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Abstract

Poly(lactic-co-glycolic acid) (PLGA) is the most commonly investigated biodegradable
polymer for long-acting release (LAR) applications and has been used in 19 FDA-approved
products. Despite this success, there has been a slow increase in PLGA-based commercial
products since the first approval in the 1980s. There are no existing options for controlled release
of large molecules which are far more complicated than small molecules and can undergo
stability issues during or after encapsulation in PLGA.

Glioblastoma is a devastating disease with a median survival of 12-14 months and a high
rate of recurrence, complicated by an immunosuppressive tumor environment with few treatment
options due to the blood brain/blood tumor barriers without systemic toxicity, and thus a local
sustained release option could be beneficial. To approach the immunosuppressive, heterogenic,
and abnormal solid stress tumor environment of GBM we have formulated immune checkpoint
inhibitors, anti-PD-1 and anti-CTLA-4, immune-stimulatory agent, CpG, and penetration-
enhancer, docetaxel, into PLGA LAR implants. Coated PLGA implants achieved high loading
(6-8% w/w) of anti-PD-1 and anti-CTLA-4 and released in vitro over 60 days with minimal
monomer content, secondary structure and immunoreactivity losses. CpG implants (loading ~6%
w/w) released continuously in vitro over 40 days with >95% cumulative release and showed
retained TLR-9 binding activity. Docetaxel implants (loading ~50% w/w) released over 110 days
with >80% total cumulative release. Anti-PD-1 and anti-CTLA-4 implants combined with

radiation resulted in enhanced median survivals of 71 days and 74 days, respectively, relative to
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controls. Two long-term survivors from each mAb group were resistant to tumor cell re-
challenge, indicating the generation of an immunological memory response.

To bridge the gap between slow development of FDA-approved controlled release
products using PLGA, including those for delivery of large molecules, we investigated 17
different PLGAs from five different manufacturers and compared their in vitro degradation and
erosion behaviors as drug-free films, microspheres, and implants as a function of L/G ratio, MW,
end-capping, manufacturer, and formulation geometry. We found that comparable PLGAs from
different manufacturers could vary in their in vitro performance due to differences in their
microstructural properties and possibly their manufacturing conditions. Higher glycolic sequence
blockiness or block lengths, led to increased initial degradation due to the increased hydrolysis
rate of glycolic-glycolic linkages. We found that the increased auto-catalysis preferentially
increased the loss of glycolic units over lactic units in 75/25 PLGA implants compared to
microspheres, with implants becoming ~97% lactic acid within two weeks, while microspheres
only gradually lost glycolic units faster than lactic units, indicating differences in their hydrolytic
mechanisms. Better knowledge and control of relevant macro/micro-properties of the polymer
may help bridge the gap between the effects of raw materials and the product performance,
allowing for better polymer selection and potentially increase the number of approved PLGA-
based LAR products.

This thesis develops PLGA LAR implants for monoclonal antibodies, which are
injectable through a small gauge needle. The implants are applied to five different drugs, and
exhibit high drug loading, ideal slow and continuous release over months, maintained stability,
efficacy in a glioblastoma model and investigates formulations for intraocular delivery. To

address the disproportion of LAR products available on the market, and especially lack thereof
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for large molecules, this work investigates the effects of PLGA raw material on performance
behavior and establishes key differences between manufacturers and effects of macro/micro-

properties of PLGA on degradation and erosion.
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Chapter 1:  Introduction

Glioblastoma (GBM) is the highest occurring primary brain tumor with a median survival
of 12-14 months and a high rate of recurrence'>. GBM tumors are highly heterogeneous and
have immune suppressive properties that hinder therapy>. The blood brain barrier (BBB) and the
blood tumor barrier (BTB) are both significant obstacles for current systemic therapies. Systemic
treatments do not easily reach the brain, and thus, therapeutics must be given in high
concentrations which can pose toxic side effects. Numerous methods have been studied to
disrupt the BBB to improve the systemic delivery of drugs to the brain, but are impractical,
unsafe, or suffer from inadequate drug accumulation at the tumor site*®. The effective treatment
of GBM is also hindered by the glioma tumor’s ability to evade the immune system by the
overexpression of immune checkpoint inhibitors such as CTLA-4 and PD-17. It has been
demonstrated that the ligands for PD-1 and CTLA-4, i.e., PD-L1 and CD80, are expressed by
tumor cells, myeloid derived suppressor cells, and other various immune cells, and that PD-1
expression on T cells is a marker of T cell exhaustion leading to dysfunctional T cells®°. These
effects lead to immunosuppression that, if blocked, can enhance long-term survival in
glioblastoma animal models when administered systemically®. PD-1 and CTLA-4 blockade
monoclonal antibodies (mAbs) are the two most commercially developed products. Yervoy®
(ipilimumab, anti-CTLA-4) and Opdivo® (nivolumab, anti-PD-1), both approved for various
cancer treatments, are currently undergoing clinical trials for the treatment of GBM, and have

demonstrated success in animals as well as tolerability in humans with high-grade gliomas.



Although there is promise for immune checkpoint blockade therapy, there are issues with
toxicity due to the selectivity of the blood brain barrier, creating potential difficulties balancing
therapeutic levels in the brain with the systemic induced toxicities. Systemic delivery of immune
checkpoint inhibitors alone, and more so in combination with each other, lead to immune related
adverse events that often require termination of treatment or the addition of medications to
combat side-effects>!°. For this reason, controlled release is an advantageous option, offering
local and long-term delivery of therapeutic levels while avoiding the systemic toxicity.
Polymeric delivery systems are successfully used to deliver proteins and peptides that would
benefit from controlled release!'~!4. Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable
polymer that is used for long-term controlled release delivery of proteins and approved in many
long-acting release drug products!''4-'6, Our approach to improve therapeutic outcomes for
GBM, involves locally delivering immune checkpoint inhibitors to block immune suppressive
signals and improve their delivery and efficacy with the aid of tumor penetrating enhancing
agent, docetaxel, and immune stimulatory agent, CpG. The combination of these therapies will
be further improved through local delivery using PLGA controlled release implants as a
platform. PLGA is not easily formulated to encapsulate high levels of mAbs for slow release
while avoiding significant loss of protein activity. However, we have previously optimized the
delivery of complicated molecules with judicious formulation adjustments'!:!7-24, Herein, we
have developed injectable implants that efficiently encapsulates ~7% w/w mAbs and slowly
release stable drug for > 6 weeks. These formulations overcome difficulties to stabilize protein
during encapsulation and release by protecting the mAb from harsh organic solvent/water
interfaces, the addition of a poorly soluble base to avoid an acidic microclimate, the addition of

stabilizing disaccharide to inhibit mAb unfolding/aggregation and protect during



cryomicronization, and apply a PLGA coating around the drug-loaded core to obviate osmotic
pressure caused by the critical trehalose stabilizer and reduce the high initial burst release. Our
approach will allow for local sustained release of anti-PD-1, anti-CTLA-4, CpG, and docetaxel
in order to improve the drug exposure at the tumor site while avoiding systemic toxicities.
PLGA is the most commonly used biodegradable polymer for controlled release, yet, there
are only ~19 FDA approved products using PLGA and no available generic options for any of
these medications despite many patent expirations. The complexity of manufacturing variables
and influence of raw materials contributes to the overall slow approval of PLGA-based
products'>. It is not well-understood how and why polymers differ between manufacturers or
across different batches and to what extent this can affect product performance. Better
knowledge and control of the relevant properties of the polymer may help bridge the gap
between the effects of raw materials and the product performance and could potentially increase
the number of approved PLGA drug products. In this thesis we approached this knowledge-gap
by investigating 17 different PLGAs from five manufacturers and investigated differences in
their water uptake, degradation, and erosion behaviors during incubation as a function of L/G
ratio, molecular weight, end-capping, and formulation geometry and have also evaluated the
differences in a lesser-investigated property, sequence distribution of glycolide/glycolic acid, for
these polymers and how this can affect in vitro performance and ultimately, how these variables

could potentially influence drug release.

1.1 Background and significance

1.1.1 Controlled drug release from polymers
Over the past few decades, controlled release delivery has been of interest across multiple

engineering and pharmaceutically based fields due to its great potential in improving the



effectiveness of therapies. Controlled release can improve the effectiveness of a therapy in
multiple ways: by achieving targeted and local delivery of drugs that are difficult to administer
or control their therapeutic levels, decreasing unwanted side effects, improving patient
compliance and drug availability to communities by lowering the number of painful injections
and hospital visits for treatment. Temporal controlled release is focused on delivering the drug
over an extended period and is specifically beneficial for drugs that have a short circulation half-
life. With temporally controlled release therapies, the drug releases slowly and stays within the
therapeutic window longer, over a period that would normally require multiple administrations
of the drug. Distribution controlled release focuses on delivering the drug to a specific site like
the tissues, the systemic circulation, or a tumor cell, and can also be over extended periods of
time. This type of release is beneficial in avoiding toxic side effects that occur when the drug
accumulates in an unwanted area and can increase efficacy by distributing the drug preferentially
to the site of action. Many controlled release systems are a combination of temporal and
distribution controlled and can be manipulated to control the release rate or site of release of a
drug by changing the type of polymer, using various signals such as pH or a magnetic field to
trigger the release, or by implanting at the site of action.?> Examples that focus on local/regional
controlled-release include intravaginal rings releasing contraceptives and preventive drugs for

26,27

sexually transmitted diseases=*’, drug-eluting stents for the treatment of peripheral artery

disease?®??

, and intra-articular extended release formulations for osteoarthritis knee pain.*® To
achieve controllable release of drugs, many different natural and synthetic polymers have been
studied and considered for drug delivery systems.*' Natural polymers such as bovine serum

albumin, collagen, gelatin and hemoglobin are all biodegradable and have been used in various

commercial products, but have drawbacks such as batch to batch variability, poor mechanical



properties, and limited processing abilities.*? Synthetic biodegradable polymers, such as PLGA,
offer a possible alternative to the natural polymers and avoid the difficulties that exist with
natural polymers.?! Biodegradable polymers are often chosen due to their potential for
elimination after their degradation. Degradation is a chemical process that occurs through bond
cleavage while erosion is a physical-chemical process resulting in loss of polymer mass. Erosion
can be further classified as either surface or bulk erosion. . Surface erosion is where the
polymer’s surface erodes faster than the interior. One concept put forward is that surface erosion
occurs because of the polymer erodes at a faster rate than the water permeation into the polymer,
leading often times to a zero-order drug release.?> Another possibility is that the polymer at the
surface completely degrades to form insoluble monomers, which are slow to release owing to a
pH gradient at the surface which suppresses dissolution of the diacids (often p-carboxyphenoxy
propane and sebacic acid).>* In bulk erosion, water permeates the polymer faster than the
polymer erodes, leading to more complex release kinetics. In bulk erosion, water permeates the
polymer faster than the polymer erodes, leading to more complex release kinetics. Most
biodegradable polymers undergo bulk erosion.?> Different types of polymers include:
poly(esters), poly(ortho esters), poly(anhydrides), poly(amides), and phosphorous-containing
polymers. Of these polymers, the most studied for drug release are the poly(esters). Poly(esters)
undergo bulk erosion and include the well-known examples: poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and the copolymer poly(lactic acid-co-glycolic acid) (PLGA). This
family of poly(esters) also includes poly(ethylene glycol) (PEG), which is often used to increase
circulation time since PEG is a hydrophilic compound and hydrogen bonds with water,
decreasing the protein adsorption processes. Poly(ortho esters) are an important class because

they release drug through hydrolysis and surface erosion allowing well controlled drug release.>*



The poly(anhydrides) undergo surface erosion that creates a heterogeneous disappearance of the
surface and system and has been thought to be desirable for the maximum control of release from
these polymers.*> Poly(amides) are a class of polymers that include the poly(amino acids), used
for low molecular weight drug formulations that are expensive and difficult to make but were
first investigated because they are completely natural monomeric building blocks for polymers
that would have little to no toxicity in the body. The poly(amino acids) are limited because the
use of three or more different amino acids can result in immunotoxicity and their materials are
functionally poor for fabricating delivery devices.* The phosphorus-containing polymers
degrade predominantly through the changes in their side chains as opposed to changes in the
polymer backbone like other polymers, making them functionally different depending on what
side chain is chosen.?® Of the high number of choices for polymers, most do not reach clinical

trials or FDA approval due to high cost, poor functionality, or toxicity risks.'*

1.1.2 PLGA

1.1.2.1 Synthesis

Although PLGA itself is not FDA-approved, it is used in 19 FDA approved products, and
has properties that can be easily manipulated for a range of degradation and erosion rates. #1536
PLA, PGA, and PLGA are all poly(esters) of monomers, lactic and glycolic acid, that are
biocompatible and biodegradable.?! Lactic acid and glycolic acid are both present in nature to a
certain extent and through direct condensation can be polymerized into PLGA (Figure 1-1).
Lactide and glycolide, cyclic diesters, are often used in ring opening polymerization (ROP) to
synthesize high molecular weight PLGA using various catalysts and initiator species (Figure 1-

2). Direct condensation, or polycondensation, is a simple method of synthesizing PLGA by

reacting the two acid monomers, with or without the need for a catalyst, in either the solid or



solution state. In the solid state, the polymerization reaction of the two acid monomers, lactic
acid and glycolic acid, is in competition with the depolymerization into the dimers due to the
generation of water in the reaction which requires high temperatures and vacuum to control. For
this reason, direct condensation can typically only obtain lower molecular weight polymers and
is used far less commercially.?”-*8 ROP is the most commonly used method for commercial
PLA/PLGA synthesis. ROP involves the reaction of lactide and glycolide dimers in the presence
of a catalyst and initiator species at around 130-220 °C for 2-6h.37-*8 The most used and accepted
catalyst is stannous octoate, which is used as a food additive, and co-initiators are typically
various alcohols, or even lactic acid itself. The reaction most likely proceeds through a
coordination-insertion mechanism with the following main steps: 1) stannous-octoate reacts with
an hydroxyl containing species, the co-initiator, to form the true initiator, tin alkoxide, ii) lactide
or glycolide coordinates with the lewis-acid metal center, iii) lactide or glycolide inserts in the
metal alkoxide bond via a nucleophilic attack, and iv) ring opening occurs via acyl-oxygen
cleavage, this process continues for each monomer insertion.?” The type of catalyst is important
because it can be influential in the chain growth process. Metal catalysts can have more than one
reactive site that could result in more than one chain growth and a clustering of the polymer and
metal causing a broadening of the molecular weight, thus, single-site catalysts are often exploited
in polymerization.*® The increasing of the polymer average molecular weight is dependent upon
the rate of chain propagation and chain initiation.*”3%4" The peak molecular weight is achieved
through a balance of the reaction time, temperature, and amount of catalyst present. The
conversion of monomers into the growing polymerization is in competition with
depolymerization at longer reaction times and higher temperatures, thus, a peak conversion exists

at optimal reaction times and temperatures where increasing either will result in lower molecular



weights.*! Similarly, as you increase the amount of catalyst the conversion of monomer to
polymer chain increases, but past an optimal catalyst amount, more initiator species are formed
which lowers the overall molecular weight and broadens the chain dispersity.*! The polymer
chain termination can be unmodified, acid-terminated, or modified, typically ester-terminated.
The type of chain termination is typically determined by the initiator species used or the chain
transfer molecule used at the end of the reaction. Alcohols or water are used to terminate in a
carboxylic acid, and varying alkyl esters, such as lauryl esters, are used to create an ester-
terminated polymer.*>** A capped or modified PLA/PLGA has an alkyl ester at its chain
terminus that is more hydrophobic than an uncapped, carboxylic acid end group. The presence of
residual monomer in the polymer increases the number of terminal carboxylic acids that can
initiate auto-catalyzed hydrolysis, and acts as a plasticizer, increasing polymer chain mobility
and lowering the glass transition temperature, all of which can increase the hydrolysis and
degradation rates.***¢ After reaction completion, the catalyst is removed or deactivated, and the
product is purified by reprecipitation and drying under vacuum which can remove residual

monomers.*’

1.1.2.2 Monomer sequence

Lactide has two stereocenters that results in three different conformation possibilities for
starting materials, stereopure (D,D or L,L) racemic (50% mixture of D,D and L,L), and meso
(D,L dimer) that have drastic effects on the polymer physical properties such as glass transition
and melting temperature.*® Typically, in drug delivery, the racemic form of lactide is used to
avoid crystallization. PLA can therefore have different enantiomer sequence distributions, or
tacticities, such as isotactic, syndiotactic and atactic resulting from differences in the selectivity

of isomer addition to the growing polymer chain.*>>* The stereoselectivity of addition to the



polymer chain is thought to be controlled by two mechanisms, 1) chain end control where the last
unit of the chain controls the next addition and ii) enantiomorphic control where the chirality of
the catalyst controls the next addition.’>>* PLA synthesis using stannous octoate has been shown
to result in both atactic (random pattern of enantiomers) and also to have degrees of syndiotactic,
or alternating, sequences.*’>! The effect of the tacticities on polymer degradation and erosion is
not as well known, but would be expected to affect the polymer physical properties which could
lead to differences in behavior. During polymerization, glycolide/glycolic acid monomers are
more reactive and add to the growing polymer chain easier than lactic monomers, which often
leads to larger blocks of glycolic linkages than lactic linkgages.?”->? This is described as the
monomer sequence distribution and can influence the degradation rate of PLGA because of
increased reactivity of glycolic linkages to hydrolysis (Figure 1-3).4%3334 Previously, Vey et al.
determined that the glycolic unit consistently hydrolyzes 1.3 times faster than the lactic unit
across different L/G ratio polymer films submerged in phosphate buffer.> It has been shown that
random polymers, polymers with ‘blocks’ of lactic and glycolic units, have increased swelling
and faster erosion compared to ‘sequenced’ polymers that have a controlled sequence of
monomers.>® These properties can ultimately translate to drug release, Li et al. showed that
microspheres of sequenced PLGA released rhodamine-B, a low molecular weight hydrophilic
dye, more gradually and consistently compared to microspheres made from random PLGA.>?
The sequenced-controlled polymers are more tedious to synthesize and high molecular weights

are more difficult to obtain, and thus, have not been adopted into commercial production.



1.1.2.3 PLGA attributes

Lactic acid is more hydrophobic than glycolic acid, so when a copolymer of has a higher
content of lactic acid, the more hydrophobic the copolymer is. The hydrophobic properties make
the copolymer less able to absorb water and hence they degrade slower?!, although the additional
methyl group is also expected to create steric hinderance for nucleophilic attack of the carbonyl
carbon of the ester bond in the polymer. PLGA containing 50% or less of glycolic acid is soluble
in many organic solvents, while PGA (100% glycolic acid polymer) is not soluble in many
common organic solvents.?” The mechanical strength of the polymer is a main contributor to its
ability to be formulated into a drug delivery system. The system needs to be able to withstand the
physical stress inside and outside of the body during formulation and degradation of the drug
delivery device. The mechanical strength of PLGA is affected by its chain structure, molecular
weight, composition (lactide/glycolide ratio), and its crystallinity®'. The glass transition
temperature (Tg) of PLGA is above 37°C, physiological temperature. However, the T, can
decrease once the polymer phase has rapidly equilibrated with plasticizing agents or water

molecules either in formulation processes or the interstitial fluid once administered in vivo.
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Lactic acid Glycolic acid low MW PLGA

Figure 1-1. Structure of lactic and glycolic acid and PLGA after direct condensation. Adapted from ref [37].

Degradation of PLGA occurs once in contact with an aqueous environment causing swelling.
Then, through hydrolytic chain scissions resulting in an increase in the number of carboxylic
acid groups present, the process of biodegradation continues and the produced carboxylic acids
autocatalyze degradation of the polymer3!. Once the polymer starts to degrade, the lactic acid

products released by in the body get converted to carbon dioxide and water by the tricarboxylic
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acid cycle and are eliminated as such. Glycolic acid can either be excreted by the kidney as
glycolic acid or can enter the tricarboxylic acid cycle and be eliminated as carbon dioxide and
water, similar to lactic acid®!. PLGA 50/50 is the fastest degrading of the copolymer and
increasing either the lactic or glycolic content will result in slower degradation, although PGA is
not commonly used for drug delivery because ultimately the increase in crystallinity leads to
decreased in vivo degradation.’” PLGA can be sterilized by y- or - radiation, but may result in a
decrease in its molecular weight and mechanical strength and affect its general degradation
properties.>® Ethylene oxide has also been used to sterilize PLGA with little or no adverse
effects.>’” PLGA has been of the most interest due to its tunable properties for release from
months to 2 years, its biocompatibility and common use in pharmaceutical long-acting release
depots, and the ability to stabilize PLGA encapsulated proteins when appropriate pH-control

measures are taken.
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Figure 1-2. Structure of lactide and glycolide used to synthesize PLGA through ring opening polymerization.
Adapted from reference [37].

1.1.3 Protein stability in PLGA
Despite numerous FDA-approved products using PLGA, there are no long acting release

products for proteins or larger molecules due to their complexity and potential for degradation. It
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is important in protein therapeutics and formulation that the protein retain its native structure,
which can be very complex. Protein instability can result from many different factors and at
many stages of protein development including, the formulation and manufacturing process,
administration to the patient, and the exposure to the biological system. During manufacturing
and formulation, proteins are exposed to high stress conditions that can damage their structure,
such as contact with mixtures of aqueous and organic solvents, temperature extremes, agitation,
and other excipients. Once a protein is administered, it is immediately exposed to biological
conditions that include an increase in temperature as well as exposure to moisture within the
polymer matrix, both of which can destroy a protein and affect its funtion.’” Once inside the
body, the polymer system delivering the protein begins to degrade and can cause a change in the
microenvironment leading to protein degradation’®. To stability, the underlying mechanism of
instability needs to be determined. For example, is the polymer breakdown causing a pH drop,
which is contributing to the degradation of the protein? Next, there are a couple options in

dealing with the instability and stress: namely, either to minimize the stress, or to directly inhibit

the underlying mechanism.
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Stability issues arise during the encapsulation, storage and release of protein in PLGA
formulations. Encapsulation of a protein in PLGA often includes contact with water, which can
make the protein more mobile and more susceptible to denaturation than when in the
immobilized solid state. This process also requires dispersion of the protein into a
microparticulate or an emulsion, which can involve large hydrophobic surface areas leading to
protein unfolding. The protein is also exposed to different organic solvents and added excipients
as well as a drying step at the end to remove water or solvents, all potential sources of instability.
During in vitro release, there are numerous factors that can contribute to instability of the protein
including: moisture, temperature, pH, buffer, container interface. As water enters the polymer
matrix, it causes the PLGA to swell from between 20 to over 100 percent of its initial weight.
This water uptake causes mobility of the protein that can increase the likelihood of instability
pathways to occur. Another important issue in this topic is the pH in the microclimate of the
PLGA and protein matrix. The pH is known to decrease in the pores of the PLGA due to the
breakdown of the PLGA into its acidic components, lactic and glycolic acid. This drop in pH
can induce instability of proteins unless prevented by the addition of basic excipients. Another
issue that could be occurring is the protein adsorbing to the polymer surface and undergoing a
conformational change in a reversible or irreversible fashion®”.

To properly address potential protein instability, it is important to know the stress
responsible as well as the mechanism, this can be elucidated through experimenting with a model
protein that would narrow down an instability pathway to just the one or more operative
mechanisms. Another way to begin working out the mechanism of instability is to simulate the
stresses that could be occurring or to monitor the protein interaction with the polymer through

noninvasive techniques such as FTIR spectroscopy so not to damage the protein by trying to
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remove it from the polymer. In certain polymer matrices such as microspheres, the matrix is
extremely small, making analysis and characterization difficult. In this case, it is often useful to
use an alternative polymer matrix to better investigate the instability issues. The pathways and
mechanism of instability can change when moving from one matrix to another, so it is also

important to verify the findings in the actual polymer matrix of interest’’.

