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Abstract

Cancer is one of the most virulent diseases in modern times that is ranked as the second
leading cause of death worldwide. The conventional and modern treatment protocols (e.g.
chemotherapy and immunotherapy) for cancer still have some drawbacks that range from mild
adverse effects to limited efficacy and the risk of tumor recurrence. Long-acting depots can
mitigate these drawbacks and lend the current therapeutic protocols with improved efficacy and
safety through their numerous advantages such as localizing the drug administration, prolonging
the drug exposure, protecting the drug against degradation, conferring targeting functionality, and
reducing side effects. Therefore, the utilization of long-acting depots for cancer therapy was
investigated in this thesis. The first chapter describes the long-acting depots concerning their
definition, historical development, advantages, and the major classes that are prevalent in the
pharmaceutical market.

The second and third chapters present the utilization of long-acting depots for cancer
immunotherapy. The second chapter discusses the development of multivesicular liposomes
(MVLs) for the localized depot delivery of ingenol-3-angelate (I3A), a protein kinase C agonist.
The in vitro release study, in vitro cytotoxicity assay, and the in vivo pharmacokinetics
demonstrated the potential MVLs to overcome I3A’s poor solubility, sustain drug release, and
prevent the rapid clearance from the injection site. The third chapter describes the use of the ethyl
oleate (EO) oil vehicle for prolonging the release of two developed kifunensine (KIF), named
JDW-11-002 and JDW-11-008. These analogues act as potent inhibitors of type | mannosidase and
potential agents for cancer immunotherapy. The therapeutic efficiency of the developed
formulation was examined using an immunocompetent mice model of colon cancer which showed
a delay in the tumor growth with JDW-11-008 treatments. The immunohistochemistry analysis

demonstrated overexpression of high mannose N-glycans with all KIF treatments and an indication



of a possible antitumor immune response. While chapter four discusses a photodynamic therapy
(PDT) approach for the treatment of head and neck squamous cell carcinoma (HNSCC). In that
chapter, we relied on an alternative approach to long-acting depots, in which we developed
hyaluronan nanoconjugates to enhance the specific tumor cells’ uptake and retention of the
photosensitizer, pyropheophorbide-a (PPa). The results demonstrated improvement in the water
solubility of PPa, increase in its accumulation in HNSCC, and preservation of its photoactivity.
The in vivo efficacy and survival time of the developed formulation were statistically better than
conventional PDT therapy. Accordingly, we believe in the long-acting depots’ potential to

substantially contribute to the pursuit of next-generation cancer therapeutics.
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Chapter I: Introduction



1.1 Immediate-release formulations

An ideal drug delivery system (DDS) will administer the active pharmaceutical ingredient
(API) to the site of disease at a predetermined concentration within the therapeutic range for a
period that is appropriate for the disease type.!® A DDS should also be biocompatible,
biodegradable at an appropriate rate to the API release, and not harmfully interact with the API
(i.e. affect stability).*® The long-term goal of developing a DDS is to be translated into a clinical
application, where it can improve patients’ health and wellbeing. For that to occur, API should be
formulated in an appropriate DDS in which they show promising in vitro results that are correlated
with the in vivo pharmacokinetics and pharmacodynamics.® The whole process is summarized in
Figure 1.

DDSs can be categorized according to their release mode as immediate and modified
release systems. Historically, most DDSs were the immediate type, where they released the
payload once came into contact with body fluids.” Immediate-release DDS allows quick attainment
of therapeutic concentration, but concentrations may not stay within the therapeutic window for
very long, especially for drugs having a rapid clearance rate.® Immediate-release DDS is useful
when the disease condition requires quick intervention (e.g. acute diseases and painkillers).®
Otherwise, frequent administration of such formulation is required to maintain a therapeutic
concentration. In addition, issues associated with immediate-release forms include variation in API
plasma concentration, which may risk having systemic toxicity, a requirement of patient adherence
to dosing regimen, and the possibility of invasive multiple administrations, e.g. for injectables.®°
Thus, modified-release formulations have emerged as a potential solution for some problems
associated with immediate-release dosage forms, especially when long-term treatment (i.e.

chronic) is required.t12
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1.2 Modified-release formulations

1.2.1 Terminology

As the name suggests, modified-release formulation refers to a modification in the API
release rate as opposed to the immediate-release DDSs. The family of modified-release involves
other commonly used terms such as delayed-release, sustained-release, extended-release,
controlled-release, long-acting formulation, depot formulation, and others.**'* Although most of
them are synonyms, a few of them have marginal differences. For instance, delayed-release is
different than extended-release. A delayed-release is an immediate release profile, but with a
defined lag time. The amount of delayed time may depend on a specific change in the formulation
environment such as pH, for example in the case of enteric coating. In that case, API release is
delayed until enteric coating erodes after passing the acidic stomach media and reaching the neutral
intestines, which is beneficial to protect API from acidic media and protect the stomach mucosa
from adverse effects of the APL.Y® On the other hand, extended-release DDSs prolong the API
release over a longer duration of time, starting the release from the zero point (Figure 2). The
United States Pharmacopeia (USP) deals with controlled, prolonged, extended, sustained, and
long-acting releases as synonyms, and they are distinguished by sustaining the API release over a
long duration compared to the immediate-release DDSs. However, they only allow the term
“extended-release” for official article titles.®®* Whether they indicate a particular period of release,
generally, these terms indicate that the modified release profile allows for a reduction in the
frequency of dose administration. Thus, release may occur over hours or even days, as long as it
allows for a reduction in dose frequency.® In this thesis, the modified-release term is used as the

parent of that family, while extended, sustained, and prolonged are used interchangeably to



describe the same approach. We will rely more on the term “long-acting depot formulations” to

refer to the injectable localized delivery of therapeutics.

— Immediate release

Delayed release

Extended release

Drug plasma concentration

Time

Figure 2 Schematic diagram showing the difference between immediate-release, delayed-release,
and extended-release drug delivery vehicles with respect to their behavior in releasing API over
time. MTC stands for minimum toxic concentration, whereas MEC stands for minimum effective

concentration.



1.2.2 Historical perspective

The development of modified-release formulations can be grouped into three generations
from 1950 to today, that follow the building of our understanding of the physicochemical and
biological barriers that need to be dealt with to control the drug release. The first-generation (G1)
began in the 1950s when Smith, Kline & French company developed Dexedrine®, a twice-a-day
modified-release product of dextroamphetamine.!” The first generation lasted until the 1970s, and
new developments and innovations were mainly for the oral and transdermal routes of
administration in which they dealt with physiochemical barriers to delivery. Oral products reduced
the frequency of administration to twice or once per day, while some transdermal products
extended the dosing to a once per week. The major release mechanisms of G1 products were
dissolution-controlled and diffusion-controlled, while other products showed different release
mechanisms such as osmosis-controlled and ion-exchange formulations.” The second-generation
(G2) of modified-release products development, which lasted from 1980 — 2010, included various
new technologies and release mechanisms. Major efforts included the development of zero-order
release Kinetic technologies as it was hypothesized that this could sustain the release in the
bloodstream and maximize efficacy and safety. However, the development of zero-order DDSs
did not show the expected success in maintaining a constant APl concentration because of the
influence of absorption kinetics.® G2 technologies introduced the delivery of many
biotechnological APIs such as proteins and nucleic acids, which required parental administration
due to their poor stability and short half-life.!®1° Nanoparticles technology was also part of G2;
they were hypothesized to improve the localization and targeting of APIs using their unique
properties (e.g. enhanced permeability and retention).? The concept of stimuli-responsive DDSs

is also a member of G2 in which biocompatible and biodegradable polymers were utilized as smart



systems to respond to external stimuli (e.g. pH and temperature).?* Although all these technologies
showed impressive results in the lab, the number of concepts that were clinically translated into
market products was much lower than G1.° One reason is that some technologies failed to consider
the biological barriers associated with the condition they treat. For instance, insulin was developed
for the pulmonary route of administration (Exubera®) as a modified-release DDS. Although the
product negates the need for invasive injections, the developed system failed to consider the low
absorption in the lungs compared to direct IV injections. This fact led to frequent daily doses, low
patient compliance, and some adverse effects, which result in the withdrawal of the product from
the market. In addition, the system failed to consider patient convenience, e.g. many patients found
that a small autoinjector pen is more convenient and easy to use than a large, bulk inhalation
device.?2 Therefore, a third-generation (G3) that is capable of addressing both the physicochemical
and biological barriers is required to have better-modified-release DDSs. Some of the G3 products
may target the API to the infection site to avoid adverse effects, while other systems may be

capable of controlling the release according to the body’s demand.®

1.2.3 Advantages

The use of modified-release formulations is recommended in the case of chronic diseases,
such as heart diseases and diabetes, that usually require frequent dosing, as it could reduce the
dosing frequency and help improve patient adherence to the dosing regimen.!! Modified-release
DDSs are also useful when a constant systemic concentration is desired such as in chemotherapy
and anesthetics.?® The advantages of modified-release formulations are numerous and benefit the
patients, healthcare providers, and pharmaceutical manufacturers. One main advantage of
modified-release formulations is maintaining the API plasma concentrations within the therapeutic

window, which protects patients from the occurrence of adverse effects if drug concentration



accidentally exceeds minimum toxic concentration (MTC), or low treatment efficacy if the drug
concentration goes below the minimum effective concentration (MEC).?* Also, the controlled
exposure of API within the therapeutic window for an extended time could help improve the poor
physicochemical properties of some APIs such as rapid clearance or low absorption. This effect is
more observed with biotechnological APIs such as proteins and nucleic acids which exhibit poor
stability and short half-life.?

