of 22.9 kDa pTrMA
(green) (*: p <0.05, **: p <0.01, ***: p <0.001). Overlaid on the plot are lines indicated the
viscosity of water (0.89 cP) and whole milk (2.0 cP).

Together these experiments demonstrate that pTrMA sufficiently stabilizes the
biopharmaceutical trastuzumab, and only raises viscosity to unacceptable levels at the highest of
highly concentrated formulations (400 mg mL™! antibody). The 2 mol. eq. of pTrMA (22.9 kDa,
DP 55.3, 110.5 mol. eq. of trehalose) prevented aggregation at a similar rate as the Herceptin
formulation (Figures 4.2, 4.3, and 4.4) with 386 mol. eq. of small molecule trehalose (~3.5x the
amount of trehalose) and viscosities up to 200 mg mL™! were within a range tolerated by patients
for self-injection. Both the polymer and the formulated Herceptin maintained a greater amount of

soluble and non-aggregated antibody compared to trastuzumab alone, and the pTrMA formulated
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antibody was 99.9 £ 0.3% stable in the 40 °C heating conditions for 120 h by DLS. However, at
400 mg mL! the pTrMA formulated trastuzumab had a significantly higher viscosity (14.1 cP)
that brought it above an established viscosity threshold of 5 cP.!® While the viscosity results at the
highest concentration were not in favor of using pTrMA as a stabilizing excipient, it is possible
that the addition of VRA excipients would sufficiently reduce the viscosity to acceptable levels.
However, further studies would be needed to explore VRAsS, so, at this point in time, the pTTMA

polymer does not appear suitable for ultra high concentration antibody formulations.
4.3 Conclusions

Having already shown the pTrMA polymers to behave with Newtonian characteristics and
have surprisingly low viscosity for a trehalose-based molecule, we chose to explore the effect of
stabilization and viscosity as an excipient for an antibody solution. We found that pTrMA
stabilizes the therapeutic antibody trastuzumab (trade name Herceptin) by preventing aggregation
at a similar rate as the ~3.5x fold higher concentration of small molecule trehalose found in the
Herceptin formulation. Measuring the viscosity of the pTrMA formulated antibody at high
concentrations (>100 mg mL') indicated that, up to a point, the polymer does not increase
viscosity to unmanageable levels for patients self-administering injections. However, the highest
antibody concentration measured is significantly higher in viscosity than even deformulated
trastuzumab antibody, indicating that the polymer is having a negative effect above a certain
concentration. Further studies would be required to elucidate if the dramatic increase in viscosity
is primarily due to an increase in PPIs as the dissolved polymer further crowds antibodies together

or if polymer-polymer or polymer-antibody interactions are driving the increase.

168



4.4 Experimental Section

4.4.1 Materials

Chemicals were all purchased from Sigma Aldrich or Fisher Scientific and used without
further purification wunless otherwise mentioned. Trehalose was purchased from
BulkSupplements.com (Henderson, NV) and repeatedly azeotropically dried from ethanol and
stored under vacuum. Spectra/Por3® regenerated cellulose membrane (MWCO 3.5 kDa) was
purchased from Spectrum Chemical (New Brunswick, NJ) for polymer dialysis. Herceptin was
purchased from the UCLA Ronald Reagan Pharmacy (Lot no. 3407392). Cuprisorb was purchased
from Amazon.com. TrMA was gifted by Haillie C. Lower, and HEBIB by Daniele Vinciguerra.
Both reagents and pTrMA were synthesized according to literature and Chapters 2 and 3.!% 420
'H-NMR agreed with that reported for all compounds.
4.4.2 Analytical Techniques

NMR spectroscopy were performed on a Bruker AV 400 MHz or AV 500 MHz instrument
and spectra were acquired with a relaxation delay of 2 s for initiator or monomer and 30 s for
polymer. Aqueous GPC of pTrMA was conducted on a Malvern Viscotek GPCMax system
equipped with a triple detector array (TDA 305-040 Quadruple Detector Array), with two Viscotek
A600 M general mixed aq. Columns (300x8.0mm) with an eluent system of 20% methanol in
water 1 mL min"!. A RheoSense microVisc (San Ramon, CA) viscometer was used to measure
viscosity. Analytical HPLC for antibody detection was conducted on an Agilent Q-TOF 6530 and
Zorbax 300SB-C3 3.5 pm column (3.0 x 150 mm) with a gradient of 10-95% acetonitrile+ 0.1%
TFA with an isocratic 5% IPA + 0.1% TFA, over 30 min at 70 °C with trastuzumab eluting at 15
min.

4.4.3 Methods
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Stabilization of antibody with pTrMA

Trastuzumab stabilization was measured by DLS and HPLC to calculate loss of soluble
antibody and formation of small and large aggregates. Briefly, as with the viscosity studies,
lyophilized Herceptin was dissolved in MilliQ water overnight. Formulated Herceptin was
prepared by either diluted to 20 mg mL™! or 0.25 mg mL™! with MilliQ water. The deformulated
antibody conditions were centriprepped before diluting to 20 mg mL™' or 0.25 mg mL™" with 0.1
M PBS pH = 7.4 alone and with pTrMA to reach 0 or 2 mol. eq. of pTrMA. Samples were filtered
(0.22 pm) and analyzed by DLS (20 mg mL™") and RP-HPLC (0.25 mg mL"!) before and after
heating in a water bath at 40 °C.
Viscosity Measurements