1.1.4 Microencapsulation

Drug delivery by PLGA is the most studied of any other polymer and thus multiple
different platforms of PLGA drug delivery have been developed. These deliver platforms include
microparticles, nanoparticles, in situ forming devices, and implants®'. The focus for this
discussion will be on microspheres and implants and their formulation techniques. For this
purpose, the formulation of these two techniques can be broken up into two categories:
encapsulation with and without the presence of water. Encapsulating proteins into microspheres
often occurs by dissolving the protein in an aqueous solution and mixing this with PLGA
dissolved in organic solvent. This process can be achieved by a few different techniques: solvent
evaporation (single and double emulsions), phase separation (coacervation), and spray drying.
One disadvantage of the common microparticle system is the contact with organic solvents and
the water/oil interface, providing multiple deleterious avenues to proteins and peptides®’. PLGA
implants have many advantages over microspheres in their preparation, high encapsulation
efficiencies, stabilizing abilities, and in vivo delivery and removal options. Implant preparation is
anhydrous and does not involve water/oil interfaces that can cause protein degradation. Implants
are typically 0.5-1.5 mm in diameter and can vary in length and the duration of release!2.
Implants can also be implanted at their site of action, are retrievable after implantation, and are

appealing for local delivery, especially in the brain or eye where it may be difficult for other
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therapies to be efficacious. Two types of cylindrical polymer implant products have been FDA
approved, Ozurdex®, an intravitreal implant containing dexamethasone, and Rolodex®, an
implant releasing a gonadotropin releasing hormone agonist (GnRH), goserelin®*%°. The
formulation of implants is also simple and encapsulation efficiency is typically very high, >80%.
Preparation can be achieved by methods such as hot melt extrusion, solvent extrusion, and

compression molding3!-¢!

. Our lab has optimized a solvent extrusion method which involves
dissolving the polymer in acetone and mixing the solid drug and any excipients until fully
homogenous. Then, the mixture is extruded through silicone tubing with various diameters to
form the implant shape, and then dried at elevated temperature and pressure to remove the
solvent. The drug is never in contact with water during the preparation and does not need to be
dried under freeze-drying conditions, both of which cause protein damage!>%2. The extrusion
process is also appealing for commercialization since it can be a continuous process and the
implants can easily be reproduced in size, shape and content®®. In our lab, we have further
improved the implants by developing a technique of coating them with PLGA so that they can
achieve optimal controlled release. Previously, we have shown that the controlled release of the
monoclonal antibody therapeutic, bevacizumab, can be achieved when coated with a layer of
polymer at an optimal concentration'®. This technique has previously been done by Zhang et al.,
where they showed the inner core of their coated implants degrades much faster than the outer
core under release conditions®®. The drug release is dependent on the implant size, drug loading,
and drug particle size. Increasing the length of the implant resulted in a slower release rate. As

the drug loading increases, the extent of release also increases. Finally, by increasing the particle

size, the implants reach their full release quicker than a smaller particle size®’. These properties,
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the ease of preparation, and the high efficiency of making implants an ideal polymer delivery

device.

1.1.5 Release kinetics and mechanism

The process of drug release and polymer erosion from PLGA matrices begins with water
diffusing into the polymer matrix inducing hydrolysis of the ester bonds. As ester hydrolysis
continues, this creates more and more acid end groups which can also catalyze ester hydrolysis.
This ultimately leads to a reduction of molecular weight and once the molecular weight gets low
enough to produce water soluble oligomers and monomers (~1 kDa), these can diffuse out of the
polymer, leading to mass loss.%*% The extent and time course of these events can be altered by
changing the polymer properties and/or the formulation device properties, such as the polymer
L/G ratio, the molecular weight, and the end capping, the most commonly manipulated variables
when selecting a polymer for drug delivery. Properties such as the glass transition temperature
(Tg), monomer sequence distribution, tacticity, type of end cap or residual monomer are not
typically used to select polymers for drug delivery but can also affect the polymer mobility and
hydrolysis rate which will ultimately affect drug release.>47:49-51,33,54,66,67

Drug release from PLGA typically occurs through a combination of mechanisms such as:
diffusion through water-filled pores, diffusion through the polymer, osmotic pumping, and
erosion (Figure 1-4).% Diffusion through water-filled pores is a likely dominating mechanism for
peptides or proteins that are water soluble and too hydrophilic to be transported through the
polymer phase. Drug molecules can be transported through the water-filled pores and channels
by diffusion driven by random movements and a concentration gradient, or by osmotic pressure
created by an influx of water without swelling of the polymer system. Typically, PLGAs have

mobile polymer chains that allow for rearrangement and swelling of the device upon hydration.
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Drug can also be released without transport because of polymer erosion. Erosion can also help to
increase drug transport by creating more pores within the polymer device.** These mechanisms
can all be happening to result in drug release, with one or more dominant mechanism possible.
Controlled drug release over time profiles generally have three phases (Figure 1-5), an initial
burst phase, a lag phase, and an active erosion phase. These phases can all be distinctly present,
overlapping, or not present at all. The initial burst phase can occur over one to several days and
is generally the release of the drug that is not encapsulated or is present at the surface of the
polymer matrix and can easily diffuse out of the matrix. During the lag phase, barely any drug
release is seen due to the lack of polymer degradation or erosion and there is very little diffusion
of protein through the pores of the matrix. In the last phase, polymer is actively degrading and
eroding and drug is being released continuously through transport or from erosion. The release
kinetics are governed by a combination of competing rates. The first is the rate at which water
can enter and hydrate the polymer matrix and thus create pores and increase the chain mobility of
the polymer. Once the polymer is hydrated, drug can more easily diffuse out if it is readily
soluble. The second competing rate is the process of the pore network in the matrix connecting
and forming cracks or opening and making pathways for drug to diffuse out of the polymer. The
third competing rate follows with the ability for the drug to diffuse out of the polymer through
the formed pore network. The last competing rate is the pore closing or healing of the polymer,
preventing or inhibiting drug transport. Specifically, for cylindrical implants, there are three
common release mechanisms controlled by: diffusion, osmotic pressure, and degradation®. The
drug particles should be uniformly mixed and distributed throughout the implant. Upon
hydration, these particles can either form a water pore around itself and be isolated, or multiple

pores can become connected to form water channels that can create a pathway out of the polymer
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implant. If the drug particle resides in a water pore but it is not connected to any other water pore
or channel, then it is not releasable through diffusion by the water pathway. If multiple water
pores connect and form pathways to each other and to the polymer surface, the dissolved drug
can be released through the interconnected pores that have formed to the surface of the implant.
This release is controlled by a percolation threshold where increasing the drug loading achieves a
higher threshold that eventually will lead to a higher fraction able to release by diffusion. In
osmotic pressure control, water enters the polymer matrix and increases the osmotic pressure and
force, helping to pump drug out of the device through any openings that are available. If there
are no pathways available for the drug to be released and no swelling occurs in the polymer
device, the osmotic pressure will continue to increase and form cracks and rupture the implant.
Drug release in this case will depend on the osmotic pressure and the strength and thickness of
the polymer wall. When the polymer starts to degrade at low molecular weights, the drug can be
released through degradation pathways®. Since PLGA degrades through bulk erosion?, the drug
release in implants is not expected to be governed solely by degradation for highly water-soluble
drugs. At first, the polymer begins to degrade immediately as water enters the polymer and
causes swelling and new pore formation which allows for an initial burst of drug release.
Gradually, the molecular weight of the polymer decreases and the polymer begins to erode®*58,
To achieve sustained and gradual release, the implant release should not depend only on
diffusion through water channels, it should involve osmotic pressure, which may only occur at
the beginning of hydration before the polymer chains become more mobile and allow for
significant swelling. To do this, the loading of the implants should be below the percolation

threshold so that osmotic pressure can induce diffusion through the water channels which
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requires more time®. This manipulation of the release kinetics of implants requires optimization

for each case, but overall, the release properties of implants is quite adjustable.
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A)diffusion through water-filled pores, (B) diffusion through the polymer, (C) osmotic pumping and (D) erosion.

Figure 1-4. Events and mechanisms of release from PLGA. Adapted from ref [64].

1.1.6 PLGA coating of implants for improved release kinetics

PLGA has been widely used to coat various materials and devices to help sustain and
control drug release. Kim et al used a PLGA coating to sustain the release of paclitaxel from
expanded polytetrafluoroethylene (ePTFE) grafts. They showed that by increasing the
concentration of the PLGA in the coating, the release was slowed down®. Drug eluting stents
(DES) have often used biodurable polymers for coating and for prolonged and local release of
drugs. However, unwanted side effects can occur, such as partial drug release or intact polymer
coating remaining after drug release, causing adverse reactions such as hypersensitivity and
thrombosis. Zhu et al discussed the complex nature of polymer coating degradation and how

PLGA properties such as polymer molecular weight, porosity, and diffusivity can be manipulated
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Figure 1-5. Typical release profiles. Phase 1 indicates the initial burst phase. Phase 2 indicates a period of
slower release or lag phase where drug may be slowly diffusing out of the polymer matrix. Phase 3 indicates
a period of faster release where significant mass loss may be occurring. Adapted from [64].

to control the stent coating and can also be applied for related PLGA encapsulated systems’®.
Wang et al, also showed how PLGA can be used to control the release of drug, particularly by
using multi-layer PLGA coatings that differ in content. They showed that a tri-layer PLGA
coating consisting of a base layer of PLLA, a drug loaded PLGA 53/47 layer, and finally a
PLGA 50/50 layer slowed release of sirolimus due to inhibition of water diffusion into the drug-
containing layer’!. Our lab has developed and performed coating of implants containing high
levels of bevacizumab and stabilizing excipients using ester terminated PLGA 50/50 of moderate
molecular weight (0.64 inherent viscosity) for both the drug-loaded core of the implant and for
the outer, drug-free PLGA coating.%? Results from this show that implants coated with PLGA
showed a lower initial burst release and slower, more continuous, zero-order release. By coating
the PLGA core implants with a solution of 10%, 30%, and 50% PLGA in acetone, Chang was
able to optimize the coating of the bevacizumab core implants to achieve slow and continuous
release with optimal coating being 30% PLGAS2. We have found that PLGA coating is useful to
control the release of large molecules, such as monoclonal antibodies, that require a high level of
excipients in order to keep them stabile. The high level of excipients required to stabilize

antibodies are above the percolation threshold of the implant and increases the osmotic pressure,
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typically resulting in a high initial burst and fast overall release, but the extra layer of PLGA
coating around the drug-loaded core has allowed us to optimize the level of excipients and lower

the initial burst for a slow and continuous release of stabile monoclonal antibody®2.

1.1.7 Antibody therapeutics

1.1.7.1 Antibody structure

An antibody is composed of two major components, the fragment of antigen binding
(Fab) and fraction crystallizable (Fc)’>. An antibody consists of two Fab domains and one Fc
domain. The two Fab domains are identical and each consists of two light chains and two heavy
chains. The Fc domain contains the C-terminal constant region of the heavy chains. A hinge
region connects the Fab and Fc domains; this region varies in disulfide bonds between the
different classes and isotypes’®. The variable and constant regions form globular structures
consisting of a bilayer of hydrogen-bonded beta-strands, connected by disulfide bonds. These
beta strands give rise to the main secondary structure of antibodies, with some alpha helices
found throughout the bends’. The variable regions of the light and heavy chains associate
closely with one another in the Fab domain, as do the constant regions of the heavy and light
chains of the Fab. The variable and constant regions are connected by a polypeptide chain known
as the switch. The variable region has two degrees of variability, the hypervariable or
complementarity-determining regions (CDRs), and the non-hypervariable, also referred to as
framework regions. The CDRs make up loops near the N-terminus of the Fab region and their
variability in the amino acid sequence and size creates a highly variable surface. This surface
variability creates pockets or protrusions that are involved in antigen binding. The framework
regions are mainly conserved in amino acid sequence and similar in their three-dimensional

structures. The framework and the CDR residues interact with each other to form connections
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between the heavy and light chains of the variable regions. These interactions between the CDR
and the framework regions highly impact the variation in the conformation of the CDR and are
important in the overall surface morphology. The interaction between the constant heavy (Chi)
and the constant light (Cv) of the Fab contributes to the proper structural interaction between the
variable regions and provides better flexibility of the molecule. Between the variable and
constant residues, the interaction is weak and variable, forming an Fab bend which can vary in
degree of bending. The hinge region between the Fab and the Fc gives the molecule flexibility
between its segments, giving the antibody the ability to rotate, wag, or flex. There are three parts
to the hinge, the upper and lower flexible regions, and the middle rigid section. The rigid section
of the hinge region is defined by the inter-heavy chain disulfide bonding and the multiple proline
residues. The sizes of these three sections can vary between the antibody classes’.

The core function of an antibody is to bind to an antigen’®. This binding can occur at varying
specificity depending on the complementarity of the antibody binding site and the antigen
determinant, or epitope. The complementarity of the antibody and antigen is due to the shape and
the physical and chemical properties between the two. The interactions between them include
hydrogen bonding, van der Waals’, and ion pairing’®>. The CDRs are the main contributor to the
antigen binding specificity which is determined by the CDRs’ sequence and structural
variability’>73. CDRs contain sections that are more variable than others and are expected to

contribute more to the antigen binding specificity and diversity.

1.1.7.2 Antibody function
There are five classes of antibodies, IgM, IgD, IgG, IgE and IgA, all differentiated by the
sequencing of their heavy chains and constant regions’*. Of the classes of antibodies, 1gG is the

most used and studied due to its high specificity, relatively small size compared to the other
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types, reasonable stability and solubility, manufacturing ease and success in humanization’.
Both ipilimumab and nivolumab are IgG monoclonal antibodies’®’”. There are four general
effector functions of an antibody, antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC), phagocytosis, and half-life circulation, each one
corresponding with a structural feature of the antibody. The Fc fragment is responsible for
binding to effector cells and initiating the complement-dependent cytotoxicity (CDC) as well as
binding to Fcy receptors (FcyRs) for ADCC activity and phagocytosis, and neonatal FcR (FcRn)

binding for clearance’"

. In ADCC, antibodies bind to antigens that are present on tumor cells
and then also bind with the Fc receptors that are on the surface of immune effector cells such as
natural killer (NK) cells. There are many identified FcRs, FcyRIIla has been the most clinically
relevant receptor, as it is the one that is expressed on human NK cells’*7®, Importantly, this
mechanism has not only been proven in vitro, but has clinical significance’®. It has been shown
that patients who have the higher affinity allele of the FcyRIII show a higher response to
rituximab, an anti-CD2- mAb, than patients who were heterozygous or homozygous for the
lower affinity allele’®. In a human tumor xenograft mouse model, grown in wild-type or murine
FcyRII/III knockout mice, anti-tumor activity was depleted in the FCyRII/III knockout mice.
These cases suggest that the FCyRIII interaction does lead to anti-tumor efficacy and may be an
underlying mechanism of action’®. CDC is another pathway that mAbs use to induce tumor cell
death. IgM is the most effective at this, but is rarely used in clinical practice, I[gG1 and IgG3 are
both effective at eliciting the CDC response. The CDC pathway starts with the antibody binding
to an antigen and forming a complex that reveal C1q binding sites on the Cx> domain. This

binding leads to a cascade of events with other proteins and the release of effector-cell

chemotactic/ activating agents, C3a and C5a, and finally the formation of the membrane attack
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complex leading to cell lysis’®. These mechanisms of immune response can act alone but most
of the time they interact with each other to create a complex anti-tumor activity that is still being

studied’*.

1.1.7.3 Antibody stability

Antibodies are large, ~150kDa, complicated molecules compared to peptides or small
molecules, and are typically dosed at high concentrations, both of which can lead to stability
issues. Although antibodies are generally similar in structure and mostly differ in their variable,
Fv segments, they can still have large differences in their surfaces that can cause differences in
stability and formulation requirements to maintain stability. The major and most detrimental
irreversible stability issues that can occur are oxidation, deamidation, aggregation, and
fragmentation. Oxidation mainly occurs with methionine and cysteine residues, but can also
occur in histidine, tyrosine, tryptophan, and phenylalanine residues’. Methionine is the most
commonly oxidized of the amino acids in IgG and leads to the formation of methionine sulfoxide
and an overall change in the ionizability of nearby amino acids’*°. The change in charge can
alter the overall surface charge of the protein. Methionine oxidation can also affect the structure
and function of an antibody, for example, changes in Fab-antigen specificity, secondary and
tertiary structures, and Fc-binding protein interactions. FcyR functions are generally not changed
by oxidation, but FcRn binding is affected and can suggest a reduced half-life in oxidized forms
of IgG. These changes depend on where the oxidation occurs on the antibody, the CDR surface
versus the constant regions, and should be monitored during production®’. Deamidation occurs
mostly with glutamine and asparagine residues on both heavy and light chains with more
prevalence in asparagine, leading to a more acidic protein’®*°, Deamidation occurs slowly in

IgG when in native state and is accelerated when unfolding of the antibody begins’%°. The
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deamidation of asparagine is also more likely to occur when the asparagine is next to a glycine or
in a flexible region of the protein, again suggesting that the conformation of the antibody is
reflected in deamidation rates. Effects of deamidation have been shown to be minimal since the
most common sites of reactivity are far from any FcRn or FcyR binding sites. It is still a minorly
controlled parameter in the case that the negative charge introduction by deamidation affects the
biological function, especially when occurring in the binding region of an antibody”®-°.
Aggregation is an important parameter of antibody formulations. Antibodies are typically
formulated as high concentration liquids, which can lead to increased aggregation. Proteins are
arranged or folded so that their hydrophobic surfaces are internalized, and the hydrophilic
surfaces are facing the aqueous environment, as this is a more stable and thermodynamically
favorable conformation. When proteins start to unfold and undergo molecular motion, they can
rearrange themselves to a more energetically favorable state where the hydrophobic surfaces that
may have been surface-exposed are now protected from the outside environment. This
stabilization of contact between proteins is the beginning of dimerization, trimerization, and
eventually aggregation. Aggregation events increase with increasing temperature and protein
concentration because these conditions lead to more favorable energy states for the protein. At
decreased temperatures, aggregation can occur in some antibodies and create reversible
associations called cryoimmunoglobulins. There have been several additives identified to help
reduce aggregation including small agents that can better interact in grooves or channels and
prevent conformations that are more aggregation prone, and large agents that can interact with
the larger surfaces of the protein which would reduce surface contacts that can lead to
aggregation®!. Protective agents include additives such as urea, guanidinium chloride, amino

acids, sugars, polyalcohols, polymers, and surfactants, and the chosen agent depends on the
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antibody formulation. Another important parameter to consider in antibody formulations is the
fragmentation. Since antibodies can have many flexible sites in their structures, such as the
segment between the Fc and Fv domain, fragmentation at these places is common. Fragmented
forms of antibodies may not have a huge effect on their efficacy, but can make the antibody more
susceptible to degradation, proteases, or clearance. In general, any type of stability issue could
lead to immunogenicity, inactivity, or differences in the biodistribution, so monitoring these
instability pathways, whether they are major or minor, is a top priority for formulation and

manufacturing”®.

1.1.7.4 Immune checkpoint inhibitors

Cancer immune therapy can be classified into two categories: adoptive immunotherapy and
active immunotherapy. Adoptive immunotherapy uses molecules that can directly attack the
tumor cells, like cytokines or antibodies. Active immunotherapy involves treatments that
indirectly attack the tumor cells and activate the immune system specific to tumor antigens®?.
Immune checkpoint inhibitors fall into the active immunotherapy, as they indirectly work to
combat tumor cells, not directly targeting the tumor cells®*#3, The immune checkpoint molecules
are a part of the regulatory immunity, which is a system that must be overcome in order to
eradicate tumor cells®?. The goal of the immune checkpoint inhibitory therapy is to block the
inhibitory pathways that are not allowing the immune system to be activated and create an anti-
tumor response*. The immune system consists of an important class of molecules, the T cells. T
cells have receptors, CD28, that engage with antigens on the major histocompatibility complex
(MHC) class I molecules. When this connection is made along with a costimulatory connection
between CD28 and B7 ligands (CD80 and CD86) on the antigen presenting cells, this leads to

tumor cell death® 3%, T cell response is regulated by a combination of co-stimulatory and
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inhibitory signals, or immune checkpoints. In a normal functioning state, immune checkpoints
are useful in making sure that the immune system does not damage tissues, or cause
autoimmunity that could be harmful. In tumors, there is often an imbalance in the immune
checkpoint proteins that leads to the tumor cells evading the immune system®. The two most
researched immune-checkpoint receptors for immunotherapy are the cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) and the programmed cell death protein 1 (PD-1). These receptors
are both inhibitory receptors that, when blocked, work independent mechanisms to enhance
antitumor activity. CTLA-4 has been referred to as the ‘godfather’ of checkpoints as it was the
first immune-checkpoint receptor that was used for a target in immunotherapy. CTLA-4 works
by counteracting the action of the co-stimulatory receptor, CD28, because it binds with higher
affinity to the stimulatory ligands, CD80 and CD86 which normally bind to CD28. This binding
causes CD28 to be less effective at amplifying the TCR signaling®®. PD-1 is also a receptor in the
CD28 family with two different ligands, PDL-1 and PDL-2%¢. In a normal cell environment, PD-
1 acts by keeping the activity of T cells in check when they are responding to an inflammatory
event, to prevent autoimmunity. In the tumor environment, this mechanism is used to evade the
immune system. PD-1 binds to one of its ligands and then inhibits T cell activating kinases
through the phosphatase, SHP2. It has also been found that PDL-1 and PDL-2 have binding
interactions with co-stimulatory receptors on T cells, similar to the mechanism of CTLA-4. As
the PD-1 receptor sequesters the ligands, they are not being used as immune-activating ligands®.
PD-1 and CTLA-4 differ in that PD-1 mainly works by affecting the effector T cell activity,
while CTLA-4 works earlier by inhibiting T cell activation”*®. Currently, there are three FDA

approved immune checkpoint inhibitory drugs for anti-PD-1 and anti-CTLA-4: Yervoy®

(ipilimumab, Bristol-Myers Squibb), Opdivo® (nivolumab, Bristol-Myers Squibb), and
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Keytruda® (pembrolizumab, Merck). Keytruda® is an anti-PD-1antibody approved for
melanoma, non-small cell lung cancer, small cell lung cancer, head and neck squamous cell
cancer, classical Hodgkin lymphoma, primary mediastinal large B-cell lymphoma, urothelial
carcinoma, gastric cancer, esophageal cancer, cervical cancer, Merkel cell carcinoma, renal cell
carcinoma, and endometrial carcinoma®’. Keytruda® is typically administered at 200 mg every
three weeks by intravenous infusion®’. Keytruda® is a humanized IgG4 kappa antibody, ~149
kDa produced by CHO cells. It is formulated as a lyophilized powder of 50 mg pembrolizumab
(anti-PD-1), 3.1 mg L-histidine, 0.4 mg polysorbate 80, and 140 mg sucrose at pH 5.5%’.
Opdivo®, from Bristol Myers Squibb, is also an anti-PD-1 antibody and was first approved in
2014, shortly after Keytruda, for advanced melanoma. It is now also approved for renal cell
carcinoma, lung cancer and advanced lung cancer, classical Hodgkin lymphoma, squamous cell
carcinoma of the head, urothelial carcinoma, and hepatocellular carcinoma’. Opdivo® is
administered at 240 mg every two weeks by intravenous infusion’®. Opdivo® is an IgG4 kappa
immunoglobulin, ~146 kDa, made by CHO cells. It is formulated into a liquid containing 10 mg
nivolumab (anti-PD-1), 30 mg mannitol, 0.008 mg pentetic acid, 0.2 mg polysorbate 80, 2.92 mg
sodium chloride, and 5.88 mg sodium citrate dihydrate, per mL at pH 67°. Yervoy®, also sold by
Bristol Myers Squibb, is an anti-CTLA-4 antibody and was first approved in 2011 for late-stage
melanoma and is now also approved for renal cell carcinoma, colorectal cancer, hepatocellular
carcinoma, and metastatic non-small cell lung cancer”’. Yervoy® is administered at 1-3 mg/kg by
intravenous infusion”’. Yervoy®is an IgG1 kappa immunoglobulin, ~148 kDa, made by CHO
cells. It is formulated as a liquid containing (per mL), 5 mg ipilimumab (anti-CTLA-4), 0.04 mg
diethylene triamine pentaacetic acid (DTPA), 10 mg mannitol, 0.1 mg polysorbate 80 (vegetable

origin), 5.85 mg sodium chloride, 3.15 mg tris hydrochloride, at a pH of 7”7. Opdivo® and
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Yervoy® have approvals in combination with each other as well, including, BRAF V600 wild-
type melanoma and unresectable or metastatic melanoma across BRAF status, renal cell
carcinoma, colorectal cancer, hepatocellular carcinoma, and metastatic non-small cell lung

cancer’”.