Another advantage of the modified-release formulations that benefits both patients and
healthcare providers is the reduced dosing frequency. From the patients’ point of view, modified-
release formulations boost their compliance to the dosing regimen by offering fewer doses, fewer
reminders of taking doses, and thus better adherence to the dose regimen and normal daily routine.
All these benefits can contribute to improved therapeutic outcomes. Likewise, for healthcare
providers, improved patients’ adherence to dosing regimens implies better treatment success rates,
reduced stress on the healthcare facilities, capacity to accept new patients, and less overall
economic burden.?® Moreover, modified-release formulations hold potential for infection sites
with limited API penetration such as joints, the brain, and the bladder. They can localize the API
administration by direct injections into these deep tissues, which leads to better exposure to a given
API dose than if it was coming from systemic delivery.?”? Local administration can also confer
targeting functionality to the tissue of interest, and thus diminish the incidence of systemic
toxicities which could be severe for patients. For instance, taxanes, a common family of
chemotherapeutics, have very limited aqueous solubility and they were associated with many
adverse effects. When they were locally administered with polymeric nanoparticles as a form of
modified-release formulations, an improved tolerability was observed compared to the

conventional formulations that used low molecular weight surfactants (i.e. Tween 80%).2° In



regards to pharmaceutical companies, some modified-release formulations are cost-effective,
simple to manufacture, and exhibit more reproducible release profiles than their counterparts in
the immediate-release formulations. However, this is not always the case.* In this chapter, we will
focus on injectable long-acting formulations that were or are still being explored clinically as they

resemble the type of formulations developed in the following chapters.
1.3 Major classes of long-acting depot formulations in the market

Several long-acting depot formulations have demonstrated potential for controlling drug
release over the last 70 years. However, not all of them were able to make it to the market or at
least to later phases of clinical trials. In this section, we will highlight the major classes of such
formulations whose products were approved by the U.S. Food and Drug Administration (FDA).
These classes represent around 90% of the approved injectable depot formulations (Figure 3).2
We will describe these major injectable depot classes, their sustained release mechanisms,

advantages, and limitations.
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Figure 3 The cumulative number of FDA approved long-acting depot formulations over the last

70 years. (Used with permission from 2°).



1.2.4.1 QOil solutions

Oil solutions were the first injectable depot formulations when they were used for the
intramuscular (i.m.) injection of antipsychotic drugs as early as the 1950s.3! Qil solutions were
reported to extend the release from days to months, given their highly lipophilic nature and high
viscosity. A variety of oil vehicles were used for the purpose of extending the release, such as
sesame oil, castor oil, ethyl oleate, and many others. The requirements for a potential oil depot
formulation are to have high stability, low irritability, and low viscosity.32 Qils with high viscosity
are difficult to handle and cause pain during the injection process. Usually, long-chain esters are
conjugated to the loaded API (i.e. prodrugs) to increase the affinity to the oil and further prolong
the release profile. For instance, fluphenazine, a first-generation antipsychotic, was conjugated to
decanoic acid forming the fluphenazine decanoate prodrug, which extended its half-life from 7.7
h (in the case of parent fluphenazine) to 9.7 days.*® The mechanism of extending the release is that
the oil vehicle acts as a reservoir in the injection site, where the drug slowly partitions from the oil
phase to the surrounding tissue fluid where it is hydrolyzed by plasma esterases. Then, active API
can transfer to the systemic circulation via the dense blood vessels in the muscles.®*3 The release
rate is governed by the viscosity of the oil, the clearance of the oil vehicle, and the injection site
place.3? Also, the lipophilicity of the drug is a major controlling factor. Oils with lower viscosities
can better spread in the injection site, and thus increase the surface area for the drug partitioning
which leads to relatively accelerated release.?® The advantages of oil depots include the simplicity
of manufacturing, short preparation time, low cost, and high stability. However, oil depots are
limited to lipophilic molecules given their high lipophilicity unless hydrophilic molecules are

chemically modified.

10



1.2.4.2 Liposomes

Liposomes are one of the versatile drug delivery families that has been widely used since
the 1960s.® Liposomes are spherical vesicles that are composed of phospholipid bilayers
surrounding one or more aqueous compartments. Drug compounds can be encapsulated in the
aqueous compartments or the lipid bilayers.®” The versatility of liposomes is due to their unique
structure which allows them to encapsulate hydrophilic, lipophilic, or amphiphilic molecules. In
addition, the natural sources of phospholipids comprising liposomes confer high biocompatibility
and biodegradability. They were utilized for various reasons such as enhancing the solubility of
lipophilic molecules, reducing drug toxicity, imparting targeting functionality, or sustaining the
release.®® Based on composition, liposomes can be classified into conventional liposomes and
multivesicular liposomes (MVLs) which vary in structure, size, and consequently application
(Figure 4). Conventional liposomes comprise the early-reported liposomes, which are unilamellar
vesicles (ULVs) with a size range of 0.1 — 0.5 pum, and multilamellar vesicles (MLVs) with a size
range of 0.2 — 5.0 um. Apart from the size difference between ULVs and MLVs, the structure is
also different; ULVs have a single aqueous compartment surrounded by a phospholipid bilayer,
whereas MLVs are composed of multiple concentric phospholipid bilayers with aqueous
compartments lying in between them. Both conventional liposomes failed to extend the release for
longer durations (e.g. > 24 h), which is probably due to their small size making them liable to rapid
clearance.3%4

On the other hand, MVLs or DepoFoam® technology, were first prepared in 1983 by Kim
et al. using the double-emulsification method.** MVLs have a unique structure of nonconcentric
aqueous compartments that are connected by a continuous bilayer network (Figure 4c). MVLs

exhibit various desirable properties that are not present in conventional liposomes, which impart

11



them with a capability to sustain the release.3® MVLs’ structure is distinguished by the presence
of triolein, a neutral triglyceride lipid, which is responsible for forming the nonconcentric inner
lipid network. Thus, MVLs can load both hydrophilic molecules in the aqueous compartments,*>-
44 and lipophilic molecules in the continuous bilayer network.* Also, MVLs are giant liposomes
with a size range of 5.0 — 50 pum, which helps evade the rapid clearance by macrophages and retain
them at the injection site as a drug depot.*® Thus, MVLs can prolong the release from a few days
to weeks.*® The mechanism of sustaining the release by MVLs is probably attributed to a combined
action of drug diffusion through the outermost lipid bilayer, rearrangement of inner vesicles, and
erosion. The U.S. FDA has approved several MVLs products as long-acting depots such as
Exparel® (bupivacaine), and DepoCyt® (cytarabine).*’*8 These products encapsulate hydrophilic
APIs, given the high ratio of the aqueous compartments of MVLs to such molecules compared to
lipid network (95:5).4° However, lipophilic molecules were also encapsulated as reported by Lue
et al. (2018),* while in another paper, cyclodextrin technology was utilized to enhance the loading
of the lipophilic fluocinolone.> Challenges to the MV Ls products include intensive manufacturing

process, use of organic solvents, and the need for aseptic conditions.>!

12
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Figure 4 Overview of the main type of liposomes: (a) unilamellar vesicles (ULVs), (b)
multilamellar vesicles (MLVs), and (c) multivesicular liposomes (MVLs). (Used with permission

from *9).

1.2.4.3 Suspended solids

Another strategy for sustaining the release is to suspend well-milled drug particles (within
nanometers or a few micrometers) into water using appropriate excipients and stabilizers. Upon
injection of these aqueous suspensions, drug molecules are slowly wetted and released into the
tissue fluid.>>° The sustained release Kinetics is governed by various factors such as the extent of
drug solubility, particle size, injection site, and the available surface area within the injection site
(i.e. spreading of the injection). The drug solubility is controlled by the chemical and crystal
structure of the drug, while the surface area is controlled by the particles’ size and surface
topography.>* Suspended solids are frequently used with highly lipophilic drugs or prodrugs (logP

> 3) as a solution for formulating such difficult drug molecules. For instance, Invega Sustenna® is

13



a nanosuspension product for the extended release of the antipsychotic prodrug paliperidone
palmitate, which had been FDA approved for once-a-month i.m. injection.>® The physical stability
of the suspension is very important for the administration process. For instance, if the suspension
particles do not resuspend very well after sedimentation, then the whole formulation needs to be
modified. Some excipients are reported to enhance suspensions’ physical stability such as
structured vehicles, flocculating agents, or a combination of both approaches. Structured vehicles
are water-soluble polymers that increase the viscosity of the suspension, which reduces particles’
sedimentation and facilitates the redispersion of the suspension upon administration.>® While
deflocculating agents can control the flocking of the drug particles such that they could be
redispersed easily with agitation. Examples of deflocculating agents include surfactants,
hydrophilic polymers, and electrolytes (Table 1).>" It is also worth mentioning that excipients
should be compatible with the drug particles and route of administration, to avoid any issues with
the formulation’s performance. The advantages of the suspended solids include improved API
loading, improved bioavailability, and reduced side effects by limiting the amount of API reaching
the systemic circulation. On the other hand, the stability of the suspension formulations remains

the main challenge for this technology, which requires further research to find better stabilizers.>®
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Category Examples

Docusate sodium
Polysorbate 80
Surfactant

Sodium lauryl sulfate

Sorbitan monolaurate

Carboxymethylcellulose sodium

Methylcellulose

Hydrophilic polymer Polyethylene glycol

Tragacanth

Xanthan gum

Aluminum chloride

Electrolyte Potassium dihydrogen phosphate

Sodium chloride

Table 1 Examples of deflocculating agents used in pharmaceutical suspensions. (Used with

permission from °7)
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1.2.4.4 Polymer microspheres