As in Chapter 2, solution viscosity was measured using the microVisc, a microfluidics
based slit-viscometer. Samples are injected into the microfluidics chip with a 50 pm flow channel
(A05) at programmed rates using the built-in syringe pump. The Herceptin formulated trastuzumab
formulations were made by dissolving the lyophilized Herceptin in sterile MilliQ overnight at the
desired concentration. The deformulated conditions were made by first dissolving the lyophilized
Herceptin in MilliQ overnight before removing the Herceptin small molecule excipients by
centrifugal filtration preparation (6.6 krpm, 5 min) using a 50 kDa MW cut off centriprep filter
and excess 0.1 M PBS pH 7.4 (4x). All formulation measurements were performed in triplicate at
25 °C with the maximum allowable shear rates (8342 s™' up to 200 mg mL™! and 8342 s}, 2035 s~
!, and 962 s! at 400 mg mL™! when formulations became more viscous).
3.4.4 Statistical Analysis

All experimental values are reported as the average + SEM. Graph Pad Prism 7 (GraphPad

Software, San Diego, USA) was used for the statistical analyses. To assess the statistical
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significance of differences between control and stressed antibody samples, the one-tailed Student’s
t-test was conducted assuming unequal sample variance. Results were considered significantly

different if p < 0.05 (*); results are also reported with p < 0.01 (**), and p < 0.001 (***).
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Figure C9 Shear stress (Pa) of Herceptin label formulated solution (20 mg mL™) over the
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Figure C10 Viscosity (1, cP) of Herceptin label formulated solution (20 mg mL™!) over the
allowable shear rates (s') with the RheoSense microVisc (n = 3). Further emphasizing the
Newtonian characteristic of this formulation, the highest and lowest measured viscosities, 1.095

cP and 1.070, corresponded to the highest and second highest shear rates, 8342 s™! and 6256 s/,

respectively.
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Chapter 5

Degradable Poly(Caprolactone-
Carboxybetaine) Conjugated to a Growth

Hormone Receptor Antagonist
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5.1 Introduction

Over the last thirty years, human growth hormone (hGH) and growth hormone receptor
antagonists (GHRA) have been used to treat an increasing number of diseases. Just as hGH was
identified as a treatment for deficient or insufficient endogenous hGH levels due to pituitary
disorders and tumors,'> GHRAs were first explored to treat diseases characterized by excessive
hGH levels such as acromegaly.’® hGH is a peptide hormone comprised of 191 amino acids
(approximately 22 kDa) that is excreted from the pituitary gland to bind with growth hormone
receptor (GHR) dimer on the surface of cell membranes to promote growth and regulate
metabolism.” hGH stimulates the production of molecules such as insulin-like growth factor (IGF-
1) which, along with hGH, has been tied to numerous cancers, leading to the exploration of GHRAs
as antineoplastic agents in addition to a treatment for acromegaly.®*°1© GHR As were first derived
from hGH by selectively modifying amino acids to retain the affinity for GHR-binding while
concomitantly suppressing signal transduction.> ” Modification of just the residue 120 from
glycine in hGH to lysine (G120K) creates an effective GHRA, and the addition of eight further
modifications (H18D, H2IN, R167N, K168A, D171S, K172R, E174S, and 1179T) improves
binding to GHR yielding the highly effective GHRA, B2036, used clinically as somatropin
(Norditropin) and in a PEGylated form pegvisomant (Somavert).>’

A key challenge in using hGH therapeutically is its short half-life reported to be 21.1 + 5.1
min in the FDA label for somatropin and 13.0-28.1 min under certain conditions of dosage and
disease state." > I3 Because the GHRA B2036 is so structurally similar to hGH, the
pharmacokinetics (PK) are also a challenge which is exacerbated by the high plasma concentration
required for the receptor antagonist to be effective in preventing the excessive hGH from binding

to the receptor. Currently, the primary way of increasing the in vivo pharmacokinetics of clinically
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utilized biologics is via PEGylation, the covalent attachment of polyethylene glycol (PEG) to the
therapeutic.!*!> The half-life of PEGylated proteins and peptides is extended by protecting the
biomolecule from enzymatic degradation and immunogenic recognition, while the increased size
also prevents filtration by the renal clearance pathway.'*!” However, PEGylation suffers from
drawbacks including findings that PEG does not increase protein stability for storage or
transportation; additionally patients have experienced immunogenic responses, some previously
naive to PEGylated therapeutics. To increase the half-life of B2036 from ~30 min, , 4-5 5kDa
amine reactive PEG chains were non-specifically conjugated to B2036 at lysine residues and the
N-terminus to form pegvisomant.’ 12 18-20 While the resulting PEGylated GHRA does have an
increased half-life of nearly 74 h,” as with other non-specifically PEGylated proteins, masking of
the lysine residues results in pegvisomant having a reduced activity, and the PEGylation could
elicit immunogenic responses in patients.®” 121319 In fact, early studies with pegvisomant reported
antibody production to occur in 16.9% of patients in a long-term clinical study.® '?

To solve this first challenge, our group designed a modification to the GHRA B2036
wherein the tyrosine at the residue site 35 is replaced with the unnatural amino acid (UAA)
propargyl tyrosine (pglY, T35pglY) to function as a site-specific handle for orthogonal
bioconjugation.?! UAA incorporation into hGH was originally performed by researchers interested
in scanning a range of residues to determine which sites could be modified without interfering with
GHR binding* 22> and later which could be used to site-specifically PEGylate hGH for increased
peptide half-life without significantly reducing the bioactivity.>>2® These initial researchers
scanned a range of residues in hGH for sites that could be modified with UAAs without interfering
with GHR binding and found three key sites (Y35, G131, and K145). In a direct comparison of

these three sites, researchers chose to replace each individual residue with Ng-2-
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azideoethyloxycarbonyl-L-lysine to enable copper-free alkyne azide click chemistry with 4-
dibenzocyclooctynol-PEG chains of 5, 10, 20, or 40 kDa.?¢ Based on the best performing site in
this paper, Y35, our group with Perry and Jamieson, directed the insertion of pglY into site 35 of
B2036 and PEGylated the resulting GHRA-yne with 5, 10, and 20 kDa azide end-group PEG
chains.?! Similar to PEGylated hGH,?® while the bioactivity of PEGylated B2036-yne was much
closer to free B2036 and B2036-yne, PEG size was inversely related to bioactivity, with the largest
chain, 20 kDa, performing 12.5x better than pegvisomant despite the comparable PEG weight (20-
25 kDa with pegvisomant). However, PEGylation has been repeatedly tied to increased
immunogenicity, and researchers have detected induced IgG production increasing with PEG
chain length for site-specifically PEGylated hGH.®