1.1.8 Toll-like receptor 9 agonist, CpG

CpG oligodeoxynucleotide (ODN) is a toll-like receptor 9 (TLR-9) agonist composed of
unmethylated, single stranded DNA molecules containing cytosine connected to guanine (CpG)
motifs. The backbone of CpG is partially or completely made of phosphorothioated bonds as
opposed to phosphodiester, which makes it resistant to nuclease digestion and increase the in
vivo half-lives to ~30-60 min. TLR-9 is an integral membrane glycoprotein, located in the
endoplasmic reticulum/endolysosomal compartment of cells, thus CpG must be internalized to
interact with TLR-9%8. Upon interaction of TLR-9 and its ligand, the TLR dimerizes and recruits
downstream signaling molecules, triggering the immune response. Molecules involved in this
signaling include: myeloid differentiation primary-response protein 88 (MyD88), IL-1R-
associated kinases (IRAKs), transforming growth factor-f§ (TGF-f)-activated kinase (TAK1),
TAK1-binding protein (TAB1), TAB2, and tumor-necrosis factor (TNF)-receptor associated
factor 6 (TRAF6)¥. This signaling cascade involves both the innate and adaptive immune
activation. The elicited innate response involves production of proinflammatory cytokines,
chemokines, type I interferons (IFNs), and antimicrobial peptides. The adaptive immune
response triggered by TLR9 activation involves the expansion of Ag-specific T and B cells that
help create a lasting immune memory response®®. CpG ODN s can be organized into different
classes that have different structures and triggered immunological responses, class K (or Class

B), class D (or class A), class C, and class P. Class K can have one or multiple CpG motifs and
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typically have a phosphorothioate backbone; they trigger pDC differentiation and production of
TNF-a and stimulate B cell proliferation and IgM secretion. D or A type ODNSs have a single
CpG motif surrounded by palindromic sequences and have a phosphodiester core with terminal
phosphorothioate nucleotides. Class D triggers pDC maturation and IFN-o secretion but they do
not affect B cells. C type ODNSs also contain palindromic CpG motifs but have full
phosphorothioate backbones. C type ODNs activate B cells and pDC to secrete IL-6 and IFN-
o.. P-class ODNs have double palindromes and form hairpin structures that illicit the strongest
type I IFN response®®. CpG ODNSs are of particular interest for vaccine adjuvants as well as
standalone and combination therapies. The first FDA approved oligonucleotide therapy was a
21-mer phosphorothioate CpG, fomivirsen, from Isis Pharmaceuticals and Novartis Ophthalmic,
approved for treatment of cytomegalovirus (CMV) retinitis in 1998. This drug is no longer
marketed due to a decreased need after the development of high-activity, anti-retroviral therapy
for CMV. Since then, there has been one other approved drug, Heplisav-B, a hepatitis B vaccine
which uses CpG as an adjuvant®. CpG ODN:Ss are investigated in many clinical trials, some in
combination with radiation, antibodies, and chemotherapy, and in general are well tolerated®s.
Nucleic acid derived drugs can undergo both chemical and physical instability. The main
chemical instabilities that can occur are hydrolysis and oxidation, while physical instability can
include denaturation, adsorption to surfaces, aggregation, or precipitation. Hydrolysis of the
sugar-phosphate backbone can be acid or base catalyzed either by intermolecular or
intramolecular nucleophilic attack. In acidic conditions, isomerization (intramolecular
transesterification) and the cleavage of the N-glycosidic bond. The substitution of the sulfur for
one of the oxygens to make the phosphorothioate bond is helpful to protect against nuclease

degradation, but it can also undergo desulfurization in the presence of metals®!. CpG has
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previously encapsulated in PLGA, mostly in micro or nanospheres®' %!, Due to the inclination of
the cleavage of the N-glycosidic bond, it would be important to include an antacid to avoid

PLGA acidic byproducts from inducing hydrolysis.

1.1.9 Docetaxel

Docetaxel is a molecule from the taxane family and is a semi-synthetic analog of 10-
deacetylbaccatin I1I, naturally occurring and isolated from the faxus baccata plant. Docetaxel is
a small molecule, similar to paclitaxel, a BCS class IV drug, poorly soluble and low permeability
in the gastrointestinal tract, the MW~ 861 g/mol and the logP=4.1'2, Taxotere® (Sanofi-Aventis)
is a commercially available docetaxel product formulated at 40 mg/ml with polysorbate 80 and
ethanol for enhanced solubility. Docetaxel differs from paclitaxel by a hydroxyl group at the C-
10 position and a tertbutoxy moiety in the C-13 ester side chain and has about a 25% enhanced
solubility. Degradation of docetaxel can occur in both basic and acidic medium but is slower or
to a lesser extent in acidic medium!%. Docetaxel is approved for the treatment of solid tumors
such as non-small cell lung cancer and breast cancer, metastatic prostate cancer, and advanced
squamous cell carcinoma of the head and neck and is typically dosed at 60-100 mg/m? by i.v.

infusion every three weeks!'%

. Docetaxel is a microtubule-stabilizing agent, or a microtubule
inhibitor (MTTI). Microtubule function is critical during mitosis and the formation of the mitotic
spindle and is an important target for anti-cancer drugs'®>!%, During the G2/M phase,
microtubules are going through a ‘treadmilling’ of constant addition and loss of tubulin at their
ends®’. MTIs disrupt this microtubule function and cause cell cycle arrest in the Go/M phase,
resulting in cell death. Docetaxel binds to the f—subunit of tubulin in a 1:1 stoichiometry, and

when used at low concentrations, results in stabilization of the microtubule, suppression of its

dynamics, and finally, apoptosis®’. Resistance to MTIs such as paclitaxel or docetaxel is a
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current issue that is not completely understood or solved. It is believed that an overexpression of
ABC-transporters, such as P-glycoprotein, occurs and decreases the intracellular drug levels
leading to cross resistance to drugs of different chemical structures!. Docetaxel binds to the

tubulin site 1.9 times greater than paclitaxel and has higher microtubule inhibitory activity'®.

107

Docetaxel and paclitaxel have been previously formulated in PLGA matrices'®’, such as

microspheres, films and discs, but typically suffers from low loading, high initial burst, and/or

incomplete release! %8111

. For example, Ong et al. formulated a 5-10% w/w paclitaxel loaded
PLGA disc that resulted in incomplete release (8-30%) over 35 days!®®. Musumeci et al.
formulated 0.5 w/w% docetaxel loaded PLA nanospheres that released most of the drug in the

first day, and completion of release was around 14 days!'!?

. Fonseca et al. prepared 1% w/w
loaded paclitaxel in PLGA nanoparticles and this dosage form released almost all of the drug in
the first day, and release completion to ~80% after 10 days!!'?. Our lab has successfully
formulated highly hydrophobic anti-cancer agents that show poor or slow release and found that
they may benefit from using a lower molecular weight polymer with a carboxylic end group

which we have considered for docetaxel encapsulation!!13,

1.1.10 Glioblastoma

1.1.10.1 Background

Glioblastoma is a devastating disease with a poor prognosis. It is classified as a World
Health Organization (WHO) grade IV tumor, accounting for 82% of all malignant gliomas''?.
Gliomas are the most commonly occurring primary brain tumor in the EU and US and the
median survival 12-14 months, and a two-year survival rate of 10%"2. Gliomas are further
divided into a grading system by the WHO that have features correlating with natural disease

course. The presence of the IDH1 or IDH2 mutations and the presence or absence of 1p or 19q
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chromosomal deletions further classify gliomas into three main groups: IDH-mutant, 1p/19q co-
deleted with a favorable prognosis, IDH-mutant with an intermediate prognosis, non-1p/19g-co-
deleted tumors, and IDH-wild-type tumors that are mostly glioblastomas WHO grade IV with a
gain of chromosome 7 and a loss of chromosome 10, and have the worst prognosis'!'>. The
mechanism behind the development of glioblastoma is still being studied, but there are three
pathways that are confirmed by the Cancer Genome Atlas (TCGA) as commonly disrupted in
glioblastoma. These pathways include the receptor tyrosine kinase (RTK)/Ras/PI3K, p53, and Rb
signaling pathways!. The RTK/Ras/PI3K pathway alterations occur in 88% of glioblastomas
including multiple mutations, amplifications, or both. An example of these are the EGFR, HER2,
PDGFRA, and the MET pathway alterations, leading to constitutive activity of their downstream
effectors and ultimately a decrease in tumor responsiveness!. The p53 and Rb signaling pathways
both affect the cell cycle. In the p53 pathway, the TP53 gene encodes for the p53 protein which
is responsible for cell-cycle arrest and apoptosis in the presence of DNA damage. Loss of the
p53 function is common in glioblastoma and is caused by mutations or deletions in the TP53
gene or in amplification of MDM2. Rb signaling also regulates the cell cycle progression, and
with deletion or mutation of the Rb1 protein or with CDK4 amplification, the cell cycle is no
longer regulated, leading to abnormal cell growth!. These pathways are potential targets for
future therapies. It had been previously reported that the central nervous system (CNS) was
immune privileged until 2015 when recent data showed that the CNS actually has an active
immunosurveillance and immune response.'!> It was found that a unique route of lymphatic
drainage exists from the brain, along the sinuses, to the deep cervical lymph nodes where antigen

presenting cells can prime T and B lymphocytes.'!> Thus, the brain possesses a unique and not
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entirely understood immune surveillance, although not absent, as was previously thought leaving

the potential for more therapeutic options.

1.1.10.2 Current therapy

The current standard of care for glioblastoma is maximal safe surgical resection of the
tumor, chemotherapy, and radiation'!#, It has been shown that gross surgical resection is an
important aspect of survival and that below 70% resection survival is reduced, but above 70%
resection, survival becomes proportional to the amount resected®. Radiation therapy, 60 Gy
administered in 30 fractions to the tumor region as well as a small margin of non-tumor areas,
was added to therapy and doubled the survival'!>. Patients with a poor prognosis or an
unfavorable Karnofsky performance status (KPS) have benefited from hypofractioned
radiotherapy, 40 Gy administered in 15 fractions. The addition of chemotherapy, temozolomide,
was established in 2005 after it showed improvement in the 2-year survival of 10.4% to
26.5%.'"> Temozolomide (TMZ), an oral DNA alkylating agent, in combination with
radiotherapy is the established treatment around the world>!'4. TMZ has a better outcome for
tumors with methylation of the 6-O-methylguaninine DNA methyl-transferase (MGMT) gene,
because this decreased the expression of MGMT which is a DNA-repair protein resulting in
decreased activity of TMZ.!'> For most patients, tumor reoccurrence happens after first-line
treatment within 7-10 months. Recurrence is typically treated with salvage therapies such as
surgical resection, bevacizumab (anti-VEGF), temozolomide rechallenge, nitrosoureas
(carmustine and lomustine), and carboplatin, but many patients choose not to receive second-line
therapoes.'!® Salvage therapies have not shown significant improval in overall survival, and
likely, the recurrent tumors have been exposed to genotoxic stress from previous therapy and are

expected to have a higher mutational load and immunogenicity, causing more difficulties in
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response to more treatment.''> After recurrence and salvage therapy, the typical survival is 3-4
months, with most of the treatments having toxic side effects such as hematotoxicity as well as

patient discomfort, nausea and vomiting”’.

1.1.10.3 Local delivery to the brain: overcoming barriers

Glioblastoma therapies fail to improve the poor prognosis because they must cross the
blood brain barrier to reach the tumor site, which is difficult for a systemically delivered drug
because it requires a high concentration to reach therapeutic levels in the brain, leading to
toxicity. The blood brain barrier (BBB) is not only a physical barrier consisting of tight
junctions and capillaries, but is also a pharmacological barrier that limits the molecules that can
be delivered to the brain. The BBB allows for a small percentage of small, neutral, lipophilic
molecules to cross, it does not allow large, charged, hydrophilic molecules to pass which
includes some chemotherapeutics and antibodies*. Due to the high doses needed to reach
therapeutic levels in the brain, systemic toxicity often occurs, and can lead to termination of
treatment. There have been many attempts to overcome the challenges of GBM therapy, yet
median survival has only increased 12 months over the last 80 years®. Local delivery for the
treatment of GBM is further motivated by the fact that 80% of gliomas recur within just 2 cm of

116,117 There have been many efforts to improve local delivery'!®!"°. One way

the original tumor
to improve the delivery of chemotherapeutic agents to the brain is to tailor their properties to be
able to cross the BBB by making them more lipophilic. Two examples of this are lomustine
(CCNU) and semustine (methyl-CCNU), which are lipophilic versions of the chemotherapeutic,
carmustine (BCNU), used to treat malignant brain tumors*. Another way to enhance the delivery

of drugs to the brain is to disrupt the BBB. This can be done multiple ways, for example,

hyperosmolar disruption, solvent and adjuvant mediated disruption, or ultrasound*-.
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Hyperosmolar disruption involves administering a solution, typically mannitol, into the arteries
causing an increase in their permeability, followed by the intra-arterial administration of the
drug®. This may also increase the delivery to the tumor through the blood tumor barrier (BTB),
but can also lead to toxicity due to the non-selective opening of the barriers leading to increased
brain fluid*®!2°, Solvents and adjuvants such as DMSO, detergents, or Freund’s adjuvant
destabilize the membranes of the BBB and allow the systemic delivery of otherwise
undeliverable agents to the brain. Ultrasound techniques have been of interest to disrupt the
blood brain barrier, often in combination with a high dose of air bubbles'?!. For example, Liu et
al. used a focused ultrasound to treat glioblastoma in rats with the chemotherapeutic agent,
BCNU. The results showed significantly better treatment with the focused ultrasound in
comparison to the BCNU alone, but the disruption of the BBB varied depending on the location.
While these techniques may improve the delivery of drugs to the brain, they often cannot
guarantee an improved delivery to the actual tumor, and still risk toxic systemic exposure. In
order to avoid systemic exposure, delivering directly to the tumor by implanting a device can
help to control the spatial and local delivery of drug*. Local delivery for the treatment of
glioblastoma is necessary since 80% of gliomas recur within just 2 cm of the original
tumor!!®!!7 " There have been many efforts to improve local delivery!!®, but only one FDA
approved local delivery exists. Gliadel® was first approved in 1996 and is indicated for the
treatment of newly diagnosed, high-grade malignant glioma in adjunct to surgery and radiation
and for recurrent glioblastoma multiforme as an adjunct to surgery'?>. Gliadel® is a wafer made
of a polyanhydride copolymer of poly [bis(p-carboxyphenoxy)] propane and sebacic acid in a
20:80 molar ratio, containing the chemotherapeutic agent, carmustine (BCNU). The

recommended dose of 8 wafers (61.6 mg BCNU) are implanted in the tumor area at the time of

36



resection and degrade over 3 weeks!'?>!23, Gliadel® has shown an increase in survival of 2.4
months compared to placebo when used as initial therapy and has no significant perioperative
adverse events'!'®!23, The Gliadel® implants showed BCNU tissue concentrations 2 cm from the
implanted wafer for up to 30 days. This successful implantation efficacy and safety is significant
because most recurrence occurs with a 2 cm region of the original tumor®*. The promising
potential of local implantation during surgical resection and delivery of drug to the tumor site has
been shown by the use of Gliadel® 416118  yet there is still more to accomplish because the
Gliadel® wafers have not been adopted as the first line therapy and have not significantly
improved survival more than several weeks. Recurrence after implantation still occurs at the site
of implantation and at farther distances. The lack of significant improvement in survival using
Gliadel® could possibly be due to poor tumor penetration and BCNU resistance!?#!2°, Besides the
BBB, the tumor microenvironment still presents a challenge even for drugs that can get across
the BBB. The tumor microenvironment is acidic, hypoxic, and have “solid stress” causing
intratumor vessel compression, and abnormal vasculature which leads to leaky vessels and poor
drug penetration'?®. Anti-angiogenesis agents, such as anti-VEGF, have been used to improve
drug delivery by normalizing the vasculature, but use of anti-VEGF in GBM has conflicting
results although it is an approved therapy for tumor recurrence!?”-128, Another way to alleviate
the solid stress and improve tumor penetration is use of apoptosis-inducing agents such as
docetaxel. The abnormal environment of gliomas creates a blood-tumor-barrier (BTB) that is
similar to the BBB, limiting the passage of therapeutics into the tumor environment'?°, The BTB
is comprised of brain tumor capillaries that may have overexpression of drug-transporting
ligands to help target improved drug delivery, but can also have overexpression of ABC

transporters that lead to chemoresistance!'?’. Use of receptor-mediated transport and blocking of
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the drug-efflux transporters is under investigation for GBM treatment'?’. Direct injection into the
tumor, infusion by catheters or pumps, has been investigated in the past in clinical trials, but this
has not been easily adopted in practice due to insufficient drug delivery, neurotoxicity, limited
capacity and catheter obstruction'?®!?4, Furthermore, direct tumoral injection of BCNU did not
show improved survival advantage over the polymeric implantation and release of BCNU in a rat
gliosarcoma model'?®. Convection enhanced delivery (CED) can be used to overcome the BBB
and the BTB using a motor-driven pumping of the drug after stereotactically placing a catheter.
There is still a far way to come in CED due to complications with catheter use and placement

that has limited the advancement of clinical use'*°.

1.1.10.4 Immunotherapy for glioblastoma

Immunotherapy has been a growing interest in the treatment of glioblastoma as with
many other cancers, due to their highly immunosuppressive microenvironment'3-132, It is known
that glioma tumors overexpress immune inhibitory molecules helping them to evade the immune
system!?3, Normal tissue contains the transcript for PD-L1, but express little or no PD-L1
protein, whereas PD-L1 protein is highly expressed in many solid tumors such as gliomas, which
use this expression to evade the immune system!34. It is known that the ligands for PD-1 and
CTLA-4, PD-L1 and CDS80, are expressed on tumor cells and myeloid derived suppressor cells
and that PD-1 expression on T cells is a marker of T cell exhaustion leading to dysfunctional T
cells®®. Berghoff et al., found that tumor samples from patients with newly diagnosed and
recurrent glioblastoma have prominent expression levels of PD-L1 and PD1+ tumor infiltrating
lymphocytes (TILs). Nduom et al. similarly show higher expression of PD-L1 is correlated with
a worse outcome after therapy and therefore there is a potential for using PD-L1 expression as a

biomarker in immunotherapy. The overexpression of PD-L1 is thought to be caused by the loss
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of PTEN which is a common mutation in glioblastoma'-!*>. Parsa ef al., show that glioma cells
that have a deletion of PTEN result in higher expression levels of PD-L1!3 Glioblastoma is
known to have an increase of infiltration by regulatory T cells (Tregs), which are shown to have
an increased expression of CTLA-4 in malignant brain tumor samples, contributing to the
suppression of anti-tumor response!*®!37. The PD-1 and CTLA-4 mechanisms are distinct from
each other, spatially and temporally, thus they are often investigated as combination therapies.
The CTLA-4 mechanism occurs more upstream, in the lymph nodes during T-cell activation,
while the PD-1/PD-L1 mechanism occurs more downstream on the effector sites during T-cell

activation'3®

. There have been numerous animal studies that showed promise for the use of
immune checkpoint inhibitors, likely leading to their clinical investigation®!3*-143, Tpilimumab
(anti-CTLA-4), Nivolumab (anti-PD-1), and pembrolizumab (anti-PD-1), are all undergoing
clinical trials for the treatment of glioblastoma in many different combinations, some with the
current therapies temozolomide and bevacizumab. As of March 2020, there are 39 Phase I/I1
clinical trials for glioblastoma testing different combination of immune checkpoint inhibitors!3®,
Systemic delivery of ICIs alone and more so in combination with each other lead to immune
related adverse events (irAEs) that often require termination of treatment or the addition of
medications to combat the side-effects®!°. Other immunotherapeutic approaches include tumor

associated antigens/peptide vaccines, dendritic cell vaccines, oncolytic vaccines, gene therapy,

CAR T-cells, and various nanotechnologies, all are reviewed by Garcia-Fabiani ef al.!*%.

1.1.10.5 CpG for treatment of glioblastoma
TLRO is expressed differently among species, in humans, TLR9 is expressed in pDCs, B
cells, microglial cells, and has been detected in human resected GBM tumors, although it is

suspected that the tumor TLRY levels are mainly due to infiltrating cells'#*. It is important to
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consider the expression of TLR9 on tumor cells because this could actually promote metastasis
and has been shown to positively correlated with higher glioma grade and worse prognosis, and
thus, CpG therapy, especially direct tumoral injection, is controversial'*1%7. CpG is expected to
activate and mature DCs and increase inflammation. It may be more beneficial to administer
multiple smaller doses as opposed to a single, high dose'*. In a completed phase II clinical trial
(NCT00190424) for recurrent GBM, intracerebral administration of CpG was well tolerated and
improved the progression free survival compared to controls!*®. CpG administered via retro
orbital injection to mice with GL261 intracranial tumors improved survival (MS=40d) compared
to untreated controls (MS=28d)!*’. CpG therapy is expected to be synergistic with other
therapies, such as radiation. Radiation therapy can induce apoptosis and release tumor specific
antigens, reduce the tumor mass, and promote local inflammation in order to increase the
efficacy CpG'°. Meng et al. showed improved survival in a flank GBM rat tumor model by
combining local CpG administration with radiation therapy, both when CpG was given before
and after radiation'*’. CpG therapy has also shown improved survival alone and in combination
with anti-CTLA-4 and anti-PD-1 in GBM and bladder cancer!>!!32, Scheetz et al. have tested the
combination of HDL nanodiscs containing CpG and tumor specific neoantigens with anti-PDL1
therapy in an intracranial GL261 GBM murine model and showed improved survival and
immunological memory'#!. These results are promising for future investigation into combined

immunotherapies for glioblastoma.

1.1.10.6 Docetaxel for treatment of glioblastoma
Docetaxel is not only a commonly used chemotherapeutic and apoptosis inducing agent, it
has also been shown to be a tumor penetration enhancing agent for solid tumors such as

gliomas'?%. The GBM tumor environment is characterized by abnormal vasculature resulting in
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longer distances for drugs to travel from blood vessels to reach tumor cells, and high
intratumoral pressure, or solid stress, that is unfavorable for drug delivery and drug
penetration!26. Jessie L-S. Au and colleagues have done extensive research using paclitaxel,
another member of the taxane family, to increase tumor penetration'?%!53-15% They showed that
paclitaxel enhances its penetration 24h after administration, at which point apoptosis has
occurred and tumor cell mass has decreased'®°. With a high enough dose of paclitaxel ~48h
before administration of doxorubicin loaded liposomes, doxorubicin penetration was selectively
enhanced into tumors compared to controls, even when switching the order of the administration
to liposomes then paclitaxel, confirming the importance of the priming from the induced

158

apoptosis'>°. They also found that the penetration enhancement is more effective giving two

smaller doses around 16-24h apart as opposed to one single dose to allow for apoptosis and

tumor cell reduction!>*

. Furthermore, Kadiyala et al, showed very successful results combining
docetaxel and CpG treating glioblastoma. They also found that docetaxel was more potent than
paclitaxel at inducing cell-death in glioma tumor cells. Intratumoral administration of HDL-
nanodiscs loaded with DTX and CpG combined with radiation resulted in increased survival and
long term memory upon tumor cell rechallenge in intracranial GBM murine tumor models!'¢!.
These results are excellent evidence for our future studies for combined local administration of

CpG and docetaxel and our further improvement by reducing the need for multiple intratumoral

injections by providing sustained local delivery from PLGA implants.

1.2 Thesis scope
The introduction of this thesis has presented background information on PLGA controlled
release, protein/monoclonal antibody therapeutics and their potential instabilities in polymer

matrices, and glioblastoma and its treatment with immune checkpoint inhibitors, CpG, and
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docetaxel. Glioblastoma treatment has not greatly improved in decades and is complicated by the
blood brain barrier which prevents many therapeutics, including the aforementioned, from
reaching the site of action after systemic administration. This work will focus on a viable PLGA
implant formulation to locally deliver stable and therapeutically active monoclonal antibodies,
CpG and docetaxel for the treatment of glioblastoma and on a reduced diameter implant
formulation to deliver monoclonal antibodies for intraocular administration. An extensive
analysis of PLGA raw polymer in vitro behavior and considerations of manufacturer differences
and microstructural properties will be presented as it relates to the successful development of

PLGA use in FDA-approved products.