Another family of long-acting depots is polymer microspheres, where natural or synthetic
biopolymers are used to encapsulate the drug molecules forming microscopic particles with a size
range of about 1 — 1000 pum.>® Polymer microspheres can also encapsulate biotherapeutics such as
peptides, proteins, and nucleic acids, where polymer chains surround them to form a protective
shell to improve the biotherapeutics’ stability.®® Synthesis of polymer microspheres can be carried
out by multiple methods such as solvent evaporation, ionic gelation, spray drying, and others. For
example, the solvent evaporation method depends on emulsifying an organic solvent of dispersed
polymer and dissolved/dispersed drug in a continuous aqueous phase (e.g. oil in water emulsion).
Then, the organic solvent is evaporated at elevated temperature or under reduced pressure, which
promotes the polymer particles to rearrange and limit the contact with the aqueous solution by
forming precipitated microspheres (Figure 5a).%* The characteristics of the microspheres (e.g. size,
morphology, and release kinetics) are affected by variations in the synthesis techniques. For
example, the emulsification power and the rate of solvent removal are the main factors that
influence the microspheres’ characteristics in the solvent evaporation method. When a slow rate
of solvent removal is applied, the polymer chains tend to be more packed and smaller particles are
observed. In contrast, when the organic solvent is quickly removed, the particle size is observed
to be larger.?® The drug release kinetics is also affected by such variations, besides the identity and
characteristics of the used polymer (Figure 5b).5? Generally, the release profile of drugs released
from microspheres is multiphasic and involves various mechanisms such as drug diffusion,
swelling of the microspheres due to the penetration of the release media, and microsphere erosion
over time.% If the loaded drug is lipophilic, a burst release is initially observed, which may be

attributed to adsorbed drug on the surface of the microsphere. Then, a lag phase is observed until
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the release media penetrates the microspheres and allows the encapsulated drug to be slowly
released. Afterward, a secondary sustained phase occurs, which may be attributed to the combined
action of the drug diffusion and the polymer erosion.®* The advantages of polymer microspheres
include the control of the release kinetics by varying the characteristics of the microspheres (e.g.
size, porosity). In addition, polymer microspheres confer biocompatibility and biodegradability
which allow their wide use in drug delivery. Also, the spherical shape and small size facilitate the
injection method. The limitations of polymer microspheres include low entrapment efficiency and

low reproducibility of the particles’ characteristics among different manufactured batches.®®
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Figure 5 (a) Graphic illustration of the solvent evaporation method used for preparing polymer
microspheres (Used with permission from %), (b) factors that affect the release kinetics from

polymer microspheres. (Used with permission from 62)

18



1.2.4.5 In-situ forming systems

In-situ forming (ISF) systems are another promising candidate for extending drug release.
ISF systems depend in principle on gel formation upon contact with the tissue fluid after the
injection. ISF systems are usually composed of API, solvent, and a polymer or lipid substance that
is responsible for prolonging the API release.®® An example of a common ISF polymeric system
is Atrigel® technology where a combination of polymers such as poly-lactic-co-glycolic acid
(PLGA) and Polylactic acid (PLA) are dissolved in an appropriate solvent such as N-methyl-2-
pyrrolidone (NMP), and then mixed with API powder right before administration. Upon injection,
an exchange of the NMP and tissue fluids occur which leads to the formation of a gel system that
can prolong the API release for months (Figure 6a).%” A similar idea is employed in phospholipid-
based phase separation gels (PPSG) where the polymeric materials are replaced with natural
phospholipids that can control the drug release. In PPSG, phospholipids are dissolved in EtOH,
then API is added to that solution before administration. A sol-gel transformation occurs upon
injection of the lipid-API solution (Figure 6b),%® which results in a huge increase in the viscosity
of the lipid system (10* — 10° fold).%® The formed gel can last for days or a few weeks, and so the
sustained API release, as evident by fluorescence imaging.”

The release kinetics is influenced by the influx of tissue fluids, efflux of solvent, and
polymer or lipid characteristics. The release profile is usually biphasic for a polymer ISF system,
with an initial burst release that stems from the API diffusion during gel formation, followed by a
secondary prolonged-release phase, which is the result of the combined action of polymer erosion
and API diffusion.” While in PPSG, the burst release phase is much lower than in polymer ISF
system, which may be ascribed to the high lipid content (70 %), which leads to a sharp viscosity

increase upon injection and limits the initial API diffusion.®® This could be beneficial if the API
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therapeutic range is narrow, to prevent the occurrence of toxicity-related side effects. The
advantages of ISF systems are numerous including easy handling, capacity to encapsulate small
molecules and biotherapeutics, API protection, fewer side effects, biocompatibility and
biodegradability of polymer or lipid, and simple manufacturing in comparison to polymer
microspheres.®® On the other hand, ISF systems have some limitations such as the difficult control
of the ISF injection, which leads to variability in the in vivo release profiles. In addition, the use
of organic solvents in ISF may cause some side effects. Another limitation for PPSG is that API
must be soluble in one of a few suitable solvents, such as EtOH.'® A summary of the long-acting

depot formulations discussed in this section and their release mechanisms are shown in Figure 7.
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1.4 Long-acting depot formulations for cancer therapy

Cancer is a major disease worldwide and a huge burden to public health. According to the
American Cancer Society 2022 report, cancer is the second leading cause of mortality in the United
States. Around 1.9 million new cancer cases and 600,000 deaths are estimated this year in the
United States due to cancer malignancy.’? Cancer represents a huge challenge when it comes to
the development of a therapeutic approach due to its various hallmarks such as avoiding immune
destruction, inducing angiogenesis, the ability to metastasize, and others (figure 8).” The
conventional treatment protocols such as chemotherapy, radiotherapy, and surgery, showed
improvement in survival rates as compared to early times when these protocols were nascent.’
However, they still exhibit serious drawbacks such as mild to severe adverse effects resulting from
the nonspecific cytotoxicity against healthy tissues, low bioavailability, tumor recurrence, and
development of multidrug resistance.”>"" Therefore, there is a necessity for alternative approaches
that can negate the aforementioned limitations and improve the therapeutic outcome. Among these
approaches, cancer immunotherapy emerged as a promising solution, which had shown substantial
insights into cancer treatment over the last decade to date. The mechanism of immunotherapeutic
treatment relies on instructing the immune system to recognize and fight cancer cells, thus avoiding
nonspecific toxicity and reducing the incidence of side effects.”®® In addition to immunotherapy,
photodynamic therapy (PDT) also showed potential as another alternative cancer treatment. It is a
non-invasive approach that relies on the administration of a photosensitizer to a tumor site, then it
gets activated by a focused optical energy to destroy tumor cells through the formation of cytotoxic
reactive oxygen species.8%8! However, all these treatment options still encounter challenges with

tumor targeting and the ability to penetrate solid tumors.
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Long-acting depots can improve the efficacy of such treatments through their numerous
advantages such as localizing the drug administration, prolonging the drug exposure, protecting
the drug against degradation, conferring targeting functionality, and reducing side effects.
Therefore, the utilization of long-acting depots for cancer therapy was investigated in this thesis.
The second chapter discusses the development of long-acting multivesicular liposomes for the
localized depot delivery of ingenol-3-angelate, a protein kinase C agonist. The third chapter
discusses the development of long-acting formulations for two analogues of kifunensine, a type |
mannosidase inhibitor. Both of the drugs used in these chapters are potential agents for cancer
immunotherapy. While chapter four discusses a PDT approach for the treatment of head and neck
squamous cell carcinoma. In that chapter, we relied on an alternative approach to long-acting
depots, in which we developed hyaluronan nanoconjugates to enhance the specific tumor cells’

uptake and retention of the photosensitizer, pyropheophorbide-a.
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1.5 Conclusion

The development of modified-release formulations is an active research area as a potential
solution for the drawbacks of the immediate-release formulations, especially in the case of long-
term treatment. To be able to improve the therapeutic outcome, the design of modified-release
formulations should address the physicochemical properties of the loaded API and the biological
barriers which they would encounter upon administration. A variety of long-acting depots have
found their way into the pharmaceutical market including oil solutions, liposomes, suspended
solids, polymer microspheres, and ISF systems. The utilization of long-acting depots in cancer
therapy can lend the current therapeutic protocols with improved efficacy and safety. Further

research in that area can lay the foundation for better cancer therapeutics in the future.
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Chapter I1: Development of long-acting multivesicular liposomes for the

localized depot delivery of Ingenol-3-Angelate
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2.1 Introduction

Ingenol-3-Angelate (I3A) is a small molecule that chemically connects an ingenol moiety
with angelic acid via an ester bond. 13A is a highly hydrophobic compound with poor aqueous
solubility and high plasma protein binding (Table 1). It is naturally isolated from the sap of the
Euphorbia peplus plant 2, but also reported to be semi-synthesized from the ingenol.® A gel form
of I3A (Picato®) is FDA-approved as a topical treatment for Actinic Keratosis, a skin condition
that results from cumulative exposure to ultraviolet sun radiation, which may develop into
squamous cell carcinoma if left untreated.*® The mechanism of I3A cytotoxicity is not fully
elucidated, but based on in vitro and in vivo studies, there is evidence that correlates the exposure
of I3A to imbalance in the intracellular calcium ions regulation which leads to plasma membrane
disruption and mitochondria swelling.”® Accordingly, 13A was developed clinically as a
chemotherapeutic agent for skin cancers such as squamous cell carcinoma, basal cell carcinoma
and melanoma.®*!

In addition to directly killing tumor cells, I3A was shown to initiate local inflammation and
recruit immune cells.*?*3 For instance, I3A demonstrated good binding to protein kinase C-delta
(PKC-6) which trigger an inflammatory response through the upregulation of proinflammatory
cytokines such as interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNF-a).1*° I3A was also
associated with recruiting CD8 T cells and increasing the expression of CD80 and CD86 on
dendritic cells which leads to the activation of antitumor immune response.? Recently, I3A was
shown to increase the expression of Interleukin-13-Receptor Alpha 2 (IL13Ra2).!® The
downregulation of IL13Ra2 was connected with developing resistance and reducing the efficiency
of anti-IL13Ra2 based treatments. It is also used as a target for Chimeric Antigen Receptor-T cell

(CAR-T) therapy against glioma.'®!” Accordingly, the upregulation of IL13Ra2 through I3A
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administration and the regulating immunostimulatory effects, are hypothesized to improve the
eradication of glioma. The application of I3A to glioma requires intracranial injections to enable
the drug to reach the tumor site. However, this administration is limited by the drug’s
hydrophobicity, wide tissue distribution, off-site toxicity, and rapid clearance.