Our group has long been interested in moving beyond PEG both for improving the
stabilization of therapeutic proteins and for increasing the safety and biocompatibility of the
polymers being used.?’”?® Recent efforts by our group have included designing degradable
caprolactone-based polymers with stabilizing side chain moieties including trehalose and the
zwitterion carboxybetaine to be used as stabilizing excipients for therapeutic proteins.?’” In
particular, the poly(caprolactone-zwitterion) (pCLZ) was effective at stabilizing granulocyte-
colony stimulating factor, a comparably sized (174 or 177 residues and19.6 kDa) protein to B2036
and which is similarly comprised of multiple helix coils.

We hypothesized that site-specific protein-polymer conjugation of pCLZ to B2036-yne
would improve the pharmacokinetics without decreasing the bioactivity or increasing the
immunogenicity of the GHRA. To conjugate pCLZ to B2036-yne, we first tried directly
polymerizing caprolactone from an azide-containing initiator (1-Azido-3,6,9-trioxaundecane-11-

ol) followed by light-activated thiol-ene click chemistry with dimethylaminoethanethiol
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hydrochloride, the first component of the carboxybetaine zwitterion. Two subsequent steps,
quaternizing the amine and deprotecting the carboxyl group, yielded pCLZ, but, after
inconsistencies in protein-polymer conjugation efforts, we found that the thiol-ene click step was
inconsistently eliminating the azide end group of the polymer rendering it unable to perform
conjugation to the alkyne. At this point, the synthesis was redesigned using a tert-butyl carbamate
protected-amine initiator (tert-butyl (4-((6-hydroxyhexyl)oxy)phenethyl)carbamate) and addition
of the carboxybetaine group through a one-step addition of the thiol-based precursor and single
deprotection of both the amine end-group and carboxyl side end group. The pCLZ end group could
then be converted to an azide using azidoacetic acid NHS ester in preparation for copper-catalyzed
alkyne azide click (CuAAC) chemistry with the propargyl tyrosine of B2036-yne. B2036-yne was
obtained by Kyle Tamshen (KT) as described in the paper where he designed the 35pglY
insertion.?! Synthesis of second generation pCLZ and the B2036-pCLZ conjugate was conducted
by Jane Yang (JY) and will be described in a not-yet-submitted paper. In this chapter, the safety

of pCLZ alone and conjugated as B2036-pCLZ is investigated for safety, activity, and PK.
5.2 Results and Discussion

5.2.1 Original polycaprolactone zwitterion polymer synthesis

Scheme 5.1 Original synthetic strategy for polycaprolactone zwitterion polymer.
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The initial polymer synthesis was developed in our lab as a highly-flexible platform for
synthesizing polymers that could be used as excipients to stabilize therapeutic proteins.?’ In an

effort to expand one of our best-performing polymers, pCLZ, from its use as an excipient to a
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component of a protein-polymer conjugate, an extensive literature search was conducted. From
this search, we chose to use an azide-functionalized initiator as a polymerization and post-
polymerization modification reaction-compatible end group that could be later used to conjugate
to an alkyne-functionalized protein. Following improvements upon the original synthetic route,?®
1-azido-3,6,9-trioxaundecane-11-ol was employed as the azide-functionalized initiator for allyl-
caprolactone with MTBD and 3-O as co-catalysts for the reaction. Post-polymerization, the azide
group was verified to be present by both FT-IR and MALDI ToF, allowing for the subsequent
functionalization of pCL-allyl in two steps, first via thiol-ene click chemistry using a hand-held
UV lamp to add the dimethylaminoethanethiol hydrochloride. A subsequent addition of t-butyl
bromoacetate and TFA deprotection formed the carboxybetaine side chain. After the addition of
side chain it became more difficult to characterize the polymer end group, but, in pCL-allyl up to
at least 20 kDa in size, a small peak corresponding to an azide-group does appear by FT-IR. The
azide end-group pCLZ was conjugated to GHRA-yne via CuAAC by KT and JY, as will be
discussed in the not-yet-submitted paper with JY.

Despite initial success in synthesizing each step in the route and subsequent CuAAC
conjugation with GHRA-yne, over time the conjugations were not consistently successful.
Following investigations by KT, JY, and myself, it was determined that the strength of UV
irradiation that the polymer was exposed to during the thiol-ene reaction was inconsistent, and, at
higher strengths, the azide functional end group was being ablated. Thus, a new synthetic route
was designed and implemented by JY and KT which will not be discussed here.