1.3 Thesis overview

The goal of this thesis is to further develop controlled release of monoclonal antibodies as
local treatment options for glioblastoma which would benefit from long-term local treatment due
to its biological barriers that prevent many desirable therapeutics, such as monoclonal antibodies,
from being effectively and safely administered, systemically. An additional goal is to understand
basic aspects of polymer selection that contribute to eventual PLGA performance should the
controlled release systems described be translated.

Chapter 2 investigates the formulation of immune checkpoint inhibitors, anti-PD-1 and
anti-CTLA-4 into PLGA implants to treat GBM as well as the potential of a reduced diameter
implant for intraocular applications.

Chapter 3 investigates the formulation if immune stimulatory agent, CpG ODN, and
tumor-penetrating enhancer, docetaxel, into PLGA implants for treatment of GBM.

Chapter 4 investigates the effects of PLGA properties and variables, such as L/G ratio,

MW, end-capping, manufacturer, and formulation geometry on in vitro degradation and erosion
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behaviors for a better understanding of how manufacturer changes or source changes in
commercial polymers could affect specific and reproducible performance.

The conclusions, significance, and future directions of this work are discussed in Chapter 5.
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Chapter 2: PLGA Implants for Local Controlled Release of Monoclonal Antibodies

2.1 Abstract

Currently available drug treatments for diseases of the brain and eye are complicated by
the need for frequent intravitreal injections and severe systemic toxicity. One established
approach to overcome these issues is local and sustained exposure of the therapeutic agent at the
target site, which can be achieved with polymer controlled-release implants. Monoclonal
antibody (mAb) therapeutics are a growing drug class with applications in the treatment of and
glioblastoma multiforme (GBM) and neovascular age-related macular degeneration (wet AMD).
However, there are no FDA-approved products for local long-term controlled release of mAbs.
Herein, we demonstrate injectable biodegradable poly(lactic-co-glycolic acid) (PLGA) implants
delivering mAbs, anti-PD-1 and anti-CTLA-4 for brain disease treatment, and bevacizumab for
the potential of intraocular treatment of wet AMD. We show that PLGA coated implant
formulations slowly and continuously release stable and immunoreactive mAbs for >6 weeks in
vitro and are efficacious in animal models for GBM after single local implantations. We show
some reduction of the implant size for an improved intraocular mAb implant. The injectable
PLGA platform can be utilized for locally delivering mAbs and other cofactors, offering an

improved therapeutic option for treating diseases amenable to antibody therapy.
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2.2 Introduction

Monoclonal antibody (mAb) therapeutics have become a powerful drug class occupying
five out of ten spots on the current US drug sales list.!6> Unlike many biologics, mAbs typically
have longer circulating plasma half-lives owing to the neonatal Fc receptor-mediated recycling
mechanism.!® MAbs encompass diverse pharmacologic targets and have been successfully
administered systemically. Certain organs such as the brain and the eye are difficult to reach for
mAbs, as well as other drugs, thus limiting the ability to achieve optimal dosage without
inducing significant off-target side effects.!®#!9 The brain and the eye possess protective
endothelial barriers and surrounding blood vessels comprising the blood-brain and blood-retinal
barriers, respectively. These barriers preclude optimal and effective treatment for a multitude of
diseases such as glioblastoma (GBM) and neovascular age-related macular degeneration (also
referred to as wet AMD). GBM is one of the most deadly cancers with a high rate of recurrence
and a poor median survival (14-20 months), which has not greatly improved over the past several
decades.>>!'% Due to the immunosuppressive nature of GBM, immune checkpoint inhibitor
immunotherapies such as anti-PD-1 and anti-CTLA-4 blockade are currently being investigated
as a treatment option. However, systemic administration of these antibodies showed adverse side
effects. 1015167168 T ocal controlled release of immune checkpoint inhibitors for GBM offers the
potential of superior local drug exposure while avoiding systemic toxicity and mitigating
systemic immunosuppression.'® Wet AMD is one of the most common causes of blindness!®*-172
and may be treated with monthly intravitreal injections of an anti-vascular endothelial growth
factor (VEGF) mAb such as Avastin (bevacizumab, Genentech), Lucentis (ranibizumab,
Genentech) or the VEGF trap Eylea (aflibercept, Regeneron).!®:173:174 Degpite the inherently

long intravitreal half-life of bevacizumab, the monthly injections are problematic, posing risks of
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infection, inflammation and hemorrhage.!”> Additionally, monthly injections are a real burden on
patients leading to compliance issues.!’® An injection frequency of at least 3-months between
doses is a highly desired clinical goal.!”’-!"

An approach to overcome such biological barriers to drug delivery is the application of
biodegradable polymer implants capable of releasing the drug from weeks to months after local

180

delivery. Intravitreal injections in the physician’s office'® or implantation after tumor

resection'?

are common applications of this strategy. Other examples that focus on
local/regional controlled-release include intravaginal rings releasing contraceptives and
preventive drugs for sexually transmitted diseases,?®?” drug-eluting stents for the treatment of

28.29 and intra-articular extended release formulations for osteoarthritis

peripheral artery disease,
knee pain.’® Collectively, these diseases demonstrate an unmet need and significant opportunity
to develop generalizable approaches for sustained, local release of mAbs. However, mAbs as
proteins are often unstable when encapsulated and slowly released from polymers.'3! General
strategies for slow and continuous release of mAbs from poly(lactic-co-glycolic acid) (PLGA),
the most common polymer used in FDA-approved long-acting release (LAR) products, have not
been achieved. Most mAb LAR formulations previously reported are deficient in one or more of
these important categories: high and efficient loading of mAb!82-1% low initial burst release
(<20%)'s15¢, >80% total mADb release's'*s1% >2 month of release''+ %1% extensive analyses of
mADb structural stability and activity during formulation and during release's 155715819095 3 Jlack of
polymer build-up after drug release, and evaluation of mAb tolerability and efficacy in vivo™
wisee I Table 2-1, we have provided an analysis of current literature for controlled release mAb

formulations and their relevant performance. Many of these formulations are satisfactory in one

or more of these aspects but are lacking in an overall successful formulation and have only been
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applied to 1-2 antibodies, and thus are not optimal candidates. To address this challenge we
previously selected bevacizumab contained in Avastin® 1°7:1% as a model mAb, and developed a
LAR formulation approach based on injectable pencil-lead sized, sub millimeter-scale rods®?.
The formulation was built on multiple protein-stabilizing features previously developed for other
PLGA-encapsulated albumin and growth factors.!!"!> Trehalose is known to stabilize proteins in
the solid state by multiple mechanisms including, vitrification, water-replacement, and
preferential exclusion.!**2% Here, found the necessity to include a high amount of trehalose
(15% w/w) in order to stabilize the mAbs during cryomicronization and encapsulation. We also
included a poorly water soluble base, MgCOjs to effectively control the drop in microclimate pH
from PLGA degradation products.!! To account for the high loading of water-soluble excipients,
we applied a drug-free PLGA coating to better control the high initial burst and fast release.
Using this approach, we demonstrated the generality of this strategy for delivery of four
additional mAbs, murine and human anti-PD-1 and anti-CTLA-4. Our optimized implants
delivering bevacizumab have a diameter of ~0.88 mm. Ideally, an intraocular implant would be
<0.46mm, the diameter of the approved intraocular implant, Ozurdex®®, to avoid increased
intraocular pressure or patient discomfort. Thus, in this chapter, we have investigated using our
optimized formulation and adjusting the tubing inner diameter to reduce our implant size and
using a PLGA-glucose-STAR, which is used in commercial product Sandostatin® LAR, for a
more efficient coating of the core implant. PLGA-glucose STAR is a referred to as a STAR
shaped polymer because it is a glucose molecule with potentially 5 branches of PLGA coming
off of it?°!. This PLGA has shown to have rapid pore closing, polymer healing properties that

may be beneficial in creating a coating around our linear PLGA core implants?®2.
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Here we present our unique mAb encapsulation technique (Figure 1), implant composition,
in vitro performance and in vivo efficacy for GBM and potential future formulations for reduced
diameter implants to treat intraocular disease such as wetAMD. Our previously optimized
implants delivering bevacizumab have a diameter of ~0.88 mm. Ideally, an intraocular implant
would be <0.46mm, the diameter of the approved intraocular implant, Ozurdex®%, to avoid
increased intraocular pressure or patient discomfort. Thus, in this chapter, we will investigate
using our optimized formulation and adjusting the tubing inner diameter and PLGA coating in

order to reduce our implant diameter and more efficiently coat the implant.

2.3 Materials and methods

2.3.1 Materials

Avastin®, commercial solution of bevacizumab was purchased from the pharmacy and
used within its shelf-life period. PLGA 50:50 (inherent viscosity=0.64 dL/g and My=54.3 kDa,
ester terminated) was purchased from LACTEL Absorbable Polymers (Birmingham, AL). PLGA
(Resomer® 5545 DLG 5GLU) was purchased from Evonik Corp. (Birmingham, AL). Trehalose
dihydrate (trehalose), MgCOs3 basic, guanidine hydrochloride, DL-dithiothreitol (DTT),
ethylenediamine-tetraacetic acid (EDTA), Na2HPO4, NaH>POg, anti-human IgG-alkaline
phosphatase antibody produced in goat and p-nitrophenyl phosphate liquid substrate system
(pNPP) were purchased from Sigma-Aldrich Chemicals (St. Louis, MO). Tween 80 (10%),
acetone, KH>PO4, KoHPO4, KCI, phosphate buffered saline (PBS), Amicon Ultra-15 Centrifugal
Filter Units (10,000 MWCO), and coomassie plus reagent assay kit were purchased from Fisher
Scientific (Hanover Park, IL). Platinum-cured silicone rubber tubing (0.8 mm i.d., 2.4 mm o.d.)
was purchased from Cole Parmer (95802-01,Vernon Hills, IL). Murine and human anti-PD-1 and

anti-CTLA-4 were a generous gift from Bristol-Myers Squibb.
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2.3.2 Methods

2.3.2.1 Preparation of mAb powder

The buffer of the antibody solutions (human anti-PD-1 and anti-CTLA-4, murine anti-
PD-1 and anti-CTLA-4, bevacizumab (Avastin®)) containing antibody and excipients was
exchanged into 51 mM sodium phosphate buffer (pH 6.2) by using Amicon Centrifugal Filter
Units (10,000 MWCO) to remove trehalose. Then, trehalose (100 mg/ml in 51mM sodium
phosphate buffer) was added at a 1.5:1 weight ratio of trehalose:antibody, and the solution was
diluted with 51 mM sodium phosphate buffer (pH 6.2) for the final antibody concentration of 25
mg/mL and lyophilized for 3 days. The solid was then ground by CryoMill (Retsch, Germany) at

30Hz for 30 min and sieved through 90-um screen (Newark Wire Wearing, Newark, NJ).

2.3.2.2 Preparation of mAb implants
Preparation of 0.8 mm diameter implants:

The resulting mAb powder was suspended into 50% (w/w) PLGA solution in acetone
with 3% (w/w) MgCOs in a 2 mL centrifuge tube, then mixed and transferred into a 3 mL
syringe. The suspension was extruded into silicone rubber tubing (i.d.=0.8 mm) and sealed at the
ends with paperclips, then dried at room temperature for 48 h followed by vacuum drying at 40
°C and 23 in. Hg vacuum for an additional 48 h. The final dried implants were obtained by
removal of silicone tubing and were cut into 0.5 cm long segments for future use. For coated
implants, the core implants were put back into silicone tubing and pure PLGA solution at various
concentrations (10%, 30%, 50%) in acetone within a 3 mL syringe was extruded over the core
implants to coat the surface, and the tubing was sealed at both ends before drying in vacuum

oven at room temperature for 48 h and at 40 °C for an additional 48 h. Then, silicone tubing was
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removed and the final coated implants were cut to 0.5 cm for the following experiments. For
anti-PD-1 and anti-CTLA-4 implants, coating was repeated after drying for a total of two, 30%
PLGA in acetone coatings, before silicone tubing removal.

Preparation of smaller diameter implants:

Bevacizumab implants were prepared the same as described above in “Preparation of
mADb implants* section with the following adjustments. A smaller tubing (0.5 mm i.d., Cole
Parmer, product no. 95802-00) was used and the 30% PLGA coating process was repeated for 1-
4 coatings.

Preparation of STAR coated implants:

Uncoated bevacizumab implants were prepared as described above “Preparation of mAb
implants® using 0.8 mm i.d. tubing. The coating of the core implant was obtained using a PLGA
Glucose-STAR polymer (STAR). The STAR PLGA was dissolved in acetone at 30% w/w and
extruded over the core implant and dried at room temperature under vacuum for 2 days, and at 40
°C under vacuum for 2 days. Finally, the implants were annealed at 50 °C under vacuum for 24

h. The coating process was completed for 1 or 2 coatings.

2.3.2.3 Measurement of mAb loading in implants

Implants (3-5 mg) were dissolved in 1 mL of acetone for 1 h and centrifuged to
precipitate mAb. PLGA dissolved in supernatant was removed and the mAb pellet was washed
with acetone and centrifuged three times more to remove residual PLGA. The pellet was then air
dried, reconstituted in 1 mL of PBST (phosphate buffered saline with 0.02 % Tween-80, pH 7.4)
at 37 °C overnight and analyzed by size-exclusion high-performance liquid chromatography (SE-
HPLC) or size-exclusion ultra-performance liquid chromatography (SE-UPLC). The condition of

SE-HPLC using a TSKgel G3000SWXL, 7.8mm ID x 30 cm, Sum column (TOSOSH
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Biosciences, LLC, Japan) to quantify monomer and soluble aggregates was followed as
previously described?*? with slight modifications, which included the injection volume of 50 uL
and filtration of all samples through 0.45 pum filter. Similarly, loading was determined for anti-
PD-1 and anti-CTLA-4 after polymer removal by SE-UPLC with an injection volume of 10 pL,
a flow rate of 0.4 mL/min through a BEH SEC 450A, 2.5 um column (Waters, Milford, MA)
over 6 min, and elution was monitored at UV absorption of 280 nm. For both SE-HPLC and SE-
UPLC, an isocratic elution of mobile phase (0.182 M KH2POy4, 0.018 M K2HPO4, and 0.25 M

KCl1, pH 6.2). Extracted loading and loading efficiency were calculated by the following

equations (1) and (2).
(1) Extracted loading (%) = Weight of extracted bevacizumab « 100%
xiracted foading L) = Weight of total implant 0
. . Extracted loading
(2) Loading efficiency (%) = X 100%

Theoretical loading

2.3.2.4 Invitro release of mAb from implants

Implants (0.5 cm long, unless otherwise indicated) were added in 1.5 mL centrifuge tubes
with 1 mL of PBST and incubated at 37 °C without agitation, as agitation was found to cause
insoluble aggregation of the antibody in the release media. The release medium was replaced
with fresh medium at each time point. The amount of released mAb at each time point was
measured by SE-HPLC/UPLC as described above and calculated as percentage of the released
amount out of the extracted loading of soluble mAb. In certain instances, the release media was

also analyzed for protein structure and immunoreactivity, as described below.
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2.3.2.5 Determination of water uptake
Water uptake of implants (W (t)) at time, t, was determined during the incubation period

by Equation (3) below:

t t
Wwet - Wdry
wt

initial

BYw() =

Where W, and Wctlry are the wet and dry formulation weights, respectively, after incubation

and drying under vacuum (23 in Hg) at room temperature for 3 days.

2.3.2.6 Confocal microscopy

The distribution of the STAR PLGA coating over the bevacizumab core implants was
visualized using confocal microscopy. The implant core was formulated without any dye and as
described above. To visualize and distinguish the PLGA coating, Cyanine5 carboxylic acid dyes
(CyS5, Lumiprobe, Hallandale Beach, FL) was dissolved at 10 pug/mL in STAR PLGA/acetone
solution, and the core implants were coated with the Cy5/PLGA solution as previously
described. The dried implants were cut for cross-sectional images and placed on a clean glass
slide in immersion oil. A clean glass cover slide was placed over the implant slices. Samples
were imaged using a confocal microscope (Nikon A1 Spectral Confocal Microscope) with

excitation/emission wavelengths of 640/700 nm for the Cy5 STAR PLGA coating.

2.3.2.7 Measurement of monomer content
Monomer contents for the antibodies were determined from the peak areas determined by

SEC and calculated by the following equation (4)
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AUC of a monomer peak

) = 1000
(4) Monomer content (%) AUC of total peaks X 100%

2.3.2.8 Enzyme linked immunosorbent assay (ELISA) and cell-based bioassay

Immunoreactivity for anti-PD-1 and anti-CTLA-4 were performed using commercial
ELISA kits from AcroBiosystems (Newark, DE, EPH-V1 and ECH-V1, respectively), or with a
cell-based assay from Promega (Madison, W1, J1250 and JA3001, respectively) with slight
modifications. Briefly, the competitive ELISAs used human PD-1 and human CTLA-4 as the
coating ligands, then an equal parts mixture of release samples (n=3 for each time point,
triplicated on the plate, diluted to ~1 ug/ml) and biotin labelled anti-PD-1 or anti-CTLA-4 were
added to the coated plates and were detected by UV absorption at 450 nm after HRP conjugation
using TMB substrate.

For the anti-PD-1 cell-based bioassay, human PD-L1 expressing aAPC/CHO-K1 cells
were cultured overnight (37 °C, 5% CO.) on a 96-well plate. The next day, standards and release
samples were added to the cells followed by the addition of PD-1 effector cells (Jurkate T cells
expressing human PD-1 and a luciferase reporter, NFAT response element) and incubate for 6h
(37 °C, 5% CO»). For the anti-CTLA-4 bioassay, CTLA-4 effector cells (Jurkate T cells
expressing human CTLA-4 and a luciferase reporter), standards and release samples, and
aAPC/Raji cells expressing CD80 and CD86 ligands were plated on a 96-well plate and
incubated for 6h (37 °C, 5% CO»). Standards were prepared using the same solutions of mAbs,
provided by Bristol-Myers Squibb, that were used to make the mAb implants. Release samples
were run in triplicate and concentration of reactive mAb was calculated based on the standard
curve. Both bioassays were detected using the Bio-Glo Luciferase assay system (Promega,

Madison, WI) using a 0.5s integration time, and standards were graphed using a 4-parameter
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logistic curve for interpolating the release sample concentrations. For each release time point,
n=3, each replicate was triplicated on the plate.

Immunoreactivity and bioactivity of all mAbs were calculated by the following equation (5):

©) 1 tivity /bioactivity (%) = Concentration from ELISA/bioactivity « 100%
mmunoreactivity /bioactivity (%) = & e om SE — HPLC/UPLC °

2.3.2.9 Circular dichroism (CD)

CD was performed with Jasco J-815 CD spectrometer equipped with Jasco temperature
controller (CDF-426S/15) and Peltier cell at 25 °C. The samples were diluted or buffer-
exchanged into 51 mM sodium phosphate buffer (pH 6.2) and concentrated by using Amicon
Centrifugal Filter Units (10,000 MWCO), so the final concentration ranged from 0.05 to 0.5
mg/mL for far UV measurements (200-250 nm). The samples were measured in quartz cuvettes
(Hellma) with a path length of 1 mm. The spectra were collected in continuous mode at a speed
of 50 nm/min, bandwidth of 1 nm and a DIT of 1 sec and were the averages of 5-10 scans. The
spectrum of blank 51 mM sodium phosphate buffer (pH 6.2) was subtracted from each spectrum
by using the Jasco spectra manager software (Version 2.1). The raw data was converted to mean

residue ellipticity (MRE, 0., 1) using the following equation (6):

_ A

Where is the 6, observed ellipticity in degree at wavelength A, d is the path length in cm, c is the
concentration in g/mL, and mean residue weight (MRW), calculated as the molecular weight of
the mAb divided by the number of amino acids -1, in g/mol is 113 for bevacizumab, 112 for anti-

CTLA-4, and 110 for anti-PD-1. Concentration of the total protein measured by SE-HPLC/SE-
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UPLC was used to normalize all data. Data smoothing was performed using SigmaPlot software

(Version 12.0, Systat Software, Inc.).

2.3.2.10 Determining therapeutic efficacy in a syngeneic GBM model

Intracranial GBM tumors were established in 6-8-week old C57BL/6 mice by
stereotactically injecting 3.0 x 10* GL26 cells into the right striatum using the following
coordinates: 1.00 mm anterior, 2.5 mm lateral, and 3.00 mm deep from the bregma®**. At 7 days
post-tumor implantation, when the tumor was well established, mice were assigned to 4
treatment groups: Group 1: Blank implants (trehalose, sodium phosphate, MgCO3, PLGA);
Group 2: Irradiation (IR); an overall dose of 20 Gy IR was administered (2 Gy/d for 10d on days
7-11 and 14-18), Group 3: anti-PD1 implant + IR, and Group 4: anti-CTLA-4 implant + IR (dose
of 300 pg antibody/implant, same IR dose and administration as IR group 2). Implants were
implanted intratumorally. Mice were perfused with paraformaldehyde (PFA) when they become
symptomatic due to tumor burden. A long-term survival rechallenge study was performed by
injecting 3.0 x 10* GL26 cells into the contralateral hemisphere of the two long-term surviving
mice from each antibody implant group as well as 3 treatment-naive mice, using the same

coordinates as previously mentioned. Mice were monitored for tumor burden and survival.

2.4 Results

2.4.1 Immune checkpoint inhibitor implant in vitro release and stability characterization
We encapsulated four key immune checkpoint inhibitor mAbs, murine and human anti-

PD-1 and anti-CTLA-4, using the same formulation (albeit with a second PLGA coating to

improve uniformity, Figure 2-1), and investigated their controlled release and stability properties.

The two human mAbs are FDA-approved and administered systemically to treat a variety of
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cancers including melanoma, non-small-cell lung cancer, renal-cell carcinoma, and squamous-
cell carcinoma of the head and neck.?%>-2%7 In addition to challenges in reaching the brain,
systemic immune checkpoint mAbs suffer unwanted side effects mainly in the gastrointestinal
tract, endocrine glands, skin, and liver.?"’

As seen in Figure 2-2, both murine and human forms of anti-PD-1 and anti-CTLA-4
could be encapsulated (6-8% loading, Table 2-2) and released continuously for ~60 days, similar
to that observed with bevacizumab. The immune checkpoint mAbs were released in a
monomeric form in each case until the very end of the release period when small levels of
soluble aggregates (<0.66-5.18% of total) were observed in anti-PD-1 implants (Figure 2-2b).
The structure and immunoreactivity of released mAbs were also well preserved, as indicated by
far UV CD and ELISA (Figures 2-2c-¢). Some loss of immunoreactivity was noted during
release for both mAbs, which is reasonable considering the excipients applied from the
bevacizumab formulation were not optimized for these antibodies. The immunoreactivity results

were in-line with cell-based bioactivity evaluations for days 1 and 28 (Figure 2-3).

2.4.2 Immune checkpoint inhibitor implant in vivo efficacy

To determine whether the long-acting mAb polymers could locally treat brain cancer, we
inserted murine immune checkpoint mAb implants via intratumoral injection through a 1.5 mm
diameter burr hole in a syngeneic GBM bearing mouse. Since radiation therapy (IR) is the

standard of care for GBM patients>!'3

, we combined controlled release mAb implant therapy
with IR. The murine forms of the mAbs were used in place of the human forms to offset
interspecies immunogenicity to the mAbs. Immunocompetent C57BL/6 mice implanted with

GL26-wt tumors in the striatum were treated with blank implants, anti-PD implants + IR, and

anti-CTLA-4 implants + IR, as indicated in Figure 2-4.
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We observed an ~1.6 fold (p<0.0023) increase in median survival (MS) of mice in the
anti-PD1 implant + IR (MS: 71 dpi) compared to the IR (MS: 44 dpi) and blank implant (MS: 28
dp1) groups; the highest survival advantage of ~3.0 fold (p<0.0017) was achieved in the anti-
CTLA-4 implant + IR (MS: 75 dpi) treated group compared to all other treatment groups. Long-
term survivors in each mAb implant/radiation group also went into remission (survival >120
days). To determine if the mAb implant/radiation treatment could protect against tumor
recurrence, GL26 cells were injected at the same level into the contralateral side of the brain of
each surviving animal at 120 days post original tumor inoculation. These animals survived two-
fold longer (anti-PD-1 implant + IR MS: 56, anti-CTLA-4 implant + IR MS: 61 DPI) than
control tumor bearing animals (MS: 28 DPI) providing a clear indication of the enhanced

immunological memory of the animals receiving controlled-release mAb/radiation therapy.