To resolve these limitations, there is a need for a long-acting formulation that can localize
the I3A delivery into gliomas and avoid frequent invasive injections. A potential formulation to
satisfy such requirements is Multivesicular Liposomes (MVLs), which comprise nonconcentric
aqueous compartments that are connected by lipid bilayers. This unique structure had been used
to sustain the release of both lipophilic compounds through inner lipid network 8, and hydrophilic
compounds through aqueous compartments.’®2° MVLs exhibit a relatively large size (5-50 um),
which is demanded to evade the rapid clearance by macrophages. The presence of an inner lipid
network imparts the formulation with long-term stability and allows for the loading of lipophilic
drugs.*® However, in case of lipophilic drugs, limited amounts of drug can be encapsulated to
MVLs due to the low ratio of the lipid bilayers (5%) to the aqueous compartments (95%).2* Also,
lipophilic drugs can hinder the lipid bilayer formation and affect its stability.?? Therefore, we
investigated Captisol® (Sulfobutylether-p-Cyclodextrin) (SBE-B-CD) as an agent to improve the
loading of I13A by increasing the partitioning of the drug into the MVLs’ aqueous compartments
and preventing the detrimental effects on the lipid bilayer stability.

In this chapter, the preparation and characterization of MVLs for the loading of I13A is
described. The sustained release of I3A was investigated in vitro and through an in vivo
pharmacokinetic study. The development of MVLs-loaded I13A (MVLs-SBE-B-CD-13A) could
pave the way for the I3A administration into glioma to examine the upregulation of IL13Ra?2 and

its potential use for CAR-T therapy.
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Physicochemical properties of 13A

Molecular weight 430.5 g/mol
Physical description Crystalline solid powder
Formal charge 0
Computed Log P 3.12
Protein binding > 99%
Topical bioavailability 0.21%
Water solubility Limited (ca. 4.3 ng/ml)

Table 1 Physicochemical properties of I3A.*

2.2 Materials and Methods

2.2.1 Materials

The lipids 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DPPG)
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti® polar lipids
(Birmingham, AL). Glyceryl trioleate, cholesterol, L-lysine monohydrochloride and chloroform
(ACS grade) were purchased from Sigma Aldrich (St. Louis, MO). Ingenol-3-angelate (I3A) was
purchased from MedKoo Biosciences (Morrisville, NC). D-Glucose, sucrose, sodium dodecyl
sulfate and HPLC grade solvents were purchased from Fisher Scientific (Hampton, NH).
Doxorubicin hydrochloride salt and tacrolimus were obtained from LC labs (Woburn, MA). Float-

A-Lyzer®G2 dialysis devices (MWCO: 3.5-5 kDa) were obtained from Repligen (Boston, MA).
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2.2.2 Preparation of MVLs

The MVLs were prepared using a modified double-emulsion method.?*?* Briefly, the oil
phase (O) was composed of 1 ml of chloroform, in which an optimized ratio of the following lipids
was dissolved: DOPC, Cholesterol, DPPG and triolein, with the molar ratio 7:11:1:1, respectively.
Also, I3A was in situ loaded into MVLs by dissolving it into the O phase (0.7 mg/ml) due to its
hydrophobicity. In a separate vial, the first water phase (W1) was prepared by dissolving 50 mg of
sucrose in 1 ml of double distilled water (dd.H20). While the second water phase (W2) was
composed of 8 ml of dd.H>0O with 23.5 mg L-lysine monohydrochloride and 320 mg D-Glucose
dissolved within. The O and W, were emulsified together using a homogenizer (~ 10,000 rpm)
for 10 min while cooling in an ice bath to prevent the build-up of heat in the emulsion. Then, 4 ml
of W> phase was added to the W1/O emulsion with the use of a slow homogenizer speed (~ 1000
rpm) for 20 sec. The milky emulsion was then diluted with the remaining 4 ml of W, phase
resulting in the final W1/O/W> system. Afterwards, a slow nitrogen gas flush was used to remove
the chloroform, until the visual appearance of the emulsion changes from milky to transparent and
slightly turbid (about 1 h). The MVL suspension was centrifuged at 100 x g to precipitate the
larger-sized portion of the particles, and then washed with PBS 7.4 three times and filtered through
a 70-um Cell Strainer (Falcon®, Corning, NY) to remove any remaining lipid aggregates. The
MVL suspension was stored at 4 °C for later characterization and drug quantification.

When SBE-B-CD was used in the MVL preparations, the W1 phase was slightly modified.
First, 1 mg of I3A was dissolved in EtOH, which was later removed by nitrogen flushing.
Afterwards, 1 ml of 2% w/v SBE-B-CD and 50 mg of sucrose was added to the I3A residues and
sonicated for 20 minutes. Then, the W1 phase was agitated in an incubation shaker at 25 °C and

200 rpm for 2 days to ensure that all drug residues were brought into solution. The rest of the MVL
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protocol was the same including the same amount of 13A added to the O phase. The preparation

of MVLs-SBE-B-CD-13A is schematically illustrated in Figure 1.
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Figure 1 Schematic diagram of the composition of MVLs loaded with I3A-complexed with SBE-

B-CD.

2.2.3 MVLs particle characterization

MVLs were characterized for particle size distribution, morphology, charge, and vesicle
count. The measurement of MVL size and distribution was performed using a Mastersizer 3000
laser diffraction particle size analyzer (Malvern, UK). The morphology of the MVLs was
examined using a brightfield upright light microscope (DM750 Leica, Germany) with 10x and 40x
objectives. MVLs were stained with trypan blue solution 0.4% (w/v) in PBS (Corning, VA). The
Zeta potential of MVLs was measured using a Zetasizer nano-ZS (Malvern, UK) and the dispersion
medium was dd.H2O. Also, the stained MVLs were counted using a Luna-11™ automated cell

counter (Logos Biosystems, Republic of Korea). All experiments were conducted in triplicate.
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2.2.4 Confirmation of I3A complexation with SBE-g-CD

The unique structure of SBE-B-CD can enhance the aqueous solubility of hydrophobic
molecules through having an inner hydrophobic cavity that can physically partition the molecule.?®
In order to confirm the inclusion of I3A and the nature of occurring interaction, the chemical shifts
of free 13A, SBE-B-CD and their complex were examined using *H-NMR spectroscopy (AVIII
HD 400 MHz, Bruker, MA). Free I3A (375 pg/ml) was dissolved in DMSO-d6, free SBE-B-CD
(20 mg/ml) was dissolved in D20, while their inclusion complex (at same concentration of both
components) was dissolved in D20. The chemical shifts were presented in ppm using
tetramethylsilane (TMS) as internal reference and processed using MestReNova software 14.2.1

(Mestrelab Research, Spain).

2.2.5 HPLC method

The chromatographic analysis of I3A was carried out on high performance liquid
chromatography (HPLC) system (LC-2010C HT, Shimadzu) with a reverse-phase C18 column
(Phenomenex, 5 um particle size, 4.6 x 150 mm) and a photodiode array (PDA) detector measuring
the 210 nm channel (Amax Of 13A). The mobile phases were 0.1% acetic acid in water (A) and 0.1%
acetic acid in acetonitrile (ACN) (B). All mobile phases were degassed by sonication for 20 min
and filtered using a 0.45-um filter under vacuum. Gradient elution (50-95% B) over 7.5 min was
employed at a flow rate of 1 ml/min, oven temperature of 25 °C, and injection volume of 20 pl.

The HPLC method was validated by testing the method’s specificity, sensitivity, linearity,
accuracy, and precision. Specificity was assessed by running free I3A, blank MVLs, and MVLs-
SBE-B-CD-I3A. Linearity was tested using the least square regression analysis of a calibration
curve that results from five standard concentrations of 0.5 - 50 pg/ml. Sensitivity of the method

was evaluated by limit of detection (LOD) and limit of quantification (LOQ) using the formulas:
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LOD = 222, L0Q = 2
S S

where o is the standard deviation of the response and S is the slope of the calibration curve.
Accuracy and precision of the method were evaluated by measuring low (0.5 pg/ml), medium (25
pg/ml) and high (50 pg/ml) concentrations of 13A on the same and on different days and assessed
by the percent accuracy and relative standard deviation (RSD) of the measurements.
2.2.6 Determination of entrapment efficiency

The determination of entrapment efficiency (EE%) was made by directly by comparing the
content of 1 ml of MVL total solution (including free I3A, large and small particles) to the content
of 1 ml large MV Ls separated by centrifugation at 100 x g. Both MVL samples were disrupted by
MeOH (1:10 v/v) and bath sonicated for 15 min to ensure that all loaded I3A was freed.
Afterwards, both solutions were filtered through a 0.22-um syringe filter prior to running on HPLC
with the method described above. The EE% was calculated as follows:

VVlarge MVLs

EE% = x 100

total

Where Wigrge mvis €Xpresses the amount of I3A encapsulated into large MVLs and Wi,y

expresses the amount of I3A in the total MVLs solution.

2.2.7 In vitro release profile

The donor phase consisted of freshly prepared MVL-SBE-B-CD-I3A (1 ml) that was
loaded into a Float-A-Lyzer®G2 dialysis cassette (MWCO: 3.5-5 kDa). The acceptor phase
consisted of 500 ml of PBS 7.4 maintained at 37 °C and stirred at 150 rpm. The sampling aliquots
(20 pul) were taken from inside the dialysis cell to indirectly quantify the released drug through
measuring the percent drug remaining. At each time point, the solution of the dialysis cell was

weighted before and after taking the sampling aliquot (10 pl) through density calculations as
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reported before 25, which were used to account for volume changes in the dialysis cassette due to
osmotic effects. This indirect method was used due to the high lipophilicity of I3A, which makes
it difficult to achieve a balance between sink conditions and the detection limit of the HPLC
method when sampling aliquots are withdrawn from the release medium. The samples were diluted
with MeOH, sonicated, centrifuged, filtered, and analyzed by HPLC to determine drug content.
For comparison of the release behavior, free I3A (300 pg/ml) dissolved in DMSO was added to
Float-A-Lyzer®G2 dialysis cassette (MWCO: 3.5-5 kDa) and the release profile was measured.

All experiments were conducted in triplicate.