5.2.2 Conjugate immunogenicity in vivo
The adaptive immune response can produce antibodies in response to perceived antigens

that, in addition to the immune reaction, will remove foreign material. As GHRA-yne shares 182
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of its 191 residues in common with hGH, we did not expect the alkyne modifications to elicit
antibody production, and utilized an immunogenicity study to confirm this hypothesis. The
immunogenicity study was performed early on with GHRA-pCLZ synthesized through the first
route before the UV irradiation issue was discovered. It was decided that the later change in
synthetic strategy was not so different as to warrant the sacrifice of additional animals. The GRHA-
yne, GHRA-pCLZ, and original pCLZ were all studied for their potential to trigger the immune
system to produce IgG and IgM antibodies, two of the most abundant types of antibody isotypes
accounting for 75-95% of all antibodies. Mice were challenged with intraperitoneal (i.p.) injections
of GHRA-yne, GHRA-pCLZ, and pCLZ (2 mg/kg) at weeks 0 and 2. Enzyme-linked
immunosorbent assay (ELISA), the most widely used technique for anti-polymer and anti-
conjugate antibody detection, was used to measure IgGs and IgMs in serum specific to each
potential antigen for each week.? As a negative control, naive mouse serum was added to the
GHRA-yne and GHRA-pCLZ coated microplate. None of the possible antigens, modified protein,
conjugate, or polymer elicited any measurable IgG or IgM response as compared to the naive
controls (Figure 5.1). Therefore, we concluded that the GHRA-yne does not instigate an immune
reaction, and both pCLZ alone and conjugated to GHRA-yne are similarly benign with respect to
the adaptive immune system, aligning with our original hypothesis. We would therefore expect
that, without the production of antibodies in response to polymer, conjugate, or protein, the half-

life in circulation would not be affected by antibody clearance mechanisms.
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Figure 5.1 Antibody levels in mice specific to GHRA-yne or GHRA-pCLZ antigens over 3 weeks
after i.p. injection of GHRA, GHRA-pCLZ, or azide-pCLZ at weeks 0 and 2 (n =5 — 6). Levels
measured by immune indirect ELISA for a. IgG and b. IgM specific antibody responses and
compared to non-specific baseline antibody recognition in naive mice.
5.2.3 Conjugate activity in vitro as a function of pCLZ molecular weight

As previously described in the literature by our group and others, the efficacy of GHRA-
yne and the different conjugates was assessed by a cell viability assay with Ba/F3 cells engineered
to stably express GHR and depend on hGH for proper growth.?! For this assay, cells were incubated
with different GHRAs and hGH for a period of time (48 h) before the cells were measured for
viability with resazurin blue and the resulting GHRA response was calculated from these varying
levels of observed viability. As the efficacy of GHRA-yne had already been found comparable to
B2036 without the 35pglY insertion and the conjugation of mPEG polymers was clearly shown to
reduce bioactivity as a function of polymer size,?! it was decided to study GHRA-pCLZ and
GHRA-mPEG at a range of sizes compared against GHRA-yne. Despite increasing polymer size
having a detrimental effect on conjugate bioactivity, it was reported that pegvisomant, the non-

site-specifically conjugated GHRA-mPEG (totalling 20-25 kDa in mPEG), had an ICso an order
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of magnitude larger (1289 nM) than the site-specific GHRA-mPEG (20 kDa) (103.3 nM).?! The
pCLZ used for these conjugates was prepared by JY using the second-generation synthetic route.
Following polymer synthesis, JY also prepared and purified the GHRA-pCLZ and GHRA-mPEG
conjugates. By measuring the bioactivity of Ba/F3-GHR cells incubated with GHRA-yne, GHRA-
pCLZ (60 kDa), GHRA-pCLZ (20 kDa), GHRA-pCLZ (5 kDa), GHRA-mPEG (20 kDa), GHRA-
mPEG (10 kDa), and GHRA-mPEG (5 kDa), the inhibitory effect of the different polymers as well
as the polymer chain lengths could be compared to determine the relationship between polymer

type and size, and bioactivity (Figure 5.2).
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Figure 5.2 GHRA efficacy of GHRA-yne, GHRA-pCLZ conjugates (5-60 kDa), and GHRA-
mPEG conjugates (5-20 kDa) measured by inhibitory bioactivity dose response in Ba/F3-GHR
cells. Exact ICso values are reported in Table 5.1. Note that GHRA-pCLZ 5 kDa and 20 kDa are
mostly overlapping.

In comparing the two different polymer types, it is clear that conjugation of either polymer
decreases the bioactivity of the conjugates, but the decrease in bioactivity with pCLZ conjugates

is less when compared with mPEG (Figure 5.2, Table 5.1). All of these conjugates have 1Cso
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values at or an order of magnitude below the GHRA-mPEG (20 kDa) reported here (92.9 nM)
underlining the earlier finding that site-specifically conjugated polymers do not reduce the
bioactivity of GHRA-yne too much.?! This new data further expands our knowledge regarding the
effect of different polymers as conjugates. The bioactivity of the mPEG conjugates, ranging in size
from 5-20 kDa, were all lower than the bioactivity of the even larger pCLZ conjugates which
ranged from 5-60 kDa (Table 5.1). In fact, the two smaller pCLZ conjugates (5 kDa and 20 kDa)
were not statistically different from each other (3.3 nM), and very close to the inhibitory activity
of GHRA-yne (2.7 nM). Further, the largest GHRA-pCLZ conjugate (60 kDa) (11.9 nM) had a
bioactivity similar to GHRA-mPEG (10 kDa) (12.1 nM). Altogether, this bioactivity data clearly
indicates that the site-specific conjugation of pCLZ is less disruptive to the GHRA bioactivity as
the addition of mPEG and could allow for the addition of larger polymer sizes without causing

dramatic decreases in bioactivity.
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Table 5.1 Averaged ICso and 95% confidence interval (CI) results from three individual Ba/F3-
GHR cell inhibitory experiments. All ICso values are statistically different from each other (p <
0.05) except for the two smallest GHRA-pCLZ conjugates (5 and 20 kDa, p < 0.05) according to

ANOVA with subsequent Students’ t-Test.