2.4.3 Reduced diameter implants

Figure 2-5 shows the release kinetics (a) and the monomer content (b) from reduced
diameter implants. The 1-2 coatings that sufficed for the larger diameter coatings resulted in a
large initial burst and fast release overall due to the shorter distance required for antibody
release. Thus, 3 and 4 coatings were necessary to reduce the initial burst and control release for
~50 days, while also maintaining monomer content. The 4X coated implants had an average

diameter of 0.65+0.01 (avg+SE, n=3) and a total BVZ loading of 6.77 w/w%.

2.44 PLGA-glucose STAR coated implants

PLGA-glucose STAR (STAR) was used to coat the linear PLGA core implants
containing bevacizumab and the release kinetics, monomer content, water uptake and level of
coating were monitored. These implants were made similarly to our linear PLGA coated

implants with some modifications during drying in order to anneal the STAR polymer (Figure 2-
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6). Bevacizumab mAb loading in single and double coated implants ranged from 8.0 — 8.5%
from the theoretical loading of 10% for core implants (Table 2-3). Implants coated once slowly
and continuously released to completion over 56 days and showed stable monomer content up to
day 41, with a notable loss of monomer occurring thereafter (Figure 2-7). Implants coated twice
slowly and continuously released to around 70% cumulative mAb over 50 days and showed
stable monomer content up to day 21 before displaying significant soluble aggregation (Figure 2-
7). Confocal imaging in Figure 2-8 shows that the single coating of both linear PLGA and STAR
PLGA is incomplete and the second coatings are both more complete around the core implant,
the twice coated STAR implants appearing to be slightly thicker and more evenly distributed.
Figure 2-9 shows the water uptake over 4 weeks; the twice coated implants of both types of
PLGA showed higher water uptake than the once coated. The twice coated STAR implants
showed much higher water uptake after 4 weeks than all other formulations. The circular
dichroism (Figure 2-10) analyses of bevacizumab before and during release did not show drastic
differences except for the STAR twice coated day 36 release which did not show the same

profile, which may be related to altered secondary structure.

2.5 Discussion

The current standard-of-care treatment for GBM (resection, radiation, chemotherapy)
results in a 14-20 month survival rate with only 5% of patients surviving approximately 5 years,
making GBM one of the most common and deadly primary tumors.''* GBM evades the immune
system through upregulation of immune checkpoint inhibitors (i.e. PD-1/PD-L1) and has a high
rate of recurrence within the tumor environment.!'** Anti-PD-1 and anti-CTLA-4 are both in
ongoing clinical trials for GBM, but suffer from systemic-related toxicity that can result in

cessation of treatment.!® Locally delivering immune checkpoint inhibitors through controlled
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release implants would greatly benefit GBM treatment by avoiding systemic toxicity and
extending antibody exposure at the tumor site.'®

Adapting the optimized implant formulation of bevacizumab®? by adding a second PLGA
coating over the core implant reduced the initial burst and sustained release of human and murine
Anti-PD-1 and anti-CTLA-4 continuously over 6 weeks with maintained secondary structure and
minor loss of monomeric content and immunoreactivity/bioactivity. Implants were evaluated in
combination with radiation therapy in a GBM murine model and were effective at mitigating
disease progression and increasing immunological memory. We have successfully shown the
potential of our controlled release implants for the treatment of GBM with anti-PD-1 and anti-
CTLA-4 in combination with radiation. The injectable sub-millimeter rod system is adaptable'?
to additional bioactive agents such as immune stimulators (e.g., CpG)?°%2% and tumor
penetration-enhancing cytotoxic agents (e.g., docetaxel) which will be discussed in Chapter
3.210211 Combination therapies offer increased survival in GBM over single arm therapies and
both CpG and docetaxel are actively pursued options for GBM.714%152.161.210 Formylating PLGA
implants into long-term release, and combining them with immune checkpoint inhibitor
implants, we expect to increase the effective immune response through the TLR9-agonist, CpG,
and induce apoptosis and tumor penetration with docetaxel.!>!-152154160 In the coated PLGA
system described here, the original cylinders releasing anti-PD-1 and anti-CTLA-4 are currently
slightly larger than the desired diameter (e.g., 0.46 mm of Ozurdex® implant?!?) for intravitreal
delivery and may require attention to PLGA-induced inflammation (e.g., addition of anti-

inflammatory controlled release segments'32!3

or further lactic/glycolic acid neutralization by
antacid excipients'!). To address this issue, we investigated whether we could reduce the

diameter and maintain our controlled release by simply using a smaller diameter silicone tubing
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to make the drug-loaded core implants. The typical 1-2 PLGA coatings on the reduced diameter
core implant resulted in fast release likely because the bevacizumab can be released through the
lateral surface of the implant®? and the smaller diameter would result in a shorter distance to
traverse before escaping the PLGA matrix. By applying a total of 3-4 coatings, the bevacizumab
initial burst was reduced and slowly and continuously released over ~50 days. The diameter of
these implants was still larger than desired even when using a 0.5 mm inner diameter silicone
tubing, likely because the tubing can expand during formulation. Next, we investigated whether
we could improve the effectiveness of our drug-free PLGA coating and therefore reduce the level
needed by using a PLGA-glucose STAR which has rapid healing properties and may offer a
more efficient barrier to the high initial osmotic pressure induce release?*?. The PLGA-glucose
STAR coating did not result in an optimal release profile. One iteration of the STAR coating still
had a high initial burst release and a faster overall release, and the addition of a second STAR
coating resulted in incomplete release and mAb aggregation, pointing to the likelihood of an
acidic microclimate pH effect owing to thickness and completeness of coating affecting the mass

transfer of water-soluble acids of the polymer matrix.

2.6 Conclusion

More research is necessary to realize the potential of this approach including: (a) further
reduction in implant diameter to <0.5 mm to decrease intravitreal needle size for improved
patient acceptability and reduced risk of adverse effects;?!* further evaluation and management
of mild PLGA-induced inflammation in sensitive tissues such as the eye and joint;?!> the extent

216-218

and necessity of tissue penetration of immune checkpoint mAbs in brain tissues for GBM

and other brain tumor therapies; the selection of appropriate adjunct therapies (e.g., radiation'*”,

219

adjuvants?%%2% neoantigens?!®, chemotherapy?!%!") for optimization of the local immune
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checkpoint effect; and further optimization of the polymer formulation to maximize activity and
reduce residual protein aggregation at the end of the release period for certain mAbs. With such
initiatives, the application of local controlled-release strategies for mAbs, such as presented here,

could become available in the foreseeable future.
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Table 2-1. Literature analys

release of stabilized mAbs. Red text indicates the desired criteria was not met. The first, blue, row in each table indicates the

current study. Grey rows are used to highlight most interesting results. PLGA

fluorescence; PK

poly(lactic-co-glycolic acid); FLR=

size exclusion

fourier-transform infrared spectroscopy; CD

polycaprolactone dimethacrylate; pLHMGA

hyaluronan and methyl cellulose; SEC

pharmacokinetic; NR=not reported; HAMC

enzyme-linked immunosorbent assay; FTIR

chromatography, ELISA
circular dichroism; HEMA

=poly(d,! lactic-

hydroxyethyl methacrylate; PCM-

polybutylphthalate.

polyethylene glycol; PBT=

co-hydroxymethylglycolic acid); PEG
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Figure 2-1. Schematic overview of PLGA mAb implant formulation.
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Figure 2-2. In vitro characterization of the twice coated implants. (a) Release kinetics and (b) monomer content of twice
coated mAb implants from murine anti-PD-1 (®), murine anti-CTLA-4 (V), human anti-PD-1 (m), and human anti-CTLA-4
(©), and release kinetics for once coated implants of human anti-PD-1 (A) and human anti-CTLA-4 (O). Symbols represent
mean + SE, n=2 for murine and mean + SE, n=3 for human mAb samples. (c) Immunoreactivity by ELISA of human anti-PD-
1 (m) and human anti-CTLA-4 (). Symbols represent mean + SE, n=4-6. (d,e) CD spectra of (d) human anti-CTLA-4 and
(e) human anti-PD-1 from extract and release media compared to 1.5:1 (trehalose:mAb, w/w) powder formulation and
control antibody (anti-PD-1 day 1 release concentration was too low for analysis).

mAb Extracted loading (%)
Murine Anti-PD-1 7.6 +0.2°
Murine Anti-CTLA-4 6.2+0.1°
Human Anti-PD-1 8.3+0.2°
Human Anti-CTLA-4 8.1+0.4°

Data reported as mean + SE, “n=2 or =3

Table 2-2. Loading of twice coated, 10% theoretical mAb core implants.
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Figure 2-3. In vitro bioactivity and immunoreactivity of anti-PD-1 and anti-CTLA-4. Cell-based bioactivity (bioassay)
and immunoreactivity (ELISA) assays were performed for human anti-PD-1 and human anti-CLTA-4 antibodies on days 1
and 28 post in vitro release in PBST. Symbols represent mean + SE, n=2-3.
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Figure 2-4. Intratumoral PD-1 and CTLA-4 neutralization treatment in combination with radiation enhances survival of
GBM-bearing mice. (a) Mice with GL26 tumors were implanted with blank, anti-PD-1 implant or anti-CTLA-4 implant on day 7
and administered 2 Gy/day for 10 days. (b) Kaplan-Meier survival analysis of GL26 tumor-bearing animals treated with IR in
combination with blank, anti-PD-1 or anti-CTLA-4 implants. Long-term survivors from checkpoint blockade and radiation
treatment strongly inhibit intracranial tumor re-challenge. (a) GL26 tumors were implanted stereotactically into the
contralateral hemisphere of the long-term survivors from the anti-PD-1 + IR and anti-CTLA-4 + IR treatment groups. (c)
Kaplan-Meier survival plot for re-challenged long-term survivors from the anti-PD-1 + IR and anti-CTLA-4 + IR treatment
groups. Data were analyzed using the log-rank (Mantel-Cox) test. **p < 0.01; ****p < 0.0001. MS indicates median survival.
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Figure 2-5. In vitro characterization of reduced diameter PLGA implants containing bevacizumab. a) In vitro release kinetics
and b) monomer content of BVZ from reduced diameter PLGA implants with various amounts of coating. Symbols represent
mean + SE, n=2-3.
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Figure 2-6. Schematic overview of PLGA STAR coated, linear PLGA core implants.

Implant Extracted BVZ
Formulation loading (%)
Uncoated 9.0+0.1
STAR 1x coated 8.5+04
STAR 2x coated 8.0+£0.7

Table 2-3. Extracted loading of STAR coated BVZ implants. Values represent mean + SE, n=3.
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Figure 2-7. Invitro characterization of STAR coated, linear PLGA core implants containing bevacizumab (BVZ). a)
Cumulative BVZ release and b) monomer content from uncoated, 1X STAR coated, and 2X STAR coated implants. Red dotted line
represents optimized BVZ loaded PLGA implants coated with linear PLGA. Symbols represent mean = SE, n=3.
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Figure 2-8. Confocal images of PLGA implants. Cross sectional images of Cy-5 labelled coatings of a) 1X linear PLGA,
b) 2X linear PLGA, ¢) 1X STAR-PLGA, and d) 2X STAR PLGA. Scale bars represent 100um.
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Figure 2-10. Water uptake of linear and STAR PLGA coated implants during incubation in PBST. Water uptake of BVZ
implants were determined after 1, 2, and 4 weeks of incubation. Symbols represent mean + SE, n=3.
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Figure 2-9. Circular Dichroism spectra of bevacizumab before and after release from linear and STAR PLGA
coated implants.
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Chapter 3:  Controlled Release of CpG ODN and Docetaxel

3.1 Abstract

Glioblastoma has poor survival and a high rate of recurrence, owing to the difficulty to
reach effective therapeutic levels at the tumor site due to the blood brain barrier and blood tumor
barrier, the high heterogeneity of the tumor, and the immunosuppressive and abnormal tumor
microenvironment. CpG is a toll like receptor-9 (TLR9)-agonist and can help to initiate an
immune response. Docetaxel is not only an apoptosis inducing agent, but helps to reduce the
solid tumor mass allowing for better penetration of itself and other agents into the glioma tumor.
Both CpG and docetaxel do not readily cross the blood brain barrier and would benefit from a
sustained local release option. Here, we have developed controlled release of CpG formulated
with albumin and MgCOs3 from PLGA 50/50 implants that slowly released the oligonucleotide
for >40 days and showed retained activity in binding to TLR9 receptors in vitro. Albumin and
MgCOs were used to control microclimate pH and to provide continuous release. Docetaxel was
formulated into PLGA 50/50 implants and sustained >80% total cumulative release for >100
days. Implants were formulated under anhydrous conditions by combining the drug and any
excipients with a mild solvent, acetone, and extruding into silicone rubber tubing followed by
drying to allow for solvent evaporation. In the future, these formulations will be combined with
immune checkpoint inhibitors, anti-PD-1 and anti-CTLA-4, to locally treat glioblastoma after a
single injection or implantation, allowing for a multi-faceted approach to treat the complicated

aspects of glioblastoma.
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3.2 Introduction

Glioblastoma (GBM) is the highest occurring primary brain tumor with a median survival
of 12-14 months and a high rate of recurrence'>. GBM tumors are highly heterogeneous and
immune suppressive properties that obstruct therapy?. Treatment is typically administered by
intravenous infusion and to reach the brain, therapeutics must be given in high concentrations,
which can pose toxic side effects, especially for the administration of chemotherapeutic agents.
The blood brain barrier (BBB) and the blood tumor barrier (BTB) are both significant obstacles
for current systemic therapies. Numerous methods have been studied to disrupt the BBB to
improve the systemic delivery of drugs to the brain, but are impractical, unsafe, or suffer from
inadequate drug accumulation at the tumor site*. Glioblastoma is difficult to treat due to the
heterogeneity of the tumor, thus, synergistic or combined therapies typically have better
outcomes’ 140,

Docetaxel is a commonly used taxane similar to paclitaxel but has been shown to be more
cytotoxic to GL26 cells in vitro (5-times lower ICso value) than paclitaxel'®!. Taxanes are
apoptosis inducing agents that have been shown to not only induce cell death but to decrease the
tumor cell density, allowing for further drug penetration'>*!%°, Kuh et al. showed that paclitaxel
penetration into the solid tumor cells has a delayed effect, ~24 h, dependent on apoptosis and the
reduction of the epithelial cell density before it penetrates deeper into the tumor!®’. Docetaxel
has poor oral bioavailability and is a PgP substrate, causing poor brain distribution??*2?!, thus, a
local treatment option for brain cancer is necessary. Toll-like receptor-9 (TLR9), is expressed in
human glioma tumors and CpG, a TLRY agonist, has shown improved survival alone and in
combination with anti-CTLA-4 and anti-PD-1 in GBM and bladder cancer!>!"'32, CpG does not

222,223

extensively distribute to the brain and has been shown to be effective after multiple local,

70



intratumoral injections!®!, and would benefit from a sustained local delivery. Combining these
therapies is expected to overcome the immune suppressive nature of GBM tumors as well as

initiate innate and adaptive immune responses.

3.3 Materials and methods

3.3.1 Materials

CpG ODN 1826 was custom made from Integrated DNA Technologies (IDT). MgCOs
basic (part no. 63062) and BSA (part no. A7906) were purchased from Sigma Aldrich. Acuity
UPLC® Oligonucleotide BEH C18 Column 130A, 1.7 um, 2.1x100 mm column (part no.
186003950) and Acquity UPLC® BEH C18, 1.7 um, 2.1x 100mm column (part no. 186002352)
were purchased from Waters Corp. TSKgel G3000SWXL, 7.8mm ID x 30 cm, Sum column
(part no. 08541) was purchased from TOSOSH Biosciences, LLC, Japan. Docetaxel, 99% (part
no. J60174), was purchased from Fisher Scientific. PLGA 50:50 (inherent viscosity=0.64 dL/g
and My=>54.3 kDa, ester terminated) was purchased from LACTEL Absorbable Polymers
(Birmingham, AL). Platinum-cured silicone rubber tubing (0.8 mm i.d., 2.4 mm o.d.) was
purchased from Cole Parmer (Vernon Hills, IL). Acetone, 99.8% extra dry AcroSeal® (part no.
AC326801000) was purchased Fisher Scientific. Cryomill (part no. 20.749.0001) was purchased
from Retsch GmBH (Germany). All chromatography reagents were at least HPLC grade and

were purchased from Fisher Scientific.
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3.3.2 Methods

3.3.2.1 Initial formulation of CpG implants: mixing vs cryomilling, PBST vs PBSTE release
media

CpG ODN 1826 (IDT, Coralville, IA) was formulated similarly to the immune
checkpoint inhibitors. We investigated the effects of cryomilling the CpG by formulating
implants both with and without cryomicronization before mixing. CpG ODN 1826 is supplied as
a lyophilized powder that is staticky and sometimes heterogenous and not always similar
between batches. In the case of cryomilling, CpG (~6.25 mg) and BSA (~87.51 mg) was added
to a 5 mL stainless steel cryomill jar with 3, 7mm steel balls. The sample was milled by a
cryomill with an initial precooling cycle of SHz for 5 min followed by a 30 min cycle of 30Hz.
The sample was brought to room temperature before opening the jar and sieving the powder to
<90 um. Powder was stored at -20 °C until use. For formulations without cryomilling, CpG was
used as received. To formulate implants, CpG was weighed and combined with cryomilled BSA.
The CpG (cryomilled with BSA, or not) and BSA (when not cryomilled with CpG) was mixed
with a 50% PLGA in acetone solution. After mixing, the suspension containing (theoretically,
1% CpG, 14% BSA and 3% MgCOs) was extruded into silicone tubing (0.8 mm i.d.) and dried at
room temperature (23°C) for 2 days then at elevated temperature and under vacuum (40°C and
23 inHg) for 3 days for acetone removal. Implants were cut (0.25 cm) and placed in a 2 mL low
binding Eppendorf tube for in vitro release in both phosphate buffered saline with 0.02%
Tween80 (PBST), pH 7.4, and PBST with ImM EDTA (PBSTE) and incubated at 37 °C with
shaking at 240 rpm. Media was collected and replaced with the respective fresh media at 1,3, and

7 days, and weekly thereafter. Release samples were stored at 4 °C.
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3.3.2.2 Optimized CpG formulation

CpG was used as received and was not cryomilled. We investigated encapsulation of
CpG with BSA and another formulation with MSA after optimization with BSA in order to
conduct future murine animal studies. To formulate implants, CpG was weighed and combined
with weighed BSA or MSA, as a carrier protein and buffering agent, which was cryomilled and
sieved <90um before use in all formulations. CpG and the BSA or MSA were mixed with a 50%
PLGA in acetone solution. After mixing, the suspension containing CpG (6%), BSA (9, 11.5,
14%) or MSA (14%), and MgCOs3 (3%) was extruded into silicone tubing (0.8 mm i.d.) and
dried at room temperature (23°C) for 2 days then at elevated temperature and under vacuum
(40°C and 23 inHg) for 3 days for acetone removal. Implants were cut (0.25 cm) and placed in a
2mL low protein binding Eppendorf tube for in vitro release in only PBST and incubated at 37
°C with shaking (240 rpm). Media was collected and replaced with fresh media at 1,3,7 days and

weekly thereafter.

3.3.2.3 Determination of loading of CpG and BSA

Implants (2-4 mg) were dissolved in 1 mL of acetone in a 2 mL Eppendorf tube for 30
min and centrifuged at 9000 rpm for 5 min to dissolve the PLGA and precipitate the CpG and
BSA. PLGA dissolved in supernatant was removed and the pellet was washed with acetone and
centrifuged three times more to remove residual PLGA. The pellet was then air dried,
reconstituted in 1 mL of PBST or PBSTE at 37 °C with shaking at 240 rpm overnight and
analyzed as described in ‘Detection of CpG and BSA by HPLC/UPLC’ and calculated by
equation (2) below. The encapsulation efficiency was calculated as described by equation (3)

below.
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Weight of extracted CpG or BSA

i %) = 1000
(2) Extracted loading (%) Weight of total implant X 100%

Extracted loading

. - oY — 1000
(3) Encapsulation efficiency (%) Theoretical loading X 100%

3.3.2.4 Detection of CpG and BSA by HPLC/UPLC

The CpG and BSA release from the initial CpG formulation was determined by size
exclusion chromatography using Waters Alliance HPLC system with a UV detector. Samples
were run on a TSKgel G3000SWXL, 7.8 mm ID x 30 cm, Sum size exclusion column with a
flow rate of 0.5mL for 30 min with PBS as the eluent. Injection volume was 50 uL and detection
was by UV absorption at 260 nm for CpG and 215 nm for BSA. The CpG from the optimized
formulation was determined by RP-UPLC using a Waters Acquity® UPLC Oligonucleotide Cis
column that separates oligonucleotides based on ion-pairing, reverse-phase chromatography.
Eluent A is 100mM triethylammonium acetate pH 7 made by mixing equal molar ratio of triethyl
amine (Millipore Sigma, 121-44-8) with glacial acetic acid in water. Eluent B is 20%
acetonitrile, 80% of Eluent A. The running conditions starts at 70:30 of Eluent A:B ramped to
10:90 A:B over 20 min using “gradient curve 6” on the Waters Empower 3 software, which is a
linear change of gradient. Then from minute 20 to 21, the conditions are similarly ramped back
to 70:30 A:B and held there for 4 more minutes for a total 25 minute run. The flow rate was 2
ml/min, injection volume was 10 uL, and detection was by UV absorption at 260 nm for CpG.
The peak areas were used to determine the concentrations by using a linear standard curve of the

respective analyte in the same buffer as the sample.
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3.3.2.5 Bioactivity of CpG after encapsulation and release

To assess CpG bioactivity, a TLR9 binding assay was used (Invivogen, San Diego, CA).
The HEK 293, murine TLR9 expressing cell-based assay was used according to manufacturing
protocol. Briefly, after culturing the cells, release samples and standard CpG were incubated with
cells in SEAP detection medium in a 96-well plate for 24h at 37°C, 5% CO; and UV absorption
was read at 620 nm. A standard curve using the same CpG as encapsulated in the implants
dissolved in the same buffer as the release (PBST or PBSTE) was generated to determine the
concentration of active CpG. A 5-PL curve fitting was used to determine the concentration of the
samples (Figure 3-5). The percent reactivity is the ratio of the concentration determined by TLR9

assay to the concentration measured via SE-HPLC and is displayed in equation (1) below.

" tivity (%) = Concentration from TLR9 assay % 100%
reactivity("0) = ¢ centration from SE — HPLC °

3.3.2.6 Docetaxel implant formation

Resomer 503H PLGA was dissolved in dry acetone at a 50:50 weight ratio of
PLGA:acetone in a 2 mL Eppendorf tube. Docetaxel (sieved < 90 um) was added to the
PLGA/acetone mixture at three different theoretical loadings, 40,50, and 60 w/w% relative to the
total weight of docetaxel and PLGA, and mixed until it appears homogenous, ~1-2 min, using a
straightened paperclip. After mixing, a hole was poked in the bottom of the tube using a 16G
needle and the mixture was added to a 3mL syringe with a 18G blunt tip, %2 needle. The mixture
was extruded into 0.8mm i.d. silicone tubing and capped at both ends with paperclips. The
extrudates were dried at room temperature for 2 days followed by 3 days at 40 °C under 23 in Hg

vacuum. After drying for solvent removal, the silicone tubing was removed by cutting with a
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single blade razor. Implants were cut to 0.25 cm for subsequent release experiments and stored

with desiccant at -20 °C until use.

3.3.2.7 Determination of docetaxel implant loading by extraction

To determine the docetaxel loading, implants were weighed (2-4 mg) into 2ml Eppendorf
tubes. 1 mL of 60:40 ACN:water was added to the implants and shaken on a vortex on speed ~3
for 30 min. Implant samples were then centrifuged at 15000 rpm for 4 min and the supernatant

was filtered through a PTFE syringe filter into a UPLC vial for analysis.