2.2.8 In vitro cytotoxicity assay

The colon carcinoma cell line CT26WT (ATCC CRL-2638) was used to examine the
cytotoxicity of 13A and blank MVLs using a Resazurin Blue assay.?’ PBS 7.4 was used as a
negative control, while doxorubicin was used as a positive control. Briefly, CT26WT were
cultured in RPMI-1640 media (ATCC, VA) supplemented with 10% FBS (Corning, VA), 1 %
penicillin-streptomycin (Fisher Scientific, NH). Cells were then placed in a humidified incubator
maintained at 37 °C and 5% CO; until they reached 80% confluence as observed under light
microscopy. Afterwards, cells were counted using a Luna-1I™ automated cell counter,
appropriately diluted with fresh media, and moved to 96-well plates. Into each well, 90 pl of the
cell suspension was added (2 x 10* cells per well) and incubated for 24 h. Then, 10 pl of the
treatment solutions were added to designated wells (n = 3) and incubated for 4 days at 37 °C and
5% CO.. The viability of the cells was examined using the resazurin blue assay (Acros Organics,
Belgium). Briefly, 10 pl of 55 pM resazurin blue in PBS was added to each well (final
concentration of 5 uM) and incubated for 4 h. Then, the 96-well plate was fluorescently analyzed

using a SpectraMax Gemini XS plate reader (Molecular Devices, CA) at an excitation wavelength
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of 550 nm and an emission wavelength of 605 nm. The viability of each treatment well was
compared to control PBS wells and analyzed by nonlinear regression on GraphPad Prism version
8 (GraphPad, CA) to determine the 1Cso values. Concentrations of 13A tested were 50, 100, 300,
500 and 700 pM. While for doxorubicin, the concentrations were 5, 10, 30, 50, 70 and 100 pM.
Blank MVLs were examined by varying the vesicle count to be equivalent to the loaded I3A MVLs

from 3.56 x 10° to 3.56 x 107 vesicles/ml.

2.2.9 In vivo pharmacokinetics study

2.2.9.1 Blood sampling and pretreatment

The pharmacokinetic profile of I3A and MVLs-SBE-B-CD-I3A were carried out by
injecting a single dose of both treatments subcutaneously (s.c.) into healthy C57BL/6J mice. A 25
ug dose of 13A was dissolved in 50 pl of PEG 400 and injected into five mice.? Whereas 50 pl of
MV Ls-SBE-B-CD-I3A loaded with 0.25 ug of I13A, due to the limited loading capacity of MVLs,
was administered in PBS 7.4 to five other mice. Blood samples were withdrawn from the
ophthalmic veins at predetermined five time points. For I3A, the time points were 0.5, 2, 4, 6 and
8 h (n = 2 per time point), while for MVLs-SBE-B-CD-13A the time points were 0.5, 4, 8, 24 and
48 h (n = 2 per time point). The blood samples were immediately added to EDTA-coated vial to
prevent blood clotting. Then, samples were centrifuged at 2000 x g for 5 min and the plasma
supernatants were collected and stored at —80 °C for later analysis.

Samples were pretreated in order to precipitate the plasma proteins and obtain the drug
aliquots for analysis. Briefly, plasma samples were allowed to thaw at room temperature for 1 h.
Then, 40 pl of each sample was mixed with 4 ul of freshly prepared tacrolimus (TRL) in ACN as
internal standard (final concentration of 1 pug/ml), and further diluted with 200 ul of cold ACN to

precipitate the plasma proteins. The samples were thoroughly mixed together by vortexing for 5
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min, then placed at —20 °C for 1 h to help precipitate the proteins. Then, samples were centrifuged
at 13,000 x g for 10 min and the supernatants were collected. The supernatant containing drug was
concentrated by drying the solvent using a CentriVap concentrator (Labconco, Lenexa, KS) and
then reconstituted in 40 ul of the LC-MS/MS injection solution (50% ACN/50% H20/0.1% formic
acid (FA)) followed by vortexing for 5 min.

2.2.9.2 Sample analysis by LC-MS/MS

The analysis of I13A content in the blood samples were performed using a Shimadzu
Prominence LC system (LC-20AD pumps, SIL-20AC HT autosampler, CTO-20A column oven,
CBM-20A controller) coupled to an AB Sciex 3200 Q Trap LC-MS/MS system. At first, I3A and
TRL were infused into the MS on positive mode using multiple reaction monitoring (MRM) in
order to determine the precursor (Q1) and product (Q3) ions (Scan mode 100-1000 Da) (Table 2).
Then, source parameters were optimized by flow injection analysis (FIA) using the Analyst
software 1.5.1. The optimized source parameters were as follows: curtain gas was 11 Psi, lon spray
voltage was 5,500 V, source temperature was 550 °C, ion source gas 1 was 30 Psi, ion source gas
2 was 13 Psi, dwell time was 150 ms and the nitrogen collision gas was medium. The
chromatographic separation was performed according to a modified reported protocol.?® Briefly, a
reversed-phase C18 column (Agilent ZORBAX Eclipse XDB-C18, 3.5 um, 2.1 x 50 mm) with an
oven temperature of 35 °C, flow rate of 0.2 ml/min and injection volume of 10 ul was used to elute
the analytes into MS/MS system. The mobile phases were 0.1% FA in H,O (A) and 0.1% FA in
ACN (B) at initial B gradient of 50 %. The time program starts with isocratic 50% (B) until 1 min
that was directed to the waste through the six-way switching valve to minimize the MS
contamination. Then, a gradient mode was employed from 1.0 min (50% B) to 1.8 min (80% B),

then to 100% B at 3.0 min, isocratic at 100% B from 3.0 — 4.0 min, then a re-equilibration step to
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50 % at 5.5 min that was held until 7 min. To quantify the drug content from the intensity signals
received from the LC-MS/MS, a calibration curve of seven standard concentrations (0.195 - 25

ng/ml) were run and fit using least square regression analysis with TRL (1 pg/ml) as an internal

standard.
LC-MS/MS parameters
Analyte
Q1 (m/z) Q3 (m/z) RT(min) DP (V) EP(V) CE(V) CXP (V)
I3A 453.51 353.2 4.40 71 10.5 26 4
TRL 826.72 616.3 5.09 66 9.5 52 6

Table 2 LC-MS/MS optimized parameters that were used for I3A and TRL quantification. RT
stands for retention time, DP stands for declustering potential, EP stands for entrance potential,
CE stands for collision energy and CXP stands for cell exit potential.
2.2.10 Statistical analysis

All experiments were conducted in triplicate and the data are expressed as the mean *
standard deviation. Significant differences were examined by student t-test or one-way analysis of
variance (ANOVA) followed by Tukey's post hoc tests (*p < 0.05, **p <0.01, ***p < 0.001 and
****p < 0.0001) using GraphPad Prism Software version 8. Comparisons are considered not

statistically significant (ns) when p > 0.05.
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2.3 Results

2.3.1 MVLs particle characterization

The preparation of large MVLs was confirmed by characterizing their particle size and
morphology. The particle distribution of MVLs and MVLs-SBE-B-CD-13A was measured by static
light scattering given the expected micron size range. The particles’ size distribution showed that
MVLs are composed of micron particles with 80% of the particles in the range of 4.57 - 70.4 um
and Dv (50) = 9.77 £ 0.33 um, while MVLs-SBE-B-CD-13A showed a narrower size distribution
with 80% of the particles in the range of 12.3 — 46.1 um and larger Dv (50) = 23.8 + 0.29 um
(Figure 2a and 2b). The morphology of the developed MVLs, blank and drug loaded, showed that
the majority of the particles were spherical and in the micron range. Also, the multiple
nonconcentric aqueous vesicles, which is a main characteristic of MVLs, were clear from the
particle surface texture (Figure 2c and 2d). The Zeta potential of blank MVLs were — 62.2 + 2.58
mV, while MVLs-I3A (without SBE-B-CD) and MVLs-SBE-B-CD-13A were less negative at
—58.1+£1.72mV and — 39.5 + 1.12 mV, respectively. The vesicle counts were also measured. The
vesicles in MVLs were counted to be 3.56 x 10° vesicles/ml, which are more numerous than
MVLs-SBE-B-CD-I3A, with a vesicle count of 1.84 x 10° vesicles/ml. These results are in
accordance with the optical images of both MVLs (shown in Figure 2c and 2d) where blank
MV Ls appeared more frequently than MVLs-SBE-B-CD-13A. Thus, the MVLs we produced were

large vesicles that should be able to circumvent macrophage clearance.
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Figure 2 MVL particle characterization: (a) volume size distribution of MVLs, (b) volume size distribution
of MVLs-SBE-B-CD-I3A, (c1) Morphology of MVLs at 100x, (c2) morphology of MVLs at 400x, (d1)

morphology of MVLs-SBE-B-CD-13A at 100%, and (d2) morphology of MVLs- SBE-B-CD-I3A at 400x.



2.3.2 Confirmation of I13A complexation with SBE-g-CD

SBE-B-CD was utilized to load more 13A into the aqueous compartments of MVLs. 1H-
NMR was used to confirm the complexation of I3A into the SBE-B-CD structure. As shown in
Figure 3a and 3b, the chemical shifts of I3A were observed in the range of 0.5 — 6.5 ppm, but
SBE-B-CD protons were primarily present in a narrower range of 1.5 — 5.5 ppm. Thus, the
complexation of 13A with SBE-B-CD may be supported if we locate the I3A protons for their
inclusion complex (SBE-B-CD-I13A) at the difference between these specified ranges (i.e.0.5-1.5
ppm and 5.5 — 6.5 ppm). This is clearly shown in Figure 3c, where SBE-B-CD overlaps with the
I3A chemical shifts only between 1.5 — 5.5 ppm, but 13A protons appeared out of that range and
were almost typical of the free I3A protons in Figure 3a. In addition, the *H-NMR spectra revealed
a few shifts between the free 13A and the complexed I3A protons which may be attributed to the
physical interaction between the I3A and the SBE-B-CD inner hydrophobic sites. For instance, a
very characteristic proton of I3A exists at the carbon right before the ester bond (marked C3 in red
on Figure 3) connecting the ingenol moiety to the angelate moiety.? It was observed in the free
I3A spectrum at 5.77 ppm, while it was shifted to 5.65 ppm in SBE-B-CD-I3A. This might be
assigned to a physical interaction happening between the ingenol moiety (containing C3 proton)

with the hydrophobic cavity of SBE-B-CD.
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Figure 3 'H-NMR spectra of (a) free 13A, (b) SBE-B-CD and (c) SBE-B-CD-I3A, which supports
the complexation of I13A into SBE-B-CD.
2.3.3 HPLC method validation