GHRA IC5, (M) 95% CI (nM)

GHRA-yne 2.7 13-42
GHRA-pCLZ (60 kDa) 11.9 7.6-21.0
GHRA-pCLZ (20 kDa) 3.3 2.3-49
GHRA-pCLZ (5 kDa) 3.3 2.4-47

GHRA-mPEG (20 kDa) 92.9 39.5-215.9

GHRA-mPEG (10 kDa) 33.0 17.9-293 .4
GHRA-mPEG (5 kDa) 12.1 9.2-15.8

5.2.4 Pharmacokinetics of GHRA-pCLZ 60 kDa conjugate in vivo

Finally, plasma levels in mice injected with GRHA-pCLZ (60 kDa) and GHRA-yne were
measured by ELISA over time to measure the half-life of the GHRA-yne and conjugate. For these
measurements, mice were injected by i.v. with GHRA-yne (2 mg/kg) or the largest size of GHRA-
pCLZ (60 kDa) (0.75 mg/kg). It is noted here that the concentration of conjugate was reduced from
the planned 2 mg/kg due to insufficient materials. Subsequently, time points were taken at 0.5, 2,
4, and 8 h by saphenous vein collection and a final time point at 24 h was taken post-mortem.
Plasma from each time point was diluted four times, requiring samples be split over three and two
plates for GRHA-pCLZ (60 kDa) and GHRA-yne, respectively. For each plate, the corresponding
GRHA-pCLZ or GHRA-yne standard was used to make a standard curve.

Due to limitations in how quickly the first time point (0.5 h) could be taken after
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administration, the measurements of GHRA-yne are best used as a baseline for the conjugate as
the literature reports a half-life for hGH of 15-30 min.! ”-* 13 The half-life of GRHA-pCLZ (60
kDa) was calculated to be 2.28 + 0.5 h, and clearly has extended the circulation time in vivo as
compared to the GHRA-yne (Figure 5.3). This increase in half-life resulted in measurable levels
of GHRA in blood circulation as far out as 8 h, although nowhere near as long as the reported half-
life of pegvisomant (~74 h). Due to the limitations in measuring GHRA blood content by this
method, further exploration of the GHRA-pCLZ (60 kDa) will be performed by radiolabeling the

conjugate and measuring biodistribution and excretion by uPET/pCT.
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Figure 5.3 GHRA levels in mice over 24 h after i.v. injection of GHRA-yne or GHRA-pCLZ (60
kDa) (n =5 — 6). GHRA levels were\ measured by sandwich ELISA compared to GHRA-yne or
GHRA-pCLZ (60 kDa) standard curves.

Altogether GHRA-yne, GHRA-pCLZ, and pCLZ were all found to not elicit antibody

production, the site-selective addition of pCLZ via CuAAC significantly but minimally decreased
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the bioactivity of the GHRA in vitro, and there was a measurable increase in in vivo circulation
time. As PEG is a potential antigen with many reports of it eliciting an immune response,*® the
immunocompatibility reported herein is promising. Although 40 kDa is generally accepted as the
limit of renal clearance, the degradability of the pCLZ polymer should prevent conjugation of
polymers over 40 kDa from posing safety or in vivo attenuation risks, as we expect any polymer
not excreted in the form of conjugate would degrade over time. Despite this, the increase in half-
life was found to be significantly less compared to that reported for pegvisomant (ti2 ~74 h).” This
result was particularly surprising as the net increase in MW with the GHRA-pCLZ is 60 kDa, and
the combined 4-5 mPEG chains (5 kDa each) increase the MW of pegvisomant only ~20 kDa.
Since the activity of site-selective GHRA-pCLZ (60 kDa) is much better than any of the site-
selective GHRA-mPEG conjugates, we would need to next study bioactivity in vivo to determine
the efficacy of increased activity with concomitant loss of circulation time. Finally, although not
included in this chapter, during polymer synthesis and conjugation JY, KT, and I found that pCLZ
and GHRA-pCLZ have a smaller hydrodynamic radius (Rh) than mPEG and GHRA-mPEG by
GPC and SDS-PAGE gels, respectively. We have hypothesized that the hydrodynamic radius is
actually what affects both bioactivity and PK, and, if true, this would explain why conjugation of
larger pCLZ polymers has less of an impact on bioactivity or PK than the mPEG polymers. This
could be further studied using other non-immunogenic polymers with different Rh conjugated to
GHRA-yne and by studying the addition of pCLZ at more sites through the introduction of

additional pglY sites in B2036.
5.3 Conclusions

In this chapter, pCLZ alone and as the GHRA-pCLZ conjugate were investigated for safety,

activity, and PK. Through ELISA, antibody production in response to GHRA-yne, pCLZ, and
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GHRA-pCLZ were measured, and no significant immunogenic response was detected. The activity
of GHRA-pCLZ at a range of polymer sizes was measured in vitro and compared with GHRA-
mPEG it was found that the GHRA-pCLZ conjugates provided better lower ICso values than the
GHRA-mPEG conjugates. Finally, plasma levels in mice injected with the largest GHRA-pCLZ
conjugate (60kDa) and unmodified GHRA-yne were measured by ELISA over time, and it was
found that the GHRA-pCLZ conjugate did increase the half-life of the GHRA by approximately 2
h compared to what is reported in literature, although this result is preliminary and needs to be

repeated.