3.3.2.8 Determination of docetaxel concentration by UPLC

Samples from either release or extraction were run on a Waters UPLC system with a UV
detector at 229 nm, a reverse phase C18 column, a flow of 0.3 mL of 60:40 ACN:water for 3
min. The samples were filtered through a PTFE filter for organic solvent (60:40 ACN:water) or
PVDF filters for PBST + EtOH samples. Injection volume was 10 uL. Peaks were integrated
using the Empower 3 software, using the Apex tracking processing method. Standards were
prepared by dissolving docetaxel in 60:40 ACN:water and diluting for a concentration curve that

would include your expected sample range.

3.3.2.9 Determination of docetaxel by RP-UPLC

Docetaxel implants were cut to 0.25 cm and submerged in 15 mL PBST pH 7.4,
containing 15% ethanol (media is adjusted to pH 7.4 after ethanol addition). At each time point,
1,3, and 7 days, and weekly or bi-weekly thereafter, 1 mL of the supernatant was collected and
stored for analysis at 4 °C the rest of the supernatant was discarded and a fresh 15 mL of media

was replaced. The supernatant was analyzed by UPLC as described in the previous section.
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3.3.2.10 Determination of solubility

Docetaxel was weighed (~1.5 mg) and added to 0.5 mL of either PBST, PBST +5%
ethanol, or PBST + 15% ethanol. Samples were incubated overnight at 37 °C with shaking (240
rpm). After incubation, samples were centrifuges at 8000 rpm for 5 min and the supernatant was
filtered through a 0.45 um PVDF filter for analysis by UPLC as described in “Determination of

docetaxel by RP-UPLC”.

3.3.2.11 Determination of release media pH
The pH of the release media of docetaxel was determined by a Fisher Scientific accumet®

AE150 pH meter, calibrated with standards, pH 4,7, and 10 (Fischer Scientific).

3.4 Results

3.4.1 CpG implants

CpG implants were initially formulated with 1% theoretical loading of CpG and 14% BSA
included as a porosigen and carrier, by cryomilling BSA and CpG together before mixing, or by
mixing them without cryomilling (Figure 3-1), referred to as ‘cryomilled’ and ‘mixed’,
respectively. To inhibit microclimate pH drops and hydrolysis of CpG, 3% MgCOs3 was also
included. Table 3-1 shows the loading and encapsulation efficiency results from the cryomilled
or mixed implants. The CpG yield after cryomilling was 66%, and the CpG encapsulation
efficiency, after accounting for the loss in cryomilling, was 83%. The CpG encapsulation
efficiency for the mixing formulation was 63%. CpG release was evaluated in both PBST and
PBST with EDTA (PBSTE), as EDTA may improve stability of CpG after it is released. Release
in PBSTE resulted in increased release compared to PBST in both the cryomilled and mixed

conditions (Figure 3-2). In general, CpG release was faster and increased for the mixed
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formulations compared to cryomilled (Figure 3-2). Mixed CpG had initial bursts (after 1 day of
release) of 7.0% and 7.2% in PBST and PBSTE, respectively. Cryomilled CpG had initial bursts
0f 6.0% and 10.8% in PBST and PBSTE, respectively. Mixed CpG had total cumulative releases
after 49 days of 56.7% and 68.2%, in PBST and PBSTE, respectively. Cryomilled CpG had total
cumulative releases after 49 days of 33.8% and 40.8%, in PBST and PBSTE, respectively. The
encapsulation efficiency of BSA was high, i.e., 98%, for both cryomilled and mixed
formulations, resulting in 13.8%w/w loading of BSA (Table 3-2). Figure 3-3 shows the
cumulative released BSA from the same formulations that CpG release was determined from.
Mixed BSA initial bursts were 8.8% and 9.3%, for PBST and PBSTE, respectively. Cryomilled
BSA initial burst was 12.6% and 14.0%, for PBST and PSTE, respectively. Mixed BSA
cumulative release was 54.4% and 63.0% for PBST and PBSTE, respectively. Cryomilled BSA
cumulative release was 41.6% and 44.8% for PBST and PBSTE, respectively. Next, we assessed
the activity of the released CpG by determining binding with TLR9 using HEK 293, TLR9-
expressing cells that allow for quantification of TLR9 binding via UV absorbance (Figure 3-4).
The concentration of CpG binding to TLR9 was compared relative to the concentration
determined via SEC to determine the reactivity using 5-PL standard curves (Figure 3-5) of CpG
standards incubated under the same conditions as the released samples. All formulations and
conditions showed high reactivity throughout release (Figure 3-4). CpG activity from the mixed
formulation released in PBST showed 230%, 102%, 100%, and 67% reactivity for the extraction
(day 0), day 1, 14 and 35, respectively. CpG activity from the cryomilled formulation in PBST
showed 169%, 154%, 97%, and 84% reactivity for the extraction (day 0), day 1, 14 and 35,
respectively. CpG activity from the mixed formulation released in PBSTE displayed 56%, 142%,

and 129% reactivity for the day 1, 14 and 35, respectively. CpG activity from the cryomilled
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formulation released in PBSTE similarly displayed 95%, 87%, and 70% reactivity for the day 1,
14 and 35, respectively.

In order to improve the CpG loading and encapsulation efficiency, we formulated a
second, optimized set of implants with a higher theoretical CpG loading (6%w/w), three different
levels of BSA (9,11.5, and 14% w/w), and MgCOs (3%w/w), referred to as ‘optimized implants’
(Table 3-3). For these formulations, we did not cryomill the CpG, it was mixed with the BSA
and PLGA as supplied by the manufacturer (Figure 3-6). We monitored release in PBST not
PBSTE. Release was monitored by RP-UPLC using a column specific for detecting
oligonucleotides, instead of SEC-HPLC. All formulations resulted in enhanced encapsulation
efficiencies (Table 3-3). The higher the BSA loading, the higher the initial burst of CpG, i.e.,
formulation CpG-1, 2, and 3 had initial bursts of 8.5, 10.7, and 17.7%, respectively (Figure3-7a).
The overall release of formulation CpG-1 was lower compared to formulation CpG-3 which had
a higher BSA loading (Figure 3-7a). Total cumulative CpG release was 72.9, 55.6, and 95.1%
over 45 days for formulations 1,2, 3, respectively. The RP- UPLC detection method of CpG in
the release media showed multiple peaks, represented in Figure 3-7b. These peaks were not due
to BSA, and were likely shorter lengths of the nucleotide sequence. CpG standards also

contained these peaks (<5%).

3.4.2 Docetaxel implants

As expected, docetaxel had a very low solubility in PBST release media, but with
increasing amounts of ethanol, solubility was enhanced, especially with 15% ethanol, thus
release was conducted in 15% ethanol PBST to allow for more efficient sink conditions as well
as to correlate better with what can occur in vivo (Table 3-4). Docetaxel was encapsulated in

PLGA by simply mixing the sieved (<90 um) docetaxel powder into the PLGA/acetone mixture
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(Figure 3-8). Docetaxel was encapsulated with very high efficiencies for all formulations, i.e.,
40, 50, and 60% w/w loading (Table 3-5). Docetaxel release was higher for the 40% and 50%
formulations, and slowest for the 60% formulation (Figure 3-9). During release analysis by
UPLC, more than one main peak appeared at a later retention time from the main peak. Thus,
Figure 3-9 shows the calculated cumulative release and amount released based on both the sum
of all apparent peaks (Figure 3-9 a,b) and on the main peak only (Figure 3-9 c¢,d), respectively.
The portion of the main peak for each release sample is demonstrated in Figure 3-10a. To
determine any possible cause of the appearance of potential degradation products, the pH of the
release media was determined (Figure 3-10 b). The pH decreased after day 3 to ~6, and the most
drastic decrease in the main peak occurred during the first 7 days for all formulations. Thus, the
pH may be have caused instability such as precipitation??*, resulting in the incomplete release of

the 60% formulation and the appearance of multiple degradation products.

3.5 Discussion

During our first formulations of CpG, we started with a theoretical loading of 1% CpG,
14% BSA, and 3% MgCOs, two different formulation processes, termed mixing and cryomilling.
And two different release conditions, PBST and PBSTE. For the cryomilled formulation, the
CpG encapsulation efficiency after cryomilling CpG with BSA was low (~66%). This is likely
due to the low amount of CpG used in the milling process, it may be lost to the sides of the
container or during sieving. Both the cryomilling and mixed formulation processes resulted in
low encapsulation efficiencies most likely due to the low amount of CpG present during this
process. The CpG release from all conditions was incomplete. This is likely due to a low total
water-soluble solid loading in the implants, ~15% including the BSA and CpG. Previous work

from our lab on monoclonal antibody implants has shown that there is a percolation threshold
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that allows for continuous and complete release through a water filled pore network, relying on a
high enough level of water-soluble components to create this network that allows for drug
release. Below this threshold you would expect incomplete release, the farther above this
threshold, you would expect faster release®>6*225, To further investigate whether there was
instability of CpG causing the incomplete release or if the low solids loading was indeed the
main cause, we monitored the release of BSA from the same implants. BSA was encapsulated
very efficiently but also released similar to CpG, incomplete over 49 days. This indicated that it
was most likely the low total solids loading that led to the incomplete release. Therefore, we
proceeded with an optimized formulation with a higher theoretical loading of CpG (6%w/w), 3%
MgCO;3, and three different levels of BSA (9.5, 11, 14.5%) to test our theory of increased total
water-soluble solids would increase release. We also simplified the method and did not cryomill
the CpG to avoid loss and any possible damage that could be done during this process. We only
tested the release in PBST because it is possible the EDTA is sequestering the MgCO3 which
resulted in the faster release compared to PBST before. With these optimized conditions and a
simplified process, the CpG encapsulation efficiency was dramatically improved. The release of
CpG was nearly compete with the highest BSA loading condition (14% BSA) compared to the
two lower BSA loading conditions (9.5 and 11%). These two lower BSA loadings, and therefore
lower total solids loadings, still resulted in incomplete release. Thus, the percolation threshold
for these implants must be somewhere between 17% and 20% of total water-soluble solids. The
cumulative % release of the 11% BSA loading formulation appears to be lower than the 14%
BSA condition, but looking at the CpG release in terms of micrograms instead of relative to the
loading (Figure 3-7c¢), the two formulations perform similarly, indicating there may just be an

error in the CpG loading determined for the 11% BSA formulation.
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Docetaxel is a hydrophobic, poorly water-soluble drug and we showed that increasing its
loading in PLGA resulted in lower overall cumulative release. This could potentially be
explained by precipitation of docetaxel which increases with increasing the mass of docetaxel
per implant. Zlomke, et al. showed similar trends in PLGA implants loaded with nifedipine and
nicardipine and further analysis by x-ray diffraction showed precipitated drug crystals.??* Further
analysis of the physical state of our docetaxel implants would be needed to support this
hypothesis. Kumar et al., investigated the degradants of docetaxel and identified impurities that
occur when docetaxel is in both acidic and base stressed conditions, with less degradation
appearing in acidic conditions??°, The peaks that are present in our release appear downfield
from the main peak. In similar RP-C18 UPLC conditions, Kumar et al. identified the peaks
appearing downfield of the main peak as 7-epi docetaxel and 7-epi 10-oxo0 docetaxel??¢. Both of
these degradation products still contain the intact taxane ring and ester side chain, important
structural features in the mechanism of action for docetaxel®?'. Thus, the acidic microclimate
occurring in the PLGA implants due to the degradation of PLGA into lactic and glycolic acid
may be inducing some instability, which could be improved by adding a poorly soluble base,
such as MgCOs3 as we have done in our other formulations for delivery of acid-labile

macromolecules.

3.6 Conclusion

In conclusion, CpG and docetaxel were both successfully formulated into PLGA implants
with sustained and complete release over 40 and 100 days, respectively. CpG and Docetaxel
would benefit from local delivery options since they do not readily cross the BBB?2°223, Future
work will focus on evaluating the combined therapy of immune checkpoint inhibitors, anti-PD-1

and anti-CTLA-4, with the CpG and docetaxel to locally treat glioblastoma. We expect the

82



combination of the immune checkpoint inhibitors to remove the immunosuppressive
environment of GBM, the immune stimulatory effects of CpG, and the increased cell death and
enhance solid tumor penetration of docetaxel to improve the poor prognosis and inevitable

recurrence of glioma tumors.
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Figure 3-1. Schematic overview of initial CpG implant formulation and analyses.
. . CpG dose / 1 mg of
0 0
Formulation CpG Loading % EE% implant (0.25 cm)
83%
Cryomilled 0.54 (0.01) (66% yield from ~5.4 ng
cryomilling)
Mixed 0.63 (0.02) 63% ~6.3 g

Table 3-1. CpG loading and encapsulation efficiency. Data represents mean #+SE, n=3-5.

% cumulative release

100

80 A

60

40 -

20

CpG Release

—&— CpG Cryomilled, PBST
—/— CpG Cryomilled, PBSTE
—— CpG Mixed, PBST
—— CpG Mixed, PBSTE

10

20

30
Days

40 50 60

Figure 3-2. In vitro release of CpG from PLGA implants. Cumulative release of CpG from PLGA implants made
by cryomilling CpG with BSA before mixing, or mixing without cryomilling. Implants were incubated in PBST or

PBSTE. CpG determined in release media by SEC-HPLC. Data represent mean+ SE, n=3.
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Formulation BSA Loading % EE%

Cryomilled 13.8 (0.1) 98.5 (0.9)

Mixed 13.8 (0.3) 98.8 (2.0)

Table 3-2. BSA loading and encapsulation efficiency from initial implant formulation. Data represents meanz SE, n=3.
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Figure 3-3. In vitro release of BSA from PLGA implants. Cumulative release of BSA from implants made by cryomiling BSA
with CpG before mixing or by mixing without cryomilling. Implants were incubated in PBST or PBSTE and release media
was monitored by SEC-HPLC. Data represents mean+SE, n=3.
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Figure 3-4. CpG TLRY binding activity. Reactivity of released CpG determined by incubation with TLR-9
expressing HEK293 cells using SEAP detection. Data represents meanz SE, n=3.
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Figure 3-5. 5-PL standard curves used for CpG bioactivity determination. Absorbance at 260 nm vs concentration of
CpG standards incubated with TLR-9 expressing HEK293 cells after SEAP detection. Data graphed with Prism using a
4PL sigmoidal fitting, dashed lines represent a 95% confidence interval.
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Theoretical BSA
Formulation name CpG Loading % EE%
loading (% w/w)

CpG-1 9 6.3 (0.02) 104.8 (0.4)
CpG-2 115 6.9 (0.7)° 115.3 (11.6)
CpG-3 14 5.8(0.2) 96.7 (3.9)

Table 3-3. Optimized CpG implant formulation loading and encapsulation efficiency. Data represents mean+ SE, n=3 or
n=2.

H Mix with 50% PLGA
(50:50, ester terminated,
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ch o' Rl ied- —_— _— — 37°C, PBST
+BSA (9, 14.5% wiw) ) o cut - RP-UPLC
6% MgCO; (3% w/w) Silicone tubing m,

0.8 mmi.d.

Figure 3-6. Schematic overview of optimized CpG PLGA implant formulation.
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Figure 3-7. In vitro characterization of optimized CpG formulation. a) Cumulative release percent b) main

peak percent and c) ug released of CpG from PLGA implants incubated in PBST. CpG-1,2 and 3 formulations
are described in Table 3-3. Data represents mean+SE, n=3.
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Docetaxel Solubility

Release Buffer
(avg ug/ml (SEM), n=3)
PBS (0.02% Tween 80) 4.0 (0.1)
PBST + 5% EtOH 6.9 (0.1)
PBST + 15% EtOH 23.3(0.3)

Table 3-4. Solubility of Docetaxel in PBST with various amounts of ethanol.

H Mix with 50% PLGA
(50:50, acid terminated,
34kDa) in acetone Extrude 0.25cm In vitro release:
DTX —_— _— —_— 37°C, PBST + 15% EtOH
[ — Dry,cut (S RP-UPLC
Silicone tubing i
40, 50, 60% 0.8 mmi.d.

Figure 3-8. Schematic overview of docetaxel PLGA implant formulation.

Theoretical DTX DTX Loading
Formulation EE%
loading (%ow/w) (Yow/w)
DTX-40% 40 40.8 (0.6) 102.0 (1.6)
DTX-50% 50 51.0 (0.3) 102.0 (0.7)
DTX-60% 60 62.6 (0.8) 106.0 (1.3)

Table 3-5. Docetaxel loading and encapsulation efficiency. Data represents mean+SE, n=3.
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Figure 3-9. In vitro release of docetaxel. Total cumulative release % and total cumulative ug DTX released from
PLGA implants accounting for all peaks (a,b, respectively) and accounting only for the main DTX peak only (c,d,
respectively). Release samples were analyzed by RP-C18 UPLC. Data represents mean+SE, n=2.
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Figure 3-10. In vitro characterization of released docetaxel. a) “%Main peak of docetaxel released from PLGA
implants, determined by RP-C18 UPLC. b) pH of release media during incubation. Data represents meanzt SE, n=2.
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Chapter 4: In Vitro Degradation and Erosion Behavior of Commercial PLGAs Used for
Controlled Drug Delivery

4.1 Abstract

Poly(lactide-co-glycolide) (PLGA) is among the most commonly used materials in
biomedical applications, especially parenteral controlled drug delivery due to its high
biocompatibility, predictable degradation rate, and ease of processing. Besides manufacturing
variables of drug delivery vehicles, changes in PLGA raw material properties can also affect
product behavior. Accordingly, an in-depth understanding of polymer-related “critical quality
attributes” can probably allow for a predictive selection of PLGA performance.

Here, we selected 17 different PLGAs from 5 manufacturers to form drug-free films,
implants and microspheres and evaluated differences in their water uptake, degradation, and
erosion during in vitro incubation as a function of the L/G ratio, molecular weight, end-capping,
and formulation geometry. Acid-terminated PLGA 50/50 films from different manufacturers
with similar molecular weight and higher glycolic unit blockiness and/or block length values
showed faster initial degradation rates. Geometrically larger implants of 75/25, acid-terminated
PLGA showed higher water uptake, and ~2-fold faster degradation rates in the first week
compared to microspheres of the same polymers, likely due to enhanced effects of acid-catalyzed
degradation from PLGA acidic byproducts unable to escape as efficiently from larger
geometries. The increased water uptake and degradation in implants appeared to preferentially
affect the erosion of glycolic units, whereas microspheres appeared to erode more

homogenously, suggesting differences in their hydrolytic mechanisms. Manufacturer differences
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such as an increased residual monomer appeared to lead to increased water uptake and increased
degradation in poly(lactide) implants.

This dataset of different polymer manufacturers could be useful in selecting a desired
PLGA for controlled release applications, and these techniques to further compare differences in
less reported properties such as sequence distribution can be used for future analyses of PLGA

performance in the field of drug delivery.
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4.2 Introduction

Poly(lactide-co-glycolide) (PLGA) is frequently used across several applications such as
medical devices, tissue engineering, and drug delivery. It is the most commonly investigated
biodegradable polymer to achieve long-acting release for a variety of drugs, such as small
molecules, peptides, and proteins due to its well-described biocompatibility and ease of
processing into numerous distinct formulations such as particulate systems, films, and
implantable devices.! There are currently 19 FDA-approved drug products that use PLGA to
achieve controlled release from weeks to months.'> Despite patent expirations for many of these
medications, there are no generics available due to the complexity of the formulation, such as a
lack of understanding of the effects of raw material properties and manufacturing variables on
product performance.??’

After contact with water in vitro and in vivo, polyesters like poly(lactide) (PLA) and PLGA
are degraded via hydrolysis into non-toxic monomers of lactic and glycolic acid which are
removed in vivo by excretion or the citric acid cycle. An encapsulated drug is typically released
from the formulation through a combination of mechanisms among them diffusion over the
polymer matrix or water-filled pores, osmotic pressure, or erosion of the polymer itself.* The
process of polymer degradation and erosion usually begins with an initial water uptake into the
formulation that leads to polymer degradation, or a decline of the polymer molecular weight,
eventually the polymer molecular weight reduces enough (to ~1 kDa or lower) that the chains
become water-soluble oligomers and monomers that can diffuse out of the polymer vehicle.®
The rate and extent to which these events occur can be affected by changing various properties of
the polymer. For example, decreasing the polymer chain molecular weight results in increased

hydration and chain mobility which increases the rate of degradation.??® Elevating the L/G ratio
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decreases the rate of degradation and erosion because lactic units are more hydrophobic and
sterically hindered to hydrolysis. The most commonly selected polymer properties affecting the
rate and extent to which these events occur, are the L/G ratio, molecular weight, and the type of
end-capping of the polymer chains.

PLGA is most commonly synthesized by two methods, direct condensation of the acid
monomers, or ring-opening polymerization (ROP) of the cyclic dimers, namely lactide and
glycolide.?”>? Direct condensation, or polycondensation, of the two acid monomers, lactic and
glycolic acid, is in competition with the depolymerization into the dimers due to the generation
of water in the reaction which requires elevated temperatures with high vacuum to control and,
thus, can typically only obtain lower molecular weight polymers, typically <50kDa, although
with more complicated methods, higher molecular weights can be obtained.?®22%23? ROP is the
most commonly used method for commercial PLA/PLGA synthesis. ROP involves the reaction
of lactide and glycolide dimers in the presence of a catalyst and initiator species at around 100-
150°C from a couple of minutes to hours.*”*® The most used and accepted catalyst is stannous
octoate and co-initiators are typically OH-bearing molecules such as fatty alcohols, or even
“free” lactic and glycolic acid.’

During polymer synthesis, glycolide/glycolic acid is more reactive than lactide/lactic acid,
so it is not unusual that short “blocks” of glycolic and lactic linkages are formed along the
polymer chains rather than a purely random or ‘sequenced’ distribution.?’! Knowledge of the
monomer distribution along the polymer chain is important because the glycolide linkages tend
to be more labile towards hydrolysis and, thus, larger lengths would lead to an accelerated
degradation and erosion of the polymer, likely accompanied by a faster drug release.>*3466:67 For

example, Vey et al. determined that the glycolic unit consistently hydrolyzes 1.3 times faster
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than the lactic unit across polymer films with varying L/G ratios, submerged in phosphate
buffer.>

PLA/PLGA that is uncapped has a carboxylic acid at the end of its chain that is hydrophilic
and results in increased water uptake, faster hydrolysis and degradation. A capped PLA/PLGA
has an alkyl ester at its chain terminus that is more hydrophobic than an uncapped, carboxylic
acid end group. When selecting an end-capped polymer from manufacturers, the type of end
termination is usually not disclosed, yet it has been shown that longer alkyl chains, which are
more hydrophobic, can lead to slower degradation, even when the molecular weight is lower.*?
Polymer selection and changes in source/batch of polymer are only one aspect of the more
complex development of long-acting release drug product development along with drug
properties, drug-PLGA interactions, included excipients, formulation geometry, and formulation
parameters.! 132272322234 However, better knowledge and control of the relevant macro- (e.g.,
shape and porosity) and micro-structural (e.g., arrangement of L/G sequence and end-capping)
properties of the polymer may help bridge the gap between the effects of raw materials or
manufacturing variables and the product performance, allowing for better polymer selection and
could potentially increase the number of approved PLGA drug products. Herein, we selected 17
different PLGAs from five manufacturers to form drug-free films, implants and microspheres
and investigated differences in their water uptake, degradation, and erosion behaviors during
incubation as a function of L/G ratio, molecular weight, end-capping, and formulation geometry.
Previously, we also evaluated the sequence distribution of glycolide/glycolic acid and
lactide/lactic acid for these polymers and, here, we were able to connect these results with our

analyses of in vitro performance.
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4.3 Materials and methods

4.3.1 Materials

All Expansorb® polymers were provided by Merck KGaA (Germany). Resomer® and
Purasorb® polymers, Wako® 7515 and Lactel® DL-PLG B6007-2 were purchased from Sigma
Aldrich (US), Corbion (The Netherlands), Wako Pure Chemical Industries, Ltd. (Japan) and
Lactel (US), respectively. All polymers used in this investigation were the racemic (D,L) form of
lactide or lactic acid and are further described in Table 4-1. Dichloromethane (DCM) was from
Merck KGaA. Acetone (99.8%, extra dry, Acros Organics), tetrahydrofuran (THF, HPLC grade)
and reusable PTFE Evaporating Dishes were acquired from FisherSci (US) (product no.
02617148). Cicular lever punches, 1.6 cm diameter were obtained from Michaels® Craft Store
(US). Platinum-cured silicone tubing (0.5 mm i.d.) was from Cole Parmer (US) (product no.
95802-00). Poly(vinyl alcohol) (PVA, 88% hydrolyzed, molecular weight ~25kDa) was provided
by PolySciences, Inc (US) and Merck KGaA. PBS (Gibco) was from the University of Michigan
Bioresearch store. 63 cm diameter polypropylene jars were purchased from Grainger, Inc. (US)
(product no. 3UCP3 or 32V496). All other chemicals and solvents were of analytical grade and

used as received.