The specificity of the HPLC method was confirmed by running the MeOH extraction
solution, extracted blank MVLs, and extracted MVLs-SBE-B-CD-I3A encapsulating 13A, at
concentration of 192 pug/ml. As shown in Figure 4a, the method was able to specifically detect

I3A at a retention time of 6.95 min for MVVLs-SBE-B-CD-13A with no interfering peaks near the
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peaks of interest. In regard to the method linearity, five standard concentrations 0.5 - 50 pg/mi
were used to build a calibration curve between the area of the peak (A) at 6.95 min obtained from
HPLC at each corresponding concentration level (C). The least square regression analysis was
used to test the linearity of the relationship between A and C which yielded A = (33177 x C) +
1428.7 and a square of the correlation coefficient (R?) of 0.9996 (Figure 4b-d). As for sensitivity,
LOD of I13A was found out to be 0.15 pg/ml, while LOQ was determined to be 0.45 pg/ml.
Additionally, the accuracy and precision of the method resulted in a good predictive accuracy and
RSD less than 10% for drug measurements on the same and following day (Table 3). These results
suggest the calibration curve can be used to quantify the unknown concentration of EE% and

release samples.
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Figure 4 (a) The specificity of the developed HPLC method for detecting I3A following its
extraction from MVLs, (b) The linearity of the HPLC method as examined by the least square
regression analysis, (c) (d) show the chromatogram of the five standard concentration levels that

were used to build the calibration curve.
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Intraday measurement Inter-day measurement

Theoretical
: Measured Measured
concentration Accuracy RSD Accuracy RSD
ml concentration concentration
(Hg/ml) (%) (%) (%) (%)
(Hg/ml) (ng/ml)

0.5 0.49 97.87 5.49 0.51 102.72 3.86

25 25.22 100.87 0.74 25.31 101.25 0.11

50 50.17 100.35 0.70 49.03 98.07 0.20

Table 3 The accuracy and precision of the developed HPLC method for measuring I3A

concentration following intra and inter-day measurements. (Values are the mean £ SD, n = 3)

2.3.4 MVL entrapment efficiency and in vitro release behavior

The EE% of I3A into the MVLs-SBE-B-CD was measured from triplicate samples to be
20.51 £ 2.29 %. We also confirmed the effect of SBE-B-CD on enhancing the I13A loading into
MVLs by measuring the concentration of loaded I13A in MVLs formulation prepared with and
without SBE-B-CD. The results showed that with SBE-B-CD, the concentration of loaded I3A
significantly increased to 191.81 pg/ml compared to 11.55 pg/ml without SBE-B-CD, which is a
17-fold improvement in the I3A loading (Figure 5a). The in vitro release study showed a
prolonged release profile for MVLs-I13A over 96 h with 50% of the drug was released after 24 h,
then the other 50% was slowly released in the following 72 h. For free 13A, most of the drug was
released within the first 12h, in comparison. Thus, MVLs demonstrated sustained release of I13A

(Figure 5b).
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Figure 5 (a) Effect of adding SBE-B-CD on the loading of I3A into MVLs (**** P <0.0001) (b)
in vitro release profile of MVLs-I3A demonstrates its prolonged release as compared to free 13A.

(values are the mean + SD, n = 3).

2.3.5 In vitro cytotoxicity assay

The potential of I3A as a cytotoxic agent on cancer cells was evaluated by examining its
ICso in the CT26WT cell line, with PBS 7.4 used as a negative control and doxorubicin was used
as a positive control. As shown in Figure 6a, 13A showed cytotoxicity in CT26WT with an ICso
of 132.7 + 31.6 uM. 13A was less potent than doxorubicin that showed 1Csq of 18.37 £ 2.88 pg/ml,
which suggests the requirement for larger doses of 13A in order to induce cytotoxicity. Also, blank
MVLs were tested for biocompatibility of various vesicle counts from 3.56 x 10° to 3.56 x 10’
vesicles/ml, which showed good biocompatibility as the relative cell viability percent remained

above 94% at the highest vesicle count (Figure 6b). Thus, blank MVLs exhibit minimum, if any,
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inherent cytotoxicity, and I13A is suggested to be the only responsible for inducing cytotoxicity at

the measured 1Csp.
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Figure 6 The cytotoxicity study of (a) I3A in CT26WT using the Resazurin blue assay, (b) blank
MVLs. The ICso values were determined using nonlinear regression on GraphPad Prism 8 (%
relative cell viability values are the mean + SD, n = 3), doxorubicin (Dox) and PBS 7.4 were used
as positive and negative controls, respectively.

2.3.6 In vivo pharmacokinetic study

2.3.6.1 Sample analysis by LC-MS/MS

The infusion of I3A and TRL individually on the MS indicated the precursor ion with the
highest intensity to be the sodium adduct [M + Na]* for I3A (453.51 m/z) and also for TRL (826.72
m/z). Then, the MS/MS product ions were selected by the instrument according to the highest
intensity, which revealed the product of 353.2 m/z for I3A, and 616.3 m/z for TRL. Then, LC
method was optimized in order to detect optimum and well-separated signals for the analyte and

internal standard. The developed method was tested for specificity by running blank and loaded
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Intensity

plasma samples. The I3A signal was detected at a retention time of 4.40 min, while the retention
time of TRL was found to be 5.07 min (Figure 7a) with no interfering peaks from the blank
plasma. The method was also tested for linearity using least square regression analysis by running
calibration standards between 0.195 - 25 ng/ml with 1 pg/ml of TRL. A plot of (Analyte area/IS
area) and (analyte concentration/IS concentration) was found to be linear R? = 0.9957, and the
following regression equation was obtained: (Analyte area/IS area) = 2.5168 X (analyte

concentration/IS concentration) — 0.0008 (Figure 7b).
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Figure 7 (a) The LC-MS/MS chromatogram showing I3A and tacrolimus (TRL) used as internal
standard, (b) the calibration curve of seven standard concentrations showing the linearity of the

method as analyzed by the least square regression analysis (n = 3).

2.3.6.2 Analysis of I3A pharmacokinetic profile

Based on the developed LC-MS/MS method, the collected blood samples from the mice at
various predetermined points were quantified for the concentration of I3A. The concentration
(ng/ml) against time (h) profile following a single s.c. injection of I3A or MVLs-I3A was plotted
(Figure 8) to assess the differences in pharmacokinetic parameters. I3A was detectable in both

samples in all the time points. In the free I3A group, the maximum plasma concentration (Cmax of
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1.637 ng/ml) occurred at the first time point 0.5 h (Tmax) suggesting a rapid absorption from the
injection site of the free drug. Elimination followed first order kinetics through the last sample
point at 8 h (Figure 8a). On the other hand, the MVLs-I3A plasma concentration-time profile
showed that the drug concentration increased gradually until it peaked at a later Tmax 0f 8 h, with
a concentration of 0.4211 ng/ml (Cmax). Then, the I3A concentration decreased more slowly than
free I3A through the last sampled time point (48 h), which suggests that MVLs prolonged the
release of I3A and its residence within blood (Figure 8b). However, it was obvious that free I3A
sample exhibits higher concentrations at all time points than MVLs-13A sample due to the
difference in the injection dose (Figure 8c). It was also observed that the area under I13A
concentration vs time curve at the last time point (AUCo.t) for MVLs-13A is much larger than free
I3A. The pharmacokinetic parameters were calculated using Excel software with the method of
residuals for Flip-Flop Kinetics since MVLs showed a sustained release profile (Table 4),

consistent with absorption-controlled elimination Kinetics.
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Figure 8 The plasma concentration-time profile of (a) free I3A, (b) MVLs-13A and (c) both
of them plotted on the same graph to show the difference in concentration magnitudes between
both samples. The blood samples were collected following a single s.c. injection of 25 ug free

I3A dose and 0.25 ug dose of loaded I13A (data presented are the mean of two samples per

each time point).
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Parameter Free 1I3A MVLs-13A
Chmax (Ng/ml) 1.637 0.4211
Cmax/dose (ng/ml.ug) 0.0655 1.6844
Tmax () 05 8
Ke (h?) 0.0393 0.0393
Ka (h?) 0.8251 0.0012

AUCo.t (ng.h/ml)

AUC,./dose (ng.h/ml.pug)

Whent=8h, 5.814

When t =8 h, 0.2326

When t =8 h, 3.066

When t =48 h, 18.86

Whent=8h, 12.264

When t =48 h, 75.44

Table 4 The pharmacokinetic parameters extracted from the plasma-concentration time profile of

free I3A (0 -8 h) Vs MVLs-13A (0 — 48 h) following a single s.c. injection of 25 g free I3A dose

and 0.25 g dose of loaded I13A (data presented are the mean of two samples per each time point).
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2.4 Discussion

The potential of 13A as a dual chemotherapeutic and immunotherapeutic agent has
encouraged the drug’s investigation as a therapy for cancers such as brain tumors (e.g. glioma).%%3
However, the poor water solubility of the drug, wide tissue distribution and the rapid clearance by
macrophages impede its use for that purpose. To solve those issues, MVLs were investigated as a
long-acting vehicle that can circumvent the rapid clearance due to their large particle size (5-50
um).2424 Besides, MVLs were shown to sustain the drug release given the presence of the unique
inner lipid networks that retard the diffusion of the entrapped drug and thus prolong the release.®
However, the ratio between the MVLs lipid network to the aqueous compartments (5:95) limit the
MVLs loading capacity for lipophilic drugs such as I3A. To solve such issue, it was proposed to
introduce I13A into the large aqueous compartments through complexing it with a well-known
solubility enhancer such as SBE-B-CD.?>3 We originally designed MVLs for glioma
administration to examine I3A’s potential in the upregulation of IL13Ra2. In this chapter, we just
developed MVLs as long-acting formulation for the localized delivery of 13A. The preparation,
particles characterization, drug content quantification, in vitro release profile study and in vivo
pharmacokinetic profile were examined for MVLs-SBE-B-CD-I3A. Given the successful
preparation of MVLs, we plan to utilize this formulation in glioma treatment with our collaborator
in the near future.