5.4 Experimental Section

5.4.1 Materials

Chemicals were all purchased from Sigma Aldrich or Fisher Scientific and used without
further purification unless otherwise mentioned. Anhydrous toluene was distilled from CaH> and
stored under argon prior to use. Anhydrous tetrahydrofuran (THF) was distilled from sodium
benzophenone and stored under argon prior to use. 1-Azido-3,6,9-trioxaundecane-11-ol was
purchased from Toronto Research Chemicals and purified via HPLC prior to use. Allyl-
caprolactone was synthesized as previously described and purified by distillation under reduced
pressure before use.?’-?® 3% Bistristhiourea (3-O) was synthesized and purified according to
literature precedent.? 3! Spectra/Por3® regenerated cellulose membrane (MWCO 1.0 kDa or 3.5
kDa) used for polymer dialysis was purchased from Spectrum Chemical (New Brunswick, NJ).
Amicon Centriprep™ tubes were purchased from Millipore. Any kD Mini-PROTEAN-TGX™
PAGE gels and SDS-PAGE protein standards (Precision Plus Protein™ Dual Color) were
purchased from Bio-Rad. Murine Ba/F3 cells stably expressing human GHR (Ba/F3-GHR) were

obtained from Professor Michael Waters (University of Queensland, Australia). RPMI 1640 media
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with -glutamine and 25 mM HEPES buffer was purchased from Gibco, and recombinant hGH
(thGH) purchased from Dr. A.F. Parlow at the National Hormone and Peptide Program (Harbor-
UCLA Medical Center, Torrance, CA) was resuspended at 0.5 mg/mL in 0.1 M PBS before being
stored at -80 °C, following storage instructions. Goat anti-mouse IgG HRP conjugate and goat
anti-mouse IgM HRP conjugate were both purchased from Abcam, reconstituted, diluted 2x with
glycerol, and stored at -80 °C following manufacturer’s recommendations. Pierce BCA assay kit
and enzyme-linked immunosorbent assay (ELISA) TMB development solution was purchased
from ThermoFisher Scientific. DuoSet hGH ELISA kit was purchased from R&D Systems
(catalog #DY 1067).
5.4.2 Analytical Techniques

NMR spectroscopy were performed on a Bruker AV 400 MHz or AV 500 MHz instrument
and spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for polymers.
Organic GPC (DMF) of the allyl-caprolactone polymers was conducted on a Shimadzu high
performance liquid chromatography (HPLC) system with a refractive index detector RID-10A,
one Polymer Laboratories PLgel guard column, and two Polymer Laboratories PLgel 5 um mixed
D columns. Eluent was DMF with LiBr (0.1 M) at 40 °C (flow rate: 0.80 mL/ min). Calibration
was performed using near-monodisperse pMMA standards from Polymer Laboratories. Aqueous
GPC of the polymers was conducted on a Malvern Viscotek GPCMax system equipped with a
triple detector array (TDA 305-040 Quadruple Detector Array), with two Viscotek A600 M
general mixed aq. Columns (300x8.0mm) with an eluent system of 20% methanol in water 1 mL
min™,
5.4.3 Animal Usage

All animal experiments were conducted according to protocols approved by the UCLA
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Animal Research Committee (ARC).
5.4.4 Methods

Polymerization of allyl-caprolactone with 1-azido-3,6,9-trioxaundecane-11-ol
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In the inert atmosphere of a nitrogen glovebox, weighed out allyl-caprolactone (250 mg,
1.62 mmol) into a glass dram vial with a stir bar. In a separate vial, measured out the catalyst 3-O
(18.5 mg, 0.02 mmol). Added to the 3-O, the co-catalyst MTBD stock (10% in toluene, 29 uL,
0.02 mmol) and 1-azido-3,6,9-trioxaundecane-11-ol initiator (21.1 mg, 96.2 pmol). Added
initiator, catalyst, and co-catalyst solution to monomer solution and immediately began monitoring
conversion by '"H NMR. After the desired conversion was achieved, the reaction was removed
from inert atmosphere and quenched with AcOH (20 pL). Product was purified via column
chromatography (eluent 20-50% EtOAc in hexanes) yielding pCL-allyl. Mn (GPC) =2990 Da, D
= 1.04. "TH-NMR agreed with that reported for this compound.?’

Original post-polymerization thiol-ene and amine quaternization of pCL to pCLZ
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In a glass dram vial, pCL-allyl (60 mg, 20 umol) was dissolved in MeOH:DCM 1:1. To
pCL-allyl, added dimethylaminoethanethiol hydrochloride (204.4 mg, 1.4 mmol) and 2,2-

dimethoxy-2-phenylacetophenone (DMPA) (46.2 mg, 180 pumol). The vial was degassed by
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sparging with argon for ten minutes and then exposed to a handheld UV lamp (A = 365 nm) for 3
h. The crude solution was concentrated in vacuo before adding sodium bicarbonate (3 mL).
Extracted aqueous layer with DCM (3 x 10 mL). Organic layer was dried over MgSO4 and
concentrated in vacuo. Dissolved oil in acetonitrile (2 mL) and added #-butyl bromoacetate (267
pL, 1.8 mmol) and let stir at 50 °C for 12 h. The reaction solution was allowed to cool to room
temperature and ACN was removed in vacuo. To the reaction, trifluoroacetic acid (TFA, 1.67 mL)
was added in excess, and the reaction was stirred for 3.5 h at room temperature. TFA was removed
in vacuo, and material was dissolved in water and dialyzed against 3.5 kDa MWCO in
MeOH:water 1:1 for 24 h and then pure water for 24 h. The dialyzed solution was dried in vacuo
yielding pCLZ as a fluffy white solid (73.9 mg, 58% yield). GPC prior to TFA deprotection Mn =
7.71 kDa, D = 1.04 corresponding to pCLZ of Mn = 6.56 kDa. 'H-NMR agreed with that reported
for this compound.?’
Antibody immunogenicity of GHRA-yne, GHRA-pCLZ, and pCLZ in Mice

CD-1 mice (8 weeks, female, n =5 — 6, Charles River Laboratories) were used to study the
immunogenicity of GHRA-yne, GHRA-pCLZ (6.56 kDa), and pCLZ (6.56 kDa). Protein,
conjugate, and polymer were each administered via i.p. injection (2 mg/kg in sterile saline buffer).
Mice were challenged again 2 weeks after inoculation with the same dosage for each condition.
Blood was collected into serum separator centrifuge tubes (SSTs) via retro-orbital bleeding at 1,
2, and 3 weeks after administration. Blood was centrifuged at 2,000 rcf for 15 min to extract serum.
Serum was stored at —80 °C until ELISA could be run. Mice were sacrificed after 4 weeks and a
final time point was collected via cardiac puncture. Blood was treated the same as prior time points.
Antibody IgG and IgM immunogenicity ELISA