4.3.2 Methods

4.3.2.1 Film preparation by solvent casting

Expansorb® DLG 50-2A, Resomer® RG 502H, Expansorb® DLG 50-5A, Resomer® RG
504H, Purasorb® PDLG 5004A, Expansorb® DLG 50-2E, Resomer® RG 502, Expansorb® DLG
75-9E and Lactel® DL-PLG B60072P were prepared as thin films. Polymers were dissolved in

THF at 50 mg/mL except for Lactel® DL-PLG B6007-2P, Expansorb® DLG 75-9E, and
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Resomer® RG 502 dissolved at 75 mg/mL. 8 mL of the polymer solution was dispersed via a
glass pipette into the center of circular, 10 cm diameter, PTFE low form evaporating dish on a
leveled surface. Dishes were covered with 2 L beakers to limit but not completely prevent
airflow and allowed to dry for 24 h at room temperature under a ventilated chemical hood. Then,
films were dried under vacuum (23 in. Hg) at 40°C with desiccant for 48 h. Films were carefully
removed from the PTFE dishes using forceps, cut into discs using a 1.6 cm diameter circle lever

punch and stored at 4°C until use. The average film thickness was ~53 um, ranging from 30-78

pum.

4.3.2.2 Implant formulation

Expansorb® DLG 75-2A, Resomer® RG 752H, Purasorb® PDLG 7502A, Wako® 7515,
Expansorb® DL 100-2A, Resomer® R 202H, and Purasorb® PDL 02A were prepared as implants
similarly as previously described!®. Polymers were dissolved with acetone at a ratio of 2/1 (w/w,
polymer/acetone) and extruded via a 3 mL syringe and a blunt-tip needle into the silicone tubing.
Paper clips were placed in the ends of the tubing to prevent the polymer solution from leaking
and to compress the mixture to avoid air pockets in the extrudate. Extrusions were dried at room
temperature for 48 h followed by drying under vacuum (23 in. Hg) at 40°C with desiccant for 48
h. The silicone tubing was removed from the polymer implants using a razor blade, and the

implants were cut into 0.5 cm segments and stored at -20°C until use.

4.3.2.3 Microsphere Formulation

Expansorb® DLG 75-2A, Resomer® RG 752H, Purasorb® PDLG 7502A, and Wako®
7515 were prepared as microspheres similarly as previously described.?*> Polymers were
dissolved in DCM at a concentration of 800 mg/mL in a 16 x 100 mm glass test tube for a total

volume of 1 mL. An equal volume, 1 mL, of 1% PVA was added to the polymer solution and
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thoroughly vortexed at maximum speed for 1 min. The resulting O/W emulsion was immediately
added to a 250 mL beaker containing 100 mL of 0.5% PVA and stirred with an overhead stirrer
at 600 rpm for 3 h for microsphere hardening and solvent removal. Microspheres were then
sieved and collected between 32-63 um, rinsed with 1 L of distilled water to remove excess
PVA, freeze-dried for 2 days and finally stored at -20°C until use.

For the BODIPY uptake experiments, Expansorb® DL 100-2A, Resomer® R 202H, and
Purasorb® PDL 02A were formulated as microspheres. Polymers were dissolved at 600 mg/mL

and microspheres were fabricated as described above.

4.3.2.4 Incubation conditions

Polymer films, implants, and microspheres were incubated in phosphate-buffered saline
(PBS) pH 7.4 at 37°C with low agitation (70 rpm, KS 125 basic shaker, IKA Labortechnik,
Germany); thin films were incubated in 30 mL PBS in 63 mm diameter polypropylene jars,
implants (0.5 cm) and microspheres (10 mg) were incubated in 1 mL PBS in 2 mL Eppendorf
tubes. At predetermined time-points, the incubations were stopped by removing/separating the
respective vehicle from the buffer and rinsing it with distilled water. Formulations were then

dried at room temperature and under vacuum (23 in. Hg) with desiccant for 72 h.

4.3.2.5 Determination of water content and mass loss
Water content of films and implants (/(2)) at time, ¢, was determined during the

incubation period by:

W\At/e _Wtr
w(t) = %, (D
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where Wy, and Wy, are the wet and dry formulation weights, respectively, after incubation
and drying.

The percent mass loss was calculated according to:

_wt
%mass loss = % x 100, (2)
0

where W) is the initial weight of the formulation before incubation.

For microsphere water uptake determination, particles were dried and the interparticle
water was calculated as previously reported.?*? Briefly, incubated particles were collected on pre-
weighed nylon membrane filters washed with distilled water and dried under vacuum for
approximately 5 seconds to remove surface water and the wet weight was immediately
determined. After drying at room temperature under vacuum for 72 h, the dry weight was
recorded. To correct for the interparticle water, dry microspheres were dispersed in PBS at 4°C
(where water uptake into microspheres is assumed negligible) and the wet and dry weights were
measured after filtering and drying, respectively, as described above. The weight difference
between wet and dry particles were used to calculate the fraction of interparticle water (W), as

defined as:

Wvee=Wary)
Wine = —_wet “dry’ (3)

0
Wdry
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with W5, and W(?ry as the weights of wet microspheres and dry microspheres, respectively,

after immediate collection at 7=0. The water uptake of microspheres at time, z, W,,;(t) was then

determined as defined as:

t t t t
Wwet_Wdry - (WdryWint))

t
Wdry

Wins t) = (

(4)

where Wy, and W, are the wet and dry microsphere weights after incubation and drying at

time z. The percent mass loss was calculated as defined according to (2).

4.3.2.6 Determination of relative molecular weight change

Before formulation incubation (day 0) and at each time-point during incubation,
formulations were collected after drying and dissolved in THF. The obtained polymer solutions
(~4 mg/ml) were then subjected to gel permeation chromatography using two styragel columns
(HR 1 and HR 0.5 columns, Waters, US) with a Waters 1525 HPLC system and THF as the
elution medium at a flow rate of 1 mL/min and detection by refractive index as previously
described.?3? Poly(styrene) standards of known molecular masses were used for calibration. The

weight-average molecular weight of polymer samples is reported throughout this study.

4.3.2.7 Determination of dry glass transition temperature (dry Ty)

Raw polymers (0.5-5 mg) were exactly weighed into aluminum pans with a lid and
sealed. The dry Ty was determined by a modulated differential scanning calorimetry method as
previously described?3? (Discovery, TA instruments, US). A heat/cool/heat cycle was employed
in which the temperature was ramped between -20 °C and 90 °C at 3 °C/min, with a modulated

amplitude of 1°C/min over 60 seconds. Results were analyzed by the TRIOS software.
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4.3.2.8 L/G ratio determination by nuclear magnetic resonance (NMR) spectroscopy

Each PLGA sample (~7 mg) was dissolved in deuterated chloroform (CDCI3) (0.75 mL)
and pipetted into a 5 mm x 7 in NMR tube (Aldrich® ColorSpec® NMR tubes, parameter 800
MHz frequency). NMR scanning was performed using a Varian vomr-500 MHz (11.7 Tesla)
Premium Shielded NMR spectrometer running Vnmrj software for 'THNMR. Molar L/G ratios
were determined by comparing proton intensities at chemical shifts 5.2 ppm (lactide, one proton)
and 4.8 ppm (glycolide, two protons). The L/G molar ratio was converted to the L/G weight
ratio. Significant differences were determined by comparing the changes in lactic content by

subtracting the lactic content at day 0 from the lactic content determined at each time-point.

4.3.2.9 BODIPY uptake in microparticles

About 10 mg of PLGA microspheres were incubated at 37 °C in 1 mL of PBS containing
0.02% (w/v) Tween-80 (PBST) under mild agitation for 21 days before monitoring the probe
uptake. After incubation, 1 mg of the microparticles were separated from PBST solution by a
brief centrifugation. Then, 1 mL of BODIPY in PBST (5 pug/mL), which was preincubated at
37°C, was added, and the mixture was incubated at 37°C for 1 day under mild agitation before
laser scanning confocal microscopy. Briefly, microspheres were imaged using a Nikon A1
spectral confocal microscope (Japan) to observe dye distribution and microsphere morphology.
The images were then analyzed using ImagelJ software (National Institutes of Health, US).
Normalized dye intensity (I/Io) — position (r/a) pairs were then fit to the solution of Fick’s second
law of diffusion using Matlab & Simulink software (Oakdale Engineering, US) to determine the

effective solid-state diffusion coefficient of BODIPY (Dgobiry), as described previously.?
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4.3.2.10 Analysis of erosion rate and onset of erosion from mass loss data

PLGA film erosion was analyzed by two parameters>*®, the pseudo-first order apparent rate
of erosion (kero) during the decay phase calculated by:

Ln(%mass remaining) = intercept — kg,,time, (5)

which was typically the last 3-4 time-points, and the onset of erosion () was calculated by:

__ intercept—In(100) (6)

t
on Kero

4.3.2.11 Analysis of degradation rate and half- lives from molecular weight data

The molecular weight (MW) pseudo-first order apparent degradation rate constants, kieg,
and half-lives, #;/2, were determined by the following:

In(MW) = intercept — kgo4time (7)
In(2
e =G ®)

4.3.2.12 Statistical Analyses

Samples represented independent experiments in triplicate and data represents mean +
standard error (SE). Statistical analyses and regressions were performed using Prism (Graphpad,
US). Comparisons were made using unpaired student 7-tests to determine two-tailed p-values.
Significance was established at the 95% confidence interval (a0 <0.05) and all levels of
significance are indicated with one asterisk (*). To compare the %]lactic content remaining in
each formulation during incubation, actual differences relative to their raw polymer starting

%lactic content were used for statistical analyses.

4.4 Results and discussion

4.4.1 Effect of polymer molecular weight
Expansorb® DLG 50-2A with Expansorb® DLG 50-5A and Resomer® RG 502H with

Resomer® RG 504H (50/50, “low” and “intermediate” molecular weight, acid-terminated
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PLGAs) were formulated as thin films. For both comparisons, the water uptake was generally
similar by 3 weeks of incubation, but the lower molecular weight films revealed an increased
water uptake during the first two weeks (Figure 4-1a,d). In Expansorb® DLG 50-5A and
Expansorb® DLG 50-2A films, as the molecular weight decreased, the initial apparent first order
rates of degradation increased, 0.072 and 0.092 days’!, respectively, and their degradation half-
lives decreased, 9.6 and 7.6 days, respectively (Figure 4-1a-c, Table 4-2). The lower molecular
weight of Expansorb® DLG 50-2A had a significant effect on the onset of erosion (¢,,), with a
ton=1.3 days compared to Expansorb® DLG 50-5A, #,n=11.8 days (Table 4-3). Similar trends
were observed with the two Resomer® polymers (Figure 1d-f). These results are expected, as the
molecular weight is known to affect the polymer degradation and erosion.??® We expect the
degradation of PLGA to increase with a decline in molecular weight, as the polymer chains
become more mobile and time to reach a soluble polymer oligomer shortens. It was previously
observed that regardless of the molecular weight, polymer microspheres or implants reach a
critical molecular weight, around 10-20 kDa, at which point the formulations collapse and
undergo significant constant erosion.?3’-2% The starting molecular weight does not appear to
influence this critical molecular weight, but the time that it takes to reach the critical molecular
weight increases with increasing molecular weight. We observed similar behaviors with our
polymer formulations, the critical molecular weight ranged from 5-20 kDa (data not shown) and
polymers with similar properties behaved similarly. The time to reach this critical molecular
weight for our formulations ranged from 7-28 days with low molecular weight, acid-terminated,
50/50 films and 75/25 implants having a shorter time, and higher molecular weight, 75/25 ester-
terminated films as well as PLA, acid-terminated implants taking longer to reach this critical

molecular weight. Certainly, almost any desired polymer molecular weight can be achieved with
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“fine-tuning” the synthesis process. Here, when investigating the effects of other variables, we

are only comparing formulations that have similar starting molecular weights.

4.4.2 Effect of polymer end-capping

The impact of the polymer chain termination was investigated by comparing 50/50, acid-
with ester-terminated PLGA films of similar molecular weights within the same manufacturer,
either Expansorb® or Resomer®. Ester-terminated Expansorb® DLG 50-2E and Resomer® RG
502 compared to their acid-terminated analogs of similar molecular weights, Expansorb® DLG
50-2A and Resomer® RG 502H, respectively, all showed reduced overall water uptake and
slower overall polymer degradation and erosion (Figure 4-2). The onset of erosion and rate of
erosion analyses are capturing the tail-end of the erosion vs. time curves, where significant
erosion occurs and are not fitted as well for the ester-terminated polymers which did not start
significantly eroding until after 21 days. Expansorb® DLG 50-2E films degraded slower than
Expansorb® DLG 50-2A, molecular weight degradation rate constants (kseg) were 0.049 and
0.092 days™! and molecular weight half-lives (¢;,2) were 14.3 and 7.6 days, respectively (Table 4-
2). Expansorb® DLG 50-2E films had similar erosion rates compared with Expansorb® DLG 50-
2A, kero=0.047 and 0.048 days™, respectively, but Expansorb® DLG 50-2A had a much faster
onset of erosion than Expansorb® DLG 50-2E: #,, values were 1.3 and 13.5 days, respectively.
Resomer® RG 502 films had a kqeg of 0.032 days™! and a ;> of 21.4 days (Table 4-2). Resomer®
RG 502 films did not start to significantly erode until after 21 days (Figure 4-2) and, thus,
analysis of their erosion kinetics was not possible. By contrast, Resomer® RG 502H films had
faster degradation and erosion kinetics than their ester-terminated counterparts with kgeg=0.127
days™, 1,,=5.5 days, kero=0.080 days’!, ,,=5.5 days (Tables 4-2 and 4-3). In both cases, the lactic

content increased significantly faster for the acid-terminated films by either day 7 or day 21
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compared to the ester-terminated films (Figure 4-7), further confirming the faster erosion
apparent in acid-terminated polymers. The polymer chains equipped with an alkyl ester-end are
more hydrophobic and can reduce the polymer hydrolysis rate and onset due to decreased water
uptake and lack of acid end-groups available to engage in auto-catalyzed hydrolysis.#4:64:240
Huang et al. showed increasing PLGA carboxylic acid end-groups positively correlated with an
increased hydrophobic drug release, and by combining acid- and ester-terminated PLGAs they
were able to tailor an intermediate drug release from PLGA films.?** The type of ester end-
capping is not typically reported by polymer manufacturers but has been shown to affect polymer
hydrolysis. As an example, Tracy et al., observed a case where differences in the ester end-cap
type can overcome differences in molecular weight between PLGA microspheres.*? The end-cap

type can be determined by NMR and would be an interesting future investigation to compare

between manufacturers.**

4.4.3 Effect of formulation geometry

To investigate the influence of formulation geometry, we compared 75/25, acid-
terminated, “low” molecular weight (7-12 kDa) PLGAs, Expansorb® DLG 75-2A, Purasorb®
DLG 7502A, Resomer® RG 752H, and Wako® 7515, as implants and microspheres.
Geometrically larger implants had increased water uptake (Figure 3a-d), and faster initial
degradation (Figure 4-3e-h) in the first week compared to microspheres of the same polymers,
likely due to enhanced effects of auto-catalysis from PLGA acidic byproducts unable to escape
as efficiently from larger geometries.5*?41:242 As seen in Figure 4-3m-n, the lactic content in
microspheres steadily increased over incubation time, from the initial ~75% to 81-86% after 28
days. Implants, however, dramatically increased to ~92-97% lactic content within the first 2

weeks of incubation. Glycolic linkages are known to be labile to hydrolysis?*, but interestingly,
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here, the enhanced auto-catalysis in the larger geometry appeared to preferentially affect glycolic
linkages. Implants had faster onsets of erosion (Table 4-3), 3-10 days, compared to their
microsphere counterparts, 15-23 days, but eventually, implant erosion slowed down resulting in
slower overall apparent rate constants than microspheres (Table 4-2). Despite the fact that
implants had a faster initial degradation, implants and microspheres had similar erosion profiles
over the first month (Figure 4-3i-1), possibly because the degradation products may not have
been able to escape due to the larger geometry of implants (0.5 mm diameter x 0.5 cm length) vs.
microspheres (32-63 um). Implants were mostly “poly(lactide)” by two weeks, which would be
expected to hydrolyze slower and explains why both the degradation and erosion slowed down
after having faster initial rates. Microspheres also have a higher surface area to volume ratio
influencing their eventual faster erosion. Typically, the thicker the PLGA device, the faster the
degradation.?*> Our results showed that the larger geometry implants resulted in faster initial
degradation than microspheres, but an overall slower degradation. Similar results were reported
by Witt et al., where PLGA rods initially degraded faster than PLGA microspheres, but
eventually slowed down.23¢ They also observed that the erosion of the rods was delayed and did
not coincide with the faster initial degradation. No analysis was done on the degradation
products or differences between the lactic and glycolic degradation, but it is possible that a

similar behavior occurred.

4.4.4 Effect of polymer manufacturer

To compare the effects of different manufacturers, we focused on formulations that had
the same L/G ratio, end-capping, and similar starting molecular weights to keep all variables as
constant as possible. Therefore, /) Expansorb® DLG 50-5A, Resomer® RG 504H, and Purasorb®

PDLG 5004A films and 2) Expansorb® DLG 50-2A and Resomer® RG 502H films were
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compared. The water uptake between these films was generally very similar (Figure 4-4a,¢), but
they diverged in their initial first order degradation constants, determined over the first three
days of incubation using a least squared linear regression analysis (data not shown). Expansorb®
DLG 50-5A and Purasorb® PDLG 5004A both had faster initial degradation rate constants,
kaeg=0.108 days™' and 0.105 days™!, respectively, than Resomer® RG 504H, kqe,=0.078 days™.
Expansorb® DLG 50-2A initial degradation rate constant, k4,=0.13 days!, was slightly faster
than Resomer® RG 502H, k4e=0.108 days™'. Our lab previously analyzed the monomer sequence
distribution of these same polymers using high resolution >*CNMR and determined the
blockiness (R, presence of glycolide linkages), and the block length (Lg, length of the glycolide
sequences) by determining relative intensities of the glycolyl and lactyl carbonyls.?** In the case
of Expansorb® DLG 50-5A, Resomer® RG 504H, and Purasorb® PDLG 5004A films, both an
increased glycolic blockiness and increased glycolic block length appeared to be influential 244
Expansorb® DLG 50-5A polymer had a higher glycolic block length, Lg=4.0, than both
Purasorb® PDLG 5004A, Lg=3.2, and Resomer® RG 504H, Ls=2.9, polymers. While Purasorb®
PDLG 5004A had a slightly lower block length, it had a higher glycolic blockiness, Rc=1.6, than
Expansorb® DLG 505A, Rc=0.7, and Resomer® RG 504H, Rc=1.3. Expansorb® DLG 50-2A
polymer had higher glycolic block length and blockiness values, Lc=4.2 and Rc=1.9, than
Resomer® RG 502H, Lg=3.0 and R=1.4.2* Both the presence of glycolic linkages and the
longer length of these glycolic sequences can influence the faster initial rate of degradation.
Expansorb® DLG 50-5A films showed an accelerated onset of erosion compared to the other two
polymer formulations, Resomer® RG 504H and Purasorb® PDLG 5004 A, but a significantly
slower overall erosion rate compared to Resomer® RG 504H (Table 4-3), so the faster

degradation may have led to a faster initial onset of erosion within the polymer film. Similarly,
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Expansorb® DLG 50-2A had a faster onset of erosion but a slower overall rate of erosion
compared to Resomer® RG 502H (Table 4-3). Although the erosion profiles (Figure 4-4c,g) do
not clearly show these differences due to inherent variability in weighing the degraded films, we
have more definitive evidence from 'HNMR determining the lactic content remaining in the
samples after incubation. Figure 4-4d,h shows the lactic content remaining in the films after
incubation for 7, and 21 or 28 days. Expansorb® DLG 50-5A revealed a higher lactic content,
~59%, than Resomer® RG 504H, ~56%, and Purasorb® PDLG 5004A, ~59%, after 28 days. As
the initial lactic content for Purasorb® PDLG 5004A was higher (51%), the changes in lactic
content are less significant compared to the other two film polymers. The change of lactic
content was less pronounced for Expansorb® DLG 50-2A and Resomer® RG 502H films. In both
two cases, the Expansorb® films lost glycolic units faster than the Resomer® films, as expected
with their higher glycolic block lengths and faster initial degradation rate. This can also explain
why both erosion and degradation rates eventually slow down because these polymers had
slightly higher lactic content after the initial glycolic unit loss, which is expected to erode slower.
Besides the block length, both the Expansorb® and Purasorb® polymers had higher residual
monomers, as reported from their certificates of analysis, than the Resomer® polymers.
Expansorb® DLG 50-2A and DLG 50-5A both had 0.5% total residual monomer and Purasorb®
PDLG 5004A had 1.3%, while Resomer® RG 502H and 504H had 0.2% and 0.3% total residual
monomer, respectively. The residual monomer could potentially contribute to faster degradation
due to the increased presence of carboxylic acids and increased plasticization, resulting in
enhanced acid-catalyzed hydrolysis, but may not be as influential in smaller geometries (e.g.,
thin films) since the residual monomer would be expected to efficiently escape the polymer

matrix upon hydration.*>4¢
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Microspheres and implants of Wako® 7515, a PLGA synthesized by polycondensation??’,
consistently degraded faster than the comparable formulations from Expansorb® DLG 75-2A,
Resomer® RG 752H and Purasorb® PDLG 7502A, PLGASs synthesized by ring-opening
polymerization (Figure 4-3, Table 4-2). The initial apparent first order degradation rate constant,
determined from the first 7 days of incubation, of Wako® 7515 microspheres was 0.068 days™!
compared to 0.061, 0.060 and 0.052 days™' of Expansorb® DLG 752A, Resomer® RG 752H and
Purasorb® PDLG 7502A microspheres, respectively. The initial apparent first order degradation
rate constant of Wako® 7515 implants was 0.106 days™' compared to 0.075, 0.086 and 0.082
days™! of Expansorb® DLG 75-2A, Resomer® RG 752H and Purasorb® PDLG 7502A implants,
respectively. Wako® 7515 microspheres also had a significantly faster apparent rate of erosion
compared to the other three manufacturers, and Wako® 7515 implants showed significantly
faster kero values than Resomer® RG 752H and Purasorb® PDLG 7502A, which is consistent with
previous data from our group studying leuprolide-loaded microspheres, where Wako® 7515
microspheres showed faster drug release compared to Resomer® RG 752H microspheres.??” The
glycolic blockiness and block lengths from these four polymers alone do not completely explain
the patterns observed. Wako® 75135, the fastest eroding and degrading, had the smallest glycolic
block length, Ls=1.4, but a relatively higher blockiness, R.=0.6. Expansorb® DLG 75-2A had a
higher block length, Ls=2.5, but the lowest blockiness, Rc=0.5. Purasorb® PDLG 7502A, had the
largest block length, Ls=2.7, but a lower blockiness, Rc=0.5. Resomer® RG 752H, had a higher
block length, Ls=2.6, and the highest blockiness, R¢=0.7, yet it consistently degraded and eroded
slower. Resomer® RG 752H had the lowest reported total residual monomer, 0.5%, while
Expansorb® DLG 75-2A had 0.9%, Purasorb® PDLG 7502A had 1.8%, and Wako residual

monomer was unreported. As discussed, this level residual monomer may have minimal
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influence, especially in the microspheres, but in the larger geometry implants, the monomers
may not diffuse out as easily and may impact the degradation more. We also observed notable
differences in the dry glass transition temperatures (T) of the polymers (Table 4-1). Resomer®
RG 752H had the highest Tg, ~47°C; Expansorb® DLG 75-2A, Purasorb® PDLG 7502A and
Wako® 7515 all had lower T, values of ~40°C, ~42°C and ~41°C, respectively, characteristic of
higher polymer chain mobility, another possible function of the residual monomer content. It
should be noted that the Expansorb® DLG 75-2A implants and microspheres had a lower starting
molecular weight (6 kDa) than the other three polymers which is also related to its lower T,.
There may be multiple variables in their manufacturing processes causing differences in
performance, not only the different synthesis methods, polycondensation vs. ROP, but the
different types and levels of catalysts and initiators, the reaction temperature and timing
conditions, or the purification process, that would require more information and further
investigation, ideally with more batches.