The successful preparation of MVLs was facilitated by the optimization of several
parameters such as lipid composition, use of emulsion stabilizers, homogenization power, and rate
of nitrogen flushing. The preparation protocol used in this study relied on optimization studies
reported before that produced stable MVLs structure that can sustain the drug release.'®?® DOPC

and DPPG are the phospholipids responsible for forming the double bilayers of MVLs. Cholesterol
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is reported to impart rigidity to the inner lipid network of MVLs, thus preventing the nonconcentric
compartments from falling apart, forming a barrier to prevent payload leakage, and helping to
sustain the release.®® Triolein is a unique lipid component that distinguishes MVLs over
conventional liposomes. It is thought to be responsible for stabilizing the intersections between the
inner lipid network, and thus could be tailored to control the release profile.3** The use of
emulsion stabilizers is also essential for imparting good stability to MVLs. For instance, L-lysine
plays a vital role in preventing emulsion drops from aggregating by imparting negative charges,
thus they repel each other.%® Moreover, the homogenization power is essential for preparing MVLs.
When the homogenization power was weak (< 10,000 rpm) when emulsifying W1/O, phase
separation was observed and MVLs were not obtained. The last critical factor is the removal of
the chloroform from the emulsion to obtain MVLs. We found that when the rate of nitrogen
flushing was too high, the emulsion became partially or totally cracked depending on the length
of flushing. Thus, a low nitrogen purging for 1-2 h is necessary to slowly remove the chloroform
and obtain MVLs.

The particle size analysis demonstrated that loaded MVLs exhibit a single narrow peak
with 80% of the particles having a size greater than 5 um for which is required to avoid the
macrophage uptake.®” The characteristic morphology of MVLs was observed using brightfield
light microscopy, which showed spherical particles with rough surface texture, indicating the
presence of the interconnected lipid network. The Zeta potential analysis showed that all MVLs,
blank and loaded, have high negative charge (less than —30 mV) which indicate high emulsion
stability of the particles and in accordance with the MVLs prepared by Li et al.*® The loaded MVLs
were relatively less negative than blank MVLs, which may be attributed to the presence of I3A

molecules. The Zeta was more reduced for MVLs-SBE-B-CD-I3A (- 39.5 £ 1.12 mV) than MVLs-
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I3A (no SBE-B-CD) (- 58.1 £ 1.72 mV), which may be assigned to the higher loading of I3A when
SBE-B-CD was used. The interaction between 13A and SBE-B-CD was confirmed using *H-NMR
through shifting of the characteristic protons of I3A in the spectrum of SBE-B-CD-I3A. The
analysis of the *H-NMR spectra suggested that I3A and SBE-B-CD are physically interacting with
each other due to few shifts in the I3A protons after the complexation.

The use of SBE-B-CD in loading I13A significantly increased the loaded amount into MVLs.
The unique structure of SBE-B-CD allows lipophilic drugs to be complexed within its cavity and
then the hydrophilic portions of the SBE-B-CD help dissolve the whole complex in water.?® Azzi
et al. (2018) used a similar approach to enhance the loading of quercetin into a liposomal
formulation. They were able to enhance total loading of the lipophilic molecule quercetin into the
liposomes; however, they reported a low EE% of 27.9+6.7% which is similar to what we
measured, 20.51 + 2.29 %. They attributed the low encapsulation efficiency to the inability of the
liposomes’ aqueous compartments to host much complexed SBE-B-CD, and thus much of the
complex is not entrapped.®® However, this low entrapped complex still contributed into getting 17-
fold more of the I13A loaded into MVLs than without using it. Actually, when we tried the same
amount of I3A (1.7 mg) without SBE-B-CD, the emulsion cracked, which may be attributed to the
harmful effect of the lipophilic drug on lipid bilayer formation as reported by Zhang et al.?? The
in vitro release study demonstrated the potential of MVLs as a long-acting formulation, where it
sustained the I3A release over 96 h, compared to the free solution which completed in 12 h. In the
case of lipophilic molecules, the release occurs from the outermost lipid bilayers, then inner
entrapped molecules start to gradually diffuse into the outer bilayer until the whole particles
erode.’® MVLs were reported to be stable from days to a few weeks and the concentration of

triolein plays a vital role in sustaining the release. In our study, we used a low triolein concentration
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(1.7 mM) in order to maximize the EE%, as excess triolein (3 — 5 mM) was reported to compete
with lipophilic molecules in the lipid bilayers, and thus lower EE%.%° A similar sustained profile
was reported by Luo et al. (2016), where MVLs were used for loading oleanolic acid. Their release
profile is consistent with ours, where 50% of the drug was released after ~12 h and then 80% was
released over 125 h.!® To evaluate the retention of MVLs in the injection site, we plan to use a
similar approach to the one reported by Zhang et al. (2016) where they used fluorescently-labeled
phospholipids in preparing MVLs. Then, they used an in vivo imaging system to real-time monitor
the changes in MVLs fluorescence intensity in the injection site over time. In their study, MVLs
showed retention in the injection site over 144 h as evident by the reduction in the MVLs
fluorescence intensity.?

The cytotoxicity of MVLs was examined by varying the vesicle count to be equivalent to
the loaded I3A-MVLs from 3.56 x 10° to 3.56 x 107 vesicles/ml, and the results showed high
relative cell viability for the blank vehicle at all tested counts (> 94%). This biocompatibility of
the MVLs is probably due to the natural sources of the lipids used in MVLs preparation.?>** For
I3A cytotoxicity, a broad range was tested on the CT26WT cell line, since the sensitivity to the
drug varies from one cell line to another. For instance, the 1Cso of I3A on HCC2998 human colon
carcinoma cell line was reported to be 30 UM, whereas in a less sensitive human colorectal
carcinoma cell line such as HCT116, the ICso was found to be 120 uM.** For CT26WT, the ICso
was found to be 132.7 + 31.6 UM suggesting it is a low sensitivity cell line. Since the long-term
objective of the study is the administration of MVLs-I3A into glioma, the cytotoxicity will be
examined on a glioma cell line in the future to test the sensitivity of the cell line to I3A.

The pharmacokinetic behavior of free and loaded I3A was examined by a pilot study

following a single s.c. dose of free 13A and MVLs-I3A into C57BL/6J mice at 25 and 0.25 g
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doses, respectively. The free I3A profile showed a quick absorption, and the first time point (Tmax
of 0.5 h) corresponded to the Cmax 0f 1.637 ng/ml, then the drug was quickly removed from the
body with about 70% eliminated in 8 h. Assuming first order of elimination kinetics and using the
method of residuals, the elimination rate constant (Ke) could be calculated from the free I13A
plasma-concentration time profile since the absorption phase was almost immediate ( < 0.5h). Ke
was determined by calculating the slope of the steep elimination phase of the free I3A points (4, 6
and 8 h time points) and equalizing it to — Ke/2.3.* K. was calculated to be 0.03933 h'* which
should be equal in free and loaded I3A. The absorption rate constant (Ka) of free I3A was
calculated from the residual line slope which resulted in 0.8251 h™. On the contrary, MVLs-I13A
showed a sustained release profile with a delayed Tmax 0of 8 h and a lower value of Cmax, 0.4211
ng/ml. The shape of the MVLs-I3A graph (Figure 6b) demonstrated a slow absorption phase
followed by higher elimination phase, besides near plateau values were dominating the whole
profile. This is a typical characteristic of Flip-Flop kinetics where Ka is the rate-limiting step of
the pharmacokinetics (Ka < Ke). Flip-Flop kinetics is commonly applied to sustained-release
formulations such as MV Ls since they demonstrate prolonged release from a few days to weeks.?
To determine Ka of MVLs-I3A, the slope of the terminal part was calculated and equalized
to — Ka/2.3. The calculation showed a lower K, of 0.00115 h*, compared to about 34-fold Ke of
0.03933 h'! which is consistent with Flip-Flop kinetics (Ka < Ke). Also, the K, of the MVLs-13A
(0.00115 h) was much lower than Ka, of free I3A (0.8251 h') which is consistent with the
difference in absorption rate in each case. The slow release from MVLs may be attributed to their
large size, thus avoid macrophage clearance, and also the difficulty of drug diffusion given the
presence of multiple lipid barriers. Lastly, the AUCo.t was calculated demonstrating a 3-fold larger

area for MVLs than free 13A. This result is usually observed when the dose is equivalent as an
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indication of the improved bioavailability due to the prolonging effect of MVLs.181935 However,
in our case the dose was not equivalent. We plan to investigate such observation in a future study
when we administer equivalent dose for both samples, given the improvement of loading due to

SBE-B-CD, and increase the number of mice per time point.

2.5 Conclusion

MVLs were prepared and characterized as a long-acting formulation for 13A. Particle size
analysis and light microscopy confirmed the characteristics of MVLs such as large size (> 5 um),
that helps evade the macrophage clearance, and the presence of an inner lipid network that helps
sustain the drug release in loaded MVLs. The use of SBE-B-CD in I3A loading demonstrated a
significant improvement in the MVLs’ loading capacity probably by introducing more of I3A into
the aqueous compartments. The in vitro release study and the in vivo pharmacokinetic profile
confirmed the drug release prolonging potential of MVLs when compared to free drug solution.
MVLs were also shown as a biocompatible vehicle, while the cytotoxicity of I3A was observed at
CT26WT. In summary, the study proved the concept of using MVLs to overcome I13A’s poor
solubility, wide tissue distribution and rapid clearance from injection site. The future direction of
the project is to administer MVLs-SBE-B-CD-I3A into glioma to examine the upregulation of

IL13Ra?2 and the potential use for CAR-T therapy.
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Chapter I11: Development of long-acting formulations for Kifunensine
analogues as potent inhibitors of type I mannosidase and potential agents for

cancer immunotherapy
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3.1 Introduction

The development of cancer cells is accompanied with significant changes in the cellular
processes and the surrounding microenvironment. One of these common changes is the alteration
in protein glycosylation, which is the enzymatic process of attaching glycans to cell proteins.t
Protein glycosylation is linked with various essential cell processes such as cell adhesion, cell
proliferation, signal transduction and the communication with the immune system.?® Alteration in
such a substantial process has been connected to some of the cancer hallmarks such as angiogenesis
and metastasis.* Also, abnormal glycan biosynthesis can be sensed by the immune system through
lectins, glycan-binding proteins, which may trigger immunosuppressive events.>® For instance, the
aberrant overexpression of branched N-glycans in the tumor microenvironment was shown to
inhibit the production of Interferon gamma (IFNy) and induce the overexpression of regulatory T
cells, which are signs of immune suppression.” Therefore, modulating the responsible enzymes
for glycan biosynthesis may be utilized as a therapeutic target for improving the anticancer
immune response.