For the ELISA, sterile filtered 0.1 M PBS buffer + 0.3% n-dodecyl-B-D-maltoside was
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used to wash the wells four times between each step, making sure to remove solution by hitting
the plates against paper towels after each wash. Antigen solutions of GHRA-yne or GHRA-pCLZ
conjugate (total 0.02 mg/mL, 100 pL/well) were plated on 96-well plates. After incubating at room
temperature (21 °C) for 13 h, antigen was removed, the wells washed and blocked with sterile
filtered 3% BSA in 0.1 M PBS (300 pL) for 2 h at 37 °C. After washing out the BSA blocking
solution, serum from the mice was diluted 100, 500, 2,500, and 12,500-fold with filtered 3% BSA
in 0.1 M PBS (100 pL/well) was then incubated with the respective antigen for 2 h at 37 °C
(GHRA-yne antigen with GHRA-yne exposed mice, GHRA-pCLZ antigen GHRA-pCLZ exposed
mice, and GHRA-pCLZ antigen with pCLZ exposed mice). After washing the wells, goat anti-
rabbit IgG or IgM HRP-conjugate antibody diluted 2,000 x with filtered 1% BSA in 0.1 M PBS
(100 pL/well) was incubated for 1 h at 37 °C. The secondary detection antibody HRP conjugate
was removed and the wells washed. In the dark, TMB substrate solution was added (100 pL/well),
and the plate was incubated at room temperature (21 °C). After 5 — 10 min when color had
developed in positive control wells, reaction was quenched by adding 2 M H2SO4 (50 pL/well)
stop solution. Absorbance was measured at 450 nm and background at 570 nm. Controls included
OVA antigen with OV A exposed mouse serum (positive control), OVA antigen with naive mouse
serum (negative control), GHRA-yne antigen with naive mouse serum (negative control), and
GHRA-pCLZ antigen with naive mouse serum (negative control and check on non-specific
binding).
Cell viability assay measure of second generation GHRA-pCLZ conjugate activity
Ba/F3-GHR cells were cultured at 37 °C and 5% CO2 in RPMI 1640 media completed with
100 U/mL penicillin, 100 U/mL streptomycin, 1% Glutamax, 5% fetal bovine serum (FBS), and

25 ng/mL rhGH (added fresh at least every 7 days). After thaw, Ba/F3-GHR cells were cultured
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every 2-4 days with fresh media to stay within a cell concentration of 10-200,000 cells/mL; a
common splitting ratio was 1:10 to maintain the appropriate concentrations of cells.

After the cells had grown to sufficient density for the assay, cells were serum starved
overnight for up to 16 h. To replace the serum with complete media sans 25 ng/mL rhGH, cells
were spun down, media was removed, and cells were resuspended in the incomplete serum media
two times. Cells were then diluted and plated at 20,000 cells/well (80 nL) in the interior wells of
a standard, clear, 96-well plate. The outer wells were filled with media to prevent edge effects, and
plates were incubated for 20 min at room temperature before being returned to the incubator (37
°C and 5% CO2) while serial dilutions of the GHRA-yne and conjugates were made. The dilutions
ranged from 0 to 36,000 nM depending on the antagonist, and, upon completion, they were added
to the wells (10 puL) (n = 4 replicates per dilution). Finally, rhGH was added to the wells (10 pL)
for a concentration of 20 ng/mL and the cells were incubated for 48 h (37 °C and 5% CO>). Final
cell viability after incubation with GHRA-yne or a conjugate was measured by adding resazurin
sodium salt (0.25 mg/mL) to each well (10 pL), incubating for 2 h (37 °C and 5% CO>), and taking
fluorescence measurements (Aexcite = 530 nm, Aemic = 585 nm). In vitro assays were repeated at least
two times on cells of different generations, and a representative figure of these is shown in the text.
The half-maximal inhibitory concentration (ICso) for GHRA-yne and each GHRA conjugate was
calculated by fitting a sigmoidal dose-response model.

Pharmacokinetics of GHRA-yne and GHRA-pCLZ conjugate in mice

CD-1 mice (8 weeks, female, n =5 — 6, Charles River Laboratories) were used to study the
blood clearance rate of GHRA-yne and GHRA-pCLZ (60 kDa). Protein and conjugate were each
administered via i.v. tail injection (2 mg/kg of GHRA-yne and 0.75 mg/kg of GHRA-pCLZ in

sterile saline buffer). Blood was collected by saphenous vein bleeding at 0.5, 2, 4, and 8 h using
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EDTA-coated pipette tips and LoBind tubes and tubes were rotated to prevent clotting. A time
point was taken after the mice were sacrificed at 24 h, and the final time point was collected via
cardiac puncture and the blood was treated the same as the earlier time points. After each time
point was taken, blood was centrifuged at 2,000 rcf for 15 min to extract plasma. Plasma was
transferred to a fresh LoBind tube (not EDTA coated) and stored at -80 °C until the
pharmacokinetics ELISA could be run.
Pharmacokinetics ELISA of GHRA-yne and GHRA-pCLZ conjugate