High molecular weight, 75/25 ester end-terminated PLGA films across three brands,
Expansorb® DLG 75-9E, Lactel® DL-PLG B6007-2, and Resomer® RG 756S were compared.
Resomer® RG 7568 film preparation resulted in lower starting molecular weights than expected
despite careful processing and handling, which resulted in a much higher water uptake while
Expansorb® DLG 75-9E and Lactel® DL-PLG B6007-P had similar water uptake profiles (Figure
4-5a). Despite these differences, the three polymer film formulations had similar degradation and
erosion behaviors (Figure 5b,c). Degradation rates (0.032-0.038 days™), molecular weight half-
lives (18.5-21.6 days), Z,, values (20.8-23.6 days), and erosion rates (0.01-0.021 days™') (Tables
4-2 and 4-3). All three polymer films eroded slowly, <42%, for the first 42 days (Figure 4-5¢).

Resomer® RG 7568 films had erosion towards the end of the 60 days incubation resulting in a
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significantly faster k., value (Table 4-3). Based on our previous analyses, Resomer® RG 756S
polymer had a higher blockiness value, Re=1.7, compared to both Expansorb® DLG 75-9E
polymer, R=0.5, and Lactel® DL-PLG B6007-2 polymer Rc=0.6. The higher blockiness may
have also contributed to the elevated water uptake™ as well as a significantly faster loss of lactic
units, determined by "THNMR (Figure 4-5d). Overall, the higher molecular weight, higher L/G
ratio, and ester end capping demonstrate how a combination of PLGA properties can be used to
dramatically reduce degradation and erosion and would be expected to lead to a slower drug
release.

Compared to 75/25, acid-terminated PLGA implants of similar molecular weight, PLA
implants typically showed slower degradation and significantly reduced erosion over 56 days, as
expected with the 100% racemic lactide polymers. PLA implants, Expansorb® DL 100-2A,
Resomer®R 202H, and Purasorb® PDL 02A eroded very slowly, with a small initial erosion
phase in the first few weeks followed by a small increase in erosion that resulted in 25-35% mass
loss after 56 days of incubation (Figure 4-6). Between the manufacturers, Resomer® R 202H had
the slowest water uptake, and slowest degradation and erosion (Figure 4-6, Tables 4-2 and 4-3).
Resomer® R 202H had the lowest amount of residual monomer listed on its certificate of
analysis, 0.2%, compared to Expansorb® DL 100-2A which had 1.8%, and Purasorb® PDL 02A
which had 2.0% of total residual monomer listed. We also previously analyzed the same batch
used of Purasorb® PDL 02A by "HNMR and determined it had some residual glycolide impurity
present.** Resomer® R 202H also had the highest dry Ty, ~51°C, indicative of its lower residual
monomer, while Expansorb® DL 100-2A and Purasorb® PDL 02A revealed T, values of ~45°C
and ~46°C, respectively (Table 4-1). To further characterize these differences, we evaluated the

molecular diffusion as a function of incubation time with microspheres incubated with BODIPY
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fluorescent dye, which is known to diffuse through solid PLGA over reasonable time scales and
can be monitored by laser fluorescence confocal microscopy.??® Increases in the diffusion
coefficient of BODIPY, may be a results of higher polymer chain mobility and polymer
hydrolysis rate. Figure 4-6d-g shows the BODIPY diffusion coefficients and representative
confocal images of a single microsphere of each of the three polymers. Purasorb® PDL 02A, the
fastest degrading polymer, had a significantly greater diffusion coefficient on day 21 of
incubation, compared to the other two polymers, and the confocal image further showed how
degraded these microspheres became, while Resomer® R 202H, the slowest degrading, was still
“intact” by day 21.

We observed differences in sequence distribution, glass transition temperatures, and in
reported residual monomer between polymer manufacturers that manifested in differences
between their water uptake, degradation, and erosion behaviors when formulated into films,
implants and microspheres. These differences may arise from the polymer synthesis process and
manufacturing parameters. For example, the ROP method has several variables involved such as
the reaction temperature, time, amount of catalyst present, amount of co-initiator present, timing
of monomer addition, and the extent of purification. Differences in optimized conditions between
manufacturers, or inherent variations between batches within the same manufacturer can lead to
deviations in polymer properties that may not be monitored or reported. The amount of catalyst
or initiator species present can help to increase the molecular weight quickly, but can also result
in residual monomer, or higher chain dispersity. The addition of monomer to the growing chain
can be affected by the catalyst used and by the reactivity of each monomer. Glycolic units have a
higher reactivity of addition to the growing polymer chain end, both when it is a lactic or

glycolic unit, which can result in “blockiness” of lactic or glycolic units.”?24 Over time, side
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reactions including chain back-biting and chain rearrangement can lead to the formation of cyclic
dimers and more chain polydispersity or residual monomers.*® In general, ROP offers better
control over the sequence distribution and molecular weight than polycondensation, especially
when no catalyst is used in polycondensation.?*® The effects of the monomer sequence have been
extensively studied by Meyer et al. and it is clear that the heterogeneity of the sequence, the
increased number or lengths of the glycolic linkages, leads to significantly faster swelling and
hydrolysis and, thus, polymer erosion.**->3243 These studies were done comparing a typical
polymer synthesized by ROP to a sequence-controlled polymer, so the differences were very
evident. Here, we compared random (co-)polymers, synthesized by ROP, except for Wako®
7515, and their differences in glycolic blockiness and block lengths are less evident. The
differences in glycolic sequence that we observed between manufacturers appeared to result in
increased initial degradation and generally resulted in heterogenous degradation of the glycolic
and lactic monomers. This faster initial hydrolysis could potentially lead to a faster initial release
of drug which could result in a non-ideal release profile, or dose dumping. We also observed
apparent effects of increased residual monomer on water uptake, hydrolysis, and erosion.
Although the residual monomers would be expected to diffuse out of smaller geometries quickly,
it is possible they are more influential in a larger geometry, as seen in the 75/25 acid-terminated
PLGA and in the acid-terminated PLA implants. To better understand the effects of sequence
distribution on degradation and erosion behaviors, a larger number of comparisons is needed.
Furthermore, it would be interesting to investigate the differences between multiple product
batches within the same manufacturer. The data here is a limited example but begins to establish
the effects of variations between manufacturers or polymer synthesis methods on PLGA

degradation and erosion behavior.
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4.5 Conclusion

This work presents data for 17 commercially available PLGA polymers from five different
manufacturers. We investigated differences between manufacturers by comparing drug-free
films, implants and microspheres with similar L/G ratios, end-capping, and molecular weights.
Increased glycolic block lengths in 50/50, acid-terminated PLGA films appeared to increase the
initial degradation rate constants. A lower residual monomer in PLA, acid-terminated implants
appeared to result in lower water uptake and slower overall degradation and erosion. In 75/25,
acid-terminated PLGA implants, the larger geometry had enhanced acid-catalyzed hydrolysis
and, thus, increased initial degradation rate constants compared to microspheres. Furthermore,
the enhanced acid-catalyzed degradation selectively affected the glycolic units in implants,
"HNMR data showing the implants becoming almost completely “poly(lactide)” within two
weeks. A more gradual loss of glycolic monomers occurred in microspheres, suggesting a
difference in their hydrolytic mechanisms. Any change in the formulation water uptake,
hydrolysis and degradation, or erosion would be expected to also affect drug release since these
events are all involved in the mechanism of release. Overall, this work provides a sizeable
comparison of commercially available polymers and has investigated differences in less studied
variables, such as the glycolic monomer distribution, that can provide a better understanding of

selection of polymers for a desired polymer behavior.
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Polymer L/G End Cap Molecular Weight, kDa Vis:(l)lshif;i n(;L /g ]1);3](? ?SDC)’ Lot No.
Expansorb® DLG 50-2A 50/50 Acid 13 0.19 41.5(0.2) PP10056489
Resomer® RG 502H 50/50 Acid 14 0.22 45.3 (0.1) BCBZ7916
Expansorb® DLG 50-5A 50/50 Acid 48 0.47 48.0 (0.2) PP10059967
Resomer® RG 504H 50/50 Acid 52.9 0.57 48.4 (0.1) BCBX4108
Purasorb® PDLG 5004A 50/50 Acid 29.1 0.37 46.3 (0.4) 1110001124
Expansorb® DLG 50-2E 50/50 Ester 17 0.21 38.0(0.2) C100011425
Resomer® RG 502 50/50 Ester 14.7 0.20 43.5(0.3) BCCB0256
Expansorb® DLG 75-2A 75/25 Acid 8 0.12 39.8 (0.3) PP10056560
Resomer® RG 752H 75/25 Acid 13.4 0.22 46.9 (0.1) BCBw4713
Purasorb® PDLG 7502A 75/25 Acid NR 0.19 41.9 (0.8) 1802003617
Wako® 7515 75/25 Acid NR 0.18 41.3(0.3) TWO.1257
Expansorb® DLG 75-9E 75/25 Ester 136 0.95 49.9 (0.1) C100011427
Lactel® DL-PLG B6007-2 75/25 Ester NR 0.81 45.9 (0.1) A17-068
Resomer® RG 7568 75/25 Ester NR 0.90 51.2(0.2) BCBZ4420
Expansorb® DL 100-2A 100/0 Acid 11 (0.1) 0.18 45.2 (0.1) PP10059963
Resomer® R 202H 100/0 Acid 16 (0.1) 0.24 50.9 (0.1) BCBV6665
Purasorb® PDL 02A 100/0 Acid 14 (0.1) 0.22 46.2 (0.1) 1703003820

Table 4-1. List of polymers used and their properties. L/G ratio and end-capping as listed by the manufacturer, molecular
weight as reported by the manufacturer (determined by gel permeation chromatography), inherent viscosity as reported by the
manufacturer, dry glass transition temperature (T,) as determined by differential scanning calorimetry (n = 2), and the lot
number for each polymer used. Similar polymers are shown grouped together. “Resomer® inherent viscosity (i.v.): 0.1% in
chloroform at 25°C. Expansorb®i.v.: 0.5% chloroform, 25°C. Purasorb® PDLG 50044 i.v.: 0.5 g/dL in chloroform at 25°C.
Purasorb® PDLG 75024, and Purasorb® PDL 024 i.v.: 1 g/dL in chloroform at 25°C. Lactel® i.v.: 0.5 g/dL in chloroform at

30°C. Wako® i.v. method not reported.
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Polymer

Formulation

Formulation Starting

Kyegr days!

MW half life, days

Vehicle MW, kDa
Expansorb® DLG 50-2A Film 10.9 (0.1) 0.092 (0.012) :I % 7.6(1.4)
Resomer® RG 502H Film 12.6 (1.1) 0.123 (0.005) 5.5(0.3)
Expansorb® DLG 50-5A Film 35.3(0.6) 0.086 (0.004) 8.0 (0.6)
Resomer® RG 504H Film 36.9(0.1) 0.093 (0.004) 7.5(0.4)
Purasorb® PDLG 5004A Film 29.1(0.2) 0.086 (0.004) 8.1(0.5)
Expansorb® DLG 50-2E Film 15.4(0.1) 0.049 (0.006) :I % 14.3 (2.6)
Resomer® RG 502 Film 13.2(0.1) 0.032 (0.004) 214 (3.7)
Expansorb® DLG 75-2A Implant 6.1(0.1) 0.047 (0.009) ]* - 14.8 (3.9)
Resomer® RG 752H Implant 10.5 (0.1) 0.067 (0.005) 1% " 104 (1.2)
Purasorb® PDLG 7502A Implant 9.4(0.2) 0.049 (0.009) 14.1 (3.6)
Wako® 7515 Implant 12.6 (0.2) 0.078 (0.008):I * 4 8.9(1.2)
Expansorb® DLG 752A Microsphere 6.0 (0.2) 0.054 (0.001) 12.8 (0.5)
Resomer® RG 752H Microsphere 11.7 (0.1) 0.057 (0.002) ]* 7 12.1 (0.7) i|*
Purasorb® PDLG 7502A Microsphere 9.6 (0.1) 0.050 (0.001) * 1% 13.9(04) ] * }* *
Wako® 7515 Microsphere 13.1 (0.7) 0.076 (0.002) ]* J 9.1(0.4) ] *
Expansorb® DLG 75-9E Film 71.0 (10.5) 0.038 (0.002) 18.5(1.5)
Lactel® DL-PLG B6007-2 Film 79.8 (2.5) 0.035 (0.003) ]* 20.0 (2.8) ]*
Resomer® RG 7565 Film 39.2 (6.5) 0.032 (0.001) 21.6 (1.2)
Expansorb® DL 100-2A Implant 10.5 (0.1) 0.038 (0.003) 18.3 (2.3)
Resomer® R 202H Implant 15.5(0.2) 0.035 (0.002) }* 20.0 (1.8) i| *
Purasorb® PDL 02A Implant 13.7 (0.1) 0.049 (0.002):| * 14.0 (0.8) ] *

Table 4-2. Formulation vehicle starting molecular weights, apparent first order degradation rate constants and molecular

weight half-lives for polymer formulations. Data represents the mean (standard error), n=3. Statistics represent unpaired t-test;

*p<0.05.
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Formulation
-1
Polymer Vehicle t,,» days K, . days
Expansorb® DLG 50-2A Film 1.3 (0.2) ]* 0.048 (0.006) :I*
Resomer® RG 502H Film 5.5(0.4) 0.080 (0.004)
Expansorb® DLG 50-5A Film 11.8 (0.5)] . 0.047 (0.002) ] "
Resomer® RG 504H Film 16.4 (1.3) 0.060 (0.003) ] *
Purasorb® PDLG 5004A Film 15.9 (2.8) 0.076 (0.01)
Expansorb® DLG 50-2E Film 13.5(3.2) 0.047 (0.008)
Resomer® RG 502 Film NA
Expansorb® DLG 75-2A Implant 3.0 (0.1) :l " 0.044 (0.001) ] *
Resomer® RG 752H Implant 9.7 (0.8) . } * 0.030 (0.002) ] *
Purasorb™ PDLG 7502A Implant 45 (0.1)] -‘* * 0.025 (0.001) J* -‘*
Wako® 7515 Implant 6.6 (0.8) |* 0.042 (0.004) ]*
Expansorb® DLG 75-2A Microsphere 14.7 (2.2) ]* 0.100 (0.011)
Resomer® RG 752H Microsphere 23.1(1.8) } * 0.084 (0.005)
Purasorb® PDLG 7502A Microsphere 21.0 (0.6) 0.086 (0.002) } *
(Wako® 7515 Microsphere 20.9 (5.8) 0.154 (0.03) :l*
Expansorb® DLG 75-9E Film 20.8 (6.1) 0.010 (0.002)
Lactel® DL-PLG B6007-2 Film 21.8 (10.0) 0.011 (0.003) } *
Resomer® RG 7563 Film 23.6 (7.0) 0.021 (0.006)
Expansorb® DL 100-2A Implant 19.4 (0.8) 0.014 (0.003)
Resomer® R 202H Implant NA
Purasorb® PDL 02A Implant 22.9 (6.2) 0.014 (0.003)

Table 4-3. Apparent erosion rates and onsets for polymer formulations. Data represents average (standard error), n=3.
Statistics represent unpaired t-test, *p<0.05. NA = Not applicable, erosion not significant enough to analyze kinetics.
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Figure 4-1. Effect of molecular weight on erosion behavior in 50/50 acid-terminated PLGA films. Kinetics of water content,
molecular weight (MW) loss as determined by gel permeation chromatography, and mass loss are represented for Expansorb®

(a-c) and Resomer® (d-f) films, respectively. Data represents mean = standard error (SE), n=3.

100 a 100 b 100 C
- s 3 50-
90 % 9% Expansorb® DLG 50-2E
80 ~ 80 80 | —*Expansorb® DLG 50-2A
S
R Sl o
£ 60 = 60 2 60
o = -
T 50 g 50 2 50
S K H
Y £ 40 = 40
< 5 B
= 30 2 30 30
20 e-Expansorb® DLG 50-2E 20 | -e-Expansorb® DLG 50-2E 20
10 10 - 10
. & Expansorb® DLG 50-2A . -&-Expansorb® DLG 50-2A 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, Days Time, Days Time, Days
100
->-Resomer® RG 502
90
~ 80 | -AResomer® RG 502H
S5
g = g 60
5 E )
£ H 2
z £ zw
< S B
® 2 30
20 --Resomer® RG 502 -e-Resomer® RG 502 20
10 -&-Resomer® RG 502H 10| aResomer® RG 502H 10
0 s 0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 -10 5 10 N 25 30
Time, Days Time, Days Time, Days
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Chapter 5:  Conclusions, Significance, and Future Outlook

The work presented in this thesis discusses poly(lactic-co-glycolic acid) (PLGA) as a
biodegradable delivery system for specialized drugs and excipients of interest in brain cancer
treatment. Implants, microspheres and thin films were examined. Currently, there are no long-
acting release products for drug molecules larger than 5,000 Da such as proteins and monoclonal
antibodies (mAbs), likely due to instability issues during encapsulation and during long-term
release from PLGA. Most currently reported long-term controlled release approaches for mAbs
are insufficient in one or more aspect to be translated into a successful product. We identified
several desired criteria for a successful long-acting-release product, namely, a high loading
allowing for relevant therapeutic levels, a low initial burst release to avoid dose dumping, a slow
and controlled release >2 months to avoid multiple injections, complete release (>80%) of the
total loaded mAD to avoid instability of unreleased mAb, retained structure to avoid loss of
activity or potential immune reactions, high activity or released mAb for optimal therapeutic
efficacy, and proof of in vivo efficacy. Here, we have shown using stabilizing excipients, such as
trehalose, to protect during cryomicronization and lyophilization, and MgCOs as an antacid to
protect from the acidic microclimate that occurs during PLGA degradation, we can prevent
instability of encapsulated monoclonal antibodies and maintain their structure and in vivo
activity. We found in order to balance the necessary high level of stabilizing excipients, achieve
a high loading of mAb, and sustain the release over 2 months with a low initial burst, it was

crucial to implement a drug-free PLGA coating around the drug-loaded core implant.
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Glioblastoma (GBM) is a devastating disease that has a poor prognosis and is challenged by an
immunosuppressive tumor environment with few treatment options due to the blood brain and
blood tumor barriers which do not allow for successful treatment with mAb therapeutics without
extensive systemic toxicities, and thus a local sustained release option is a viable option for
improved outcomes as has been used in the Gliadel® BCNU slow release wafers. Our PLGA
implants delivering immune checkpoint inhibitors, anti-PD-1 or anti-CTLA-4, combined with
radiation, demonstrated improved survival after implantation in an intracranial murine GL26
GBM model. Long-term survivors from the initial treatment group underwent a contralateral
tumor cell rechallenge and had improved survival compared to treatment-naive mice, exhibiting
the production of a long-term immunological memory from our initial treatment. Glioblastoma
tumors are highly heterogenous and have a high rate of recurrence, often in the same area of the
original tumor. Here we also developed PLGA implants delivering CpG ODN and docetaxel to
offer a multi-faceted approach for treating GBM. CpG is a TLR9-agonist and will help to initiate
an immune response. Docetaxel is an apoptosis-inducing agent that will induce tumor-cell death
and help to improve the tumor penetration of itself and other therapeutics by reducing the
abnormal solid tumor stress present in GBM. Here, we have formulated implants delivering
CpG, with albumin, a porosigen and buffering agent, and MgCQOs3, an antacid. CpG was released
over ~40 days and showed retained TLRY binding activity in vitro. Docetaxel was successfully
formulated in PLGA implants at a high loading (40-60%) and slowly released >80% of the total
docetaxel for >100 days. Our PLGA implants capable of delivering both immune checkpoint
inhibitors, CpG, and docetaxel are an advantageous approach not only for their local controlled
release, but with the advancement of surgical capabilities, they are able to be inserted through a

trocar syringe without the need for invasive surgery. Our in vivo work is lacking extensive
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controls to compare to the current standard of care, or to systemic controls. In the future, we will
test our combined therapeutic approach to treat glioblastoma against proper controls and also
further characterize the immunological responses. Future work would include implanting
combinations of all four implants in a subcutaneous GBM tumor model and comparing our local
controlled release delivery option to systemic or even, locally injected controls. We will further
evaluate the best candidate in an intracranial GBM model to better represent the disease state and
to evaluate the elicited immune response and enhancement of tumor penetration of our drugs
after including docetaxel, a tumor penetration enhancing agent.

Another great application of our mAb PLGA implants is intraocular delivery of anti-VEGF
for the treatment of wetAMD. Anti-VEGF therapies, such as Avastin®, are used on and off-label
to treat wetAMD by monthly or twice-monthly, intravitreal injections. To achieve a more
applicable, patient-compliant therapeutic option for intraocular administration, we need to adjust
our implants to <0.5 mm diameter. We first approached this by reducing the diameter of the
silicone tubing used while keeping our mAb-loaded core formulation the same to retain the
stabilizing effects of our added excipients. The smaller diameter implants required additional
PLGA coating in order to achieve slow and controlled release of stabile bevacizumab for ~50
days, likely due to the now shorter lateral distance that the mAb has to traverse to release from
the PLGA matrix. Next, we investigated the efficiency of our coating process by using a PLGA-
glucose STAR (STAR) polymer to coat the linear PLGA, mAb-loaded core implant. One coating
of the STAR polymer was not able to slowly sustain the release of bevacizumab, so we applied a
second coating. The second coating of the STAR polymer resulted in incomplete release and
increased water uptake and ultimately increased instability of bevacizumab realized by a

decrease in the monomer content. This investigation showed the importance of the environment
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inside the implant for the stability of the mAb; the acidic biproducts of PLGA degradation need
to be able to efficiently escape in order to prevent acid-induced instability. To achieve the full
potential of our mAb implants for intravitreal applications, more research will be done to reduce
the implant diameter even further while still maintaining our slow and continuous release of
stabile mAb. This could be approached by finding a more suitable tubing that still allows for
acetone evaporation to occur, or by trying other options such as compression molding or twin-
screw extruders to have better control over our implant diameter.

Although PLGA is the most commonly investigated polymer for controlled release due to its
ease of processing, biocompatibility, and successful use in FDA approved products, there have
not been more than ~19 approved products using PLGA since the first approval in 1980s, and no
generic products available in the U.S. The process of approval for PLGA-based drug products
could be improved by better knowledge of available commercial PLGAs and the effects of
changing their properties and batch variations that may cause detrimental setbacks for
reproducibility. Here, we performed a sizeable comparison into in vitro degradation and erosion
of commercial PLGAs as a function of L/G ratio, MW, end-capping, manufacturer, and
formulation geometry. Most notable, we found that the increased auto-catalysis preferentially
affected the loss of glycolic units over lactic units in 75/25, acid-capped PLGA implants
compared to microspheres. To our knowledge, this is the first time such an effect has been
demonstrated, and the strong preferential loss of glycolic acid units could be predicted to be
responsible for PLGA specimens retaining mass much longer than predicted. Also significant,
we found that comparable PLGAs from different manufacturers could differ in their
performance. Higher glycolic sequence blockiness or block lengths, led to increased initial

degradation and faster erosion of glycolic units in 50/50, acid-capped PLGA films. Manufacturer
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differences such as an increased acid number and increased residual monomer appeared to lead
to increased water uptake and increased degradation in PLA implants. These studies have
provided insight into effects of changes in PLGA source and the effects of lesser-reported
properties such as sequence distribution. This work would be improved by further investigating
more lot numbers within one PLGA product to further confirm our findings and to compare the
effects on encapsulated drug release. The work could also provide insight as to PLGA selection

when translating the PLGA dosage forms for treatment in brain cancer.
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