Plasma collected as part of the pharmacokinetic study of GHRA-yne and GHRA-pCLZ
was analyzed by hGH DuoSet ELISA. To accommodate the many time points and dilutions, the
samples were split up over five different 96-well plates with space dedicated to the necessary
standard curve on each plate. The same sterile filtered 0.1 M PBS buffer + 0.05% Tween-20 was
used to wash the wells four times between each step, making sure to remove solution by hitting
the plates against paper towels after each wash. First, hGH capture antibody was diluted 180 fold
with 0.1 M PBS (2 pg/mL) and added to each well (100 pnL) and incubated at room temperature
(21 °C) for 18 h. Afterwards, capture antibody was removed, the wells washed, and finally cells
were blocked with sterile filtered 3% BSA in 0.1 M PBS (300 pL) for 1 h at room temperature.
After washing out the BSA blocking solution, standards of GHRA-yne or GHRA-pCLZ conjugate
(60 kDa) were plated on 96-well plates (100 pL/well) at nine concentrations (8,000, 4,000, 2,000,
1,000, 500, 250, 125, 62.5, 31.25, 15.63, and 0 pg/mL). The collected plasma was diluted 20, 200,
2,000, and 20,000 fold before being plated (100 puL/well) and incubating both the plasma and
standards at room temperature (21 °C) for 18 h. Samples were removed, the wells washed and
blocked with sterile filtered 3% BSA in 0.1 M PBS (300 pL) for 1 h at room temperature. Diluted

the hGH detection antibody 360x with sterile filtered 1% BSA in 0.1 M PBS (100 ng/mL), and,
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after washing out the BSA blocking solution, added the detection antibody (100 pL/well).
Incubated the plates again at room temperature but for 2 h. After washing the wells, streptavidin-
HRP conjugate was diluted 2,000 with filtered 1% BSA in 0.1 M PBS and, in the dark, added to
the wells (100 uL/well) before incubating the plates in the dark for 20 min at room temperature.
Still in the near-complete dark, the HRP conjugate was washed from the wells and TMB substrate
solution was added (100 uL/well) and the wells were allowed to develop for approximately 30
min. When color had developed appropriately according to the standard curve wells, the reaction
was quenched by adding 2 M H>SO4 (50 pL/well). The absorbance was measured at 450 nm and
background at 570 nm.
5.4.4 Statistical Analysis

All experimental values are reported as the average + SEM. Graph Pad Prism 7 (GraphPad
Software, San Diego, USA) was used for the statistical analyses. Results were considered
significantly different if p < 0.05 (*); results are also reported with p < 0.01 (**), and p < 0.001
(***). Cell viability assay was analyzed with a nonlinear regression analysis also in GraphPad
Prism 7 with data expressed as means with 95% CI and compared using Student’s t-tests or one-
way ANOVA as necessary. Outliers were determined using the interquartile range (IQR) of 1.5
times less than the 1% quartile or 1.5 times more than the 3™ quartile whenever possible; this IQR
range covers the middle 50% spread of data. For data with less than 6 points in a group, outliers
were confirmed or found using a score fit of 1.5 times standard deviation greater or lower than the

average. No more than one outlier was removed from each time point for each condition.
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5.5 Appendix D
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Figure D1 Representative 'H NMR spectrum (400 MHz, CDCIs) of pCL polymerized with 1-

azido-3,6,9-trioxaundecane-11-ol initiator. 'H-NMR agreed with that reported for this pCL-allyl.?’
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Figure D2 Representative FT-IR of pCL-allyl polymerized with 1-Azido-3,6,9-trioxaundecane-

11-ol initiator. Clear azide stretch with peak at ~2100 cm™ along with peak at 1250 cm™.
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Figure D3 MALDI-ToF of pCL-allyl polymerized with 1-azido-3,6,9-trioxaundecane-11-ol

initiator taken with DCTB matrix with azido end group creating characteristic metastable peaks.>?
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Figure D4 DMF GPC trace of pCL-allyl polymerized with 1-azido-3,6,9-trioxaundecane-11-ol

initiator. M, = 2990 Da, B = 1.04.
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Figure D5 Representative '"H NMR spectrum (400 MHz, D>0O) of pCLZ polymerized with 1-
azido-3,6,9-trioxaundecane-11-ol initiator. 'H-NMR agreed with that reported for this

compound.?’
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Figure D6 Representative FT-IR of pCLZ polymerized with 1-azido-3,6,9-trioxaundecane-11-ol
initiator. Slight peak at ~2100 cm™' along with peak at 1250 cm™! that is overlaid by the 1150 cm’!
peak, indicate azide is retained, but the loss in clarity could be due to the relative concentration of
azide after the addition of carboxybetaine side chain or due to loss of azide during the post-

polymerization reactions.
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Figure D7 DMF GPC trace of t-butyl protected pCLZ polymerized with 1-azido-3,6,9-
trioxaundecane-11-ol initiator. M, = 7.71 kDa, £ = 1.04, corresponds to M, = 6.56 kDa of

deprotected pCLZ.
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Figure D8. Immunogenicity ELISA serum dilutions of a. IgG week 1, b. IgG week 2, c. IgG week

3, d. IgM week 1, e. IgM week 2, and f. IgM week for I. Naive GHRA-yne [naive mouse serum

with GHRA-yne antigen], II. Naive GHRA-pCLZ [naive mouse serum with GHRA-pCLZ

antigen], IIl. GHRA-yne GHRA-yne [mouse serum from mice injected with GHRA-yne with

GHRA-yne antigen], IV. GHRA-pCLZ GHRA-pCLZ [mouse serum from mice injected with

GHRA-pCLZ with GHRA-pCLZ antigen], and V. pCLZ GHRA-pCLZ [mouse serum from mice

injected with pCLZ with GHRA-pCLZ antigen].
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Figure D9 ELISA standard curves of a-c. GHRA-pCLZ and d-e. GHRA-yne used in the
calculation of plasma concentration for the corresponding conjugate or protein at the time points

ata.0.5hand 1 h,b.2hand4 h,c.8hand 24 h,d. 0.5h,1 h,and 2 h, and e. 4 h, 8 h, and 24 h.
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