An example of these enzymes is the a-mannosidases, which is the family of enzymes
responsible for the biosynthesis, trimming or catabolism of glycoproteins depending on their
subcellular location.® a-Mannosidases are classified into two categories according to the type of
mannose analogue inhibitors; Type | mannosidase (MAN 1) is inhibited by pyranose analogues
and can cleave a-1,2-linked mannose residues. The other category is type 11 mannosidase (MAN
I1), which is inhibited by furanose analogues and can hydrolyze a-1,2-, a-1,3-, and a-1,6-linked
mannose residues.’ Kifunensine (KIF) is a potent inhibitor of MAN | that results in an
overexpression of high mannose N-glycans instead of branched N-glycans, which has been shown

to enhance tumor immune recognition.” However, attempts to develop more potent KIF analogues
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were impeded by the need to find a lectin-based assay that is capable of specifically detecting high
mannose N-glycans. Fortunately, Kurhade et al. (2021) recently developed a functionalized
cyanovirin-N (CVN) lectin that exhibits high specificity for high mannose N-glycans. CVN lectin
was capable of distinguishing the glycans resulting from the inhibition of MAN | over MAN I,
and also to evaluate the activity of various MAN I inhibitors.*® Therefore, CVN lectin has paved
the way for the development and evaluation of more potent KIF analogues. In addition, the
relationship between the overexpression of high mannose N-glycans, resulting from MAN |
inhibition, and the antitumor immune response can now be investigated.

KIF is a small molecule compound that exhibits a high water solubility (Log P: -3.7), but
also exhibits a low cellular permeability resulting in low activity.'* It was demonstrated that
increasing the lipophilicity of the KIF structure could enhance its cellular permeability, and thus
improve the efficacy to a nanomolar range. The hydroxyl groups of KIF could be conjugated with
lipophilic esters that could impart better permeability to KIF analogues.’® Intracellular ester-
cleaving enzymes would then convert KIF prodrugs back to the active form of KIF to perform its
activity. Nevertheless, such lipophilic KIF analogues limit the formulation options for
administering them into cells due to the poor resulting solubility. Thus, a formulation strategy with
high affinity to lipophilic compounds is needed to deliver the KIF prodrugs into cells. Long-acting
depot formulations with lipophilic affinity present a potential vehicle for administration of KIF
analogues, as they can prolong the retention of therapeutic doses, decrease administration

frequency, and enhance patient compliance.?

In this chapter, we hypothesize that overexpression of high mannose N-glycans by KIF
analogues may lead to a positive antitumor immune recognition. To do that, two potential KIF

analogues were investigated for their influence on the high mannose N-glycans production. The
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first KIF analogue is JIDW-11-002 (LogP: 3.56) with four chains of valerate branched from the four
hydroxyl groups of KIF, while the other analogue is JDW-11-008 (LogP: 5.23) with four chains of
hexanoate as shown in Figure 1. In this study, we developed a long-acting formulation that can
retain the lipophilic analogues and extend their release profile. Afterwards, the optimized
formulation was administered to an immunocompetent mouse cancer model to examine the
antitumor activity and to detect immune cells in extracted tumors. The results showed a promising
influence of the tested KIF analogues on the expression of high mannose N-glycans and a marginal

improvement of the antitumor immune recognition.

Kifunensine JDW-I1-002 JDW-11-008

Figure 1 The chemical structure of parent Kifunensine (KIF) and the lipophilic KIF analogues

(JDW-11-002 and JDW-11-008).

3.2 Materials and Methods

3.2.1 Materials

Kifunensine analogues (JDW-11-002 & JDW-11-008) were provided from our collaborator

Dr. Mark Farrell (Department of Medicinal Chemistry, The University of Kansas). Sodium



hyaluronan (32 kDa) was brought from Lifecore Biomedical (Chaska, MN). (+)-a-tocopherol,
ethyl oleate (Pharmacopoeia Europaea grade) and hexane were purchased from Sigma Aldrich (St.
Louis, MO). HPLC grade solvents were purchased from Fisher Scientific (Hampton, NH). Ethanol
was obtained from Decon Labs (King of Prussia, PA). Float-A-Lyzer®G2 dialysis devices
(MWCO: 3.5-5 kDa) were obtained from Repligen (Boston, MA). Hydrophilic PTFE Syringe
Filters (0.22 um Pore Size) were purchased from Premium Vials (Tullytown, PA). Alexa Fluor®

staining antibodies were purchased from BioLegend (San Diego, CA).

3.2.2 HPLC method

The chromatographic analysis of KIF analogues was performed by high performance liquid
chromatography (HPLC) (LC-2010C HT, Shimadzu). The highest absorbance wavelength (Amax)
of KIF analogues was determined by running a sample of these compounds dissolved in
H>O/acetonitrile (ACN) (1:1, v/v) on a photodiode array (PDA) detector, which demonstrated that
the absorbance maximum of the compounds occurs at 221 nm. Given the high lipophilicity of these
analogues, a reverse-phase C18 column (Phenomenex, 5 um particle size, 4.6 x 150 mm) was used
to separate the analogues from their injection solution. The mobile phases were 0.1% acetic acid
in water (A) and 0.1% acetic acid in ACN (B). All mobile phases were degassed by bath sonication
for 20 min and filtered using a 0.45-um filter under vacuum. Gradient elution was employed at a
flow rate of 1 ml/min and oven temperature of 25 °C. The time program started with 35% (B) to
65% (B) at 5 min and maintained at that gradient until 8.75 min, then re-equilibrated to 35% (B)
at 13 min. The injection volume was 20 ul, and the KIF analogues were detected using the PDA
at 221 nm.

The validation of the HPLC method was performed by testing the method specificity,

linearity, sensitivity, and extraction recovery for the KIF analogues. Specificity and extraction

83



recovery were examined by running each analogue alone and then with the subsequently developed
formulation. Linearity was tested using least squares regression analysis. Sensitivity was evaluated
by the limit of detection (LOD) and limit of quantification (LOQ), which were calculated for both

analogues using the formulas:

LOD =32% oQ =22
S S

where o is the standard deviation of the response and S is the slope of the calibration curve.®

3.2.3 Determination of oil-buffer distribution coefficient

The oil-buffer distribution coefficient (D,;;_pgs) Of the KIF analogues was determined by
the shake-flask method.***® Ethyl oleate (EO) oil was used as the oil vehicle, whereas the buffer
phase was phosphate buffer saline adjusted to a pH of 7.4 (PBS 7.4). For each KIF analogue, 0.3
mg was dissolved in 1 ml of the oil vehicle, then brought into contact with 5 ml of PBS 7.4 under
moderate shaking for 48 h at 37 °C, allowing the drugs to attain equilibrium between the oil and
buffer phases. Afterwards, the mixture was kept still for an additional 24 h without shaking to
ensure phase separation. Then, a 10 pl aliquot of the oil phase was sampled to determine the
concentration of the KIF analogues initially and after equilibrium using the HPLC method. The

distribution coefficient was calculated as following:

[SOlute]oil—equ
Doii-pps = [

Solutelgqu—equ

Where [Solute] ;.4 €Xpresses the equilibrium concentration of the solute within the oil phase
and [Solute]gq,—equ €Xpresses the equilibrium concentration of the solute within the aqueous

phase as calculated from the difference between the initial and equilibrium concentration of the

solute in the oil phase.
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3.2.4 Development of formulation strategy

The main desired characteristic of the formulation is to sustain the release of the KIF
analogues; thus, the therapeutic concentration of the drug can be maintained for a convenient time
period and the mice do not have to be frequently injected. Besides, the formulation should be able
to retain lipophilic compounds, since the KIF analogues exhibit logPs of 3.56 for JDW-11-002 and
5.23 for JDW-I1-008. It was also preferred that the formulation of choice to be simple and
straightforward, thus maximizing the reproducibility of the results. To satisfy these characteristics,
two long-acting formulations were examined that can dissolve the lipophilic analogues and obtain

a sustained and reproducible release profile.

3.2.4.1 Hyaluronan-a-Tocopherol (HA-Toco) conjugate

3.2.4.1.1 Loading KIF analogues into HA-Toco

Hyaluronan (HA) is a natural polymer that is extensively utilized for drug delivery
applications due to its outstanding properties such as high water solubility, biocompatibility, and
biodegradability. The modification of HA with hydrophobic moieties was shown to provide an
amphiphilic nature to the resulting conjugates, which can self-assemble in water to solubilize
lipophilic drugs through non-covalent interactions forming a nanosuspension depot upon injection.
An example of these hydrophobic moieties is (+)-a-Tocopherol (Toco), also called vitamin E,
which was conjugated to HA through multi-step reactions as reported recently by our lab.*® The
HA-Toco conjugate was kindly provided by a colleague in Dr. Forrest’s lab. The loading of KIF
analogues into HA-Toco conjugates was performed following a modified emulsification-solvent
evaporation method. Briefly, KIF analogues were dissolved in 2 ml of ethanol (1 mg/ml), then 3
ml of HA-Toco in water (1 mg/ml) was added dropwise over 30 min while stirring at room

temperature. Then, the mixture was dried using a CentriVap concentrator (Labconco, KS) for 3 h
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and reconstituted by adding 2 ml of PBS overnight forming a nanosuspension depot of HA-Toco

loaded with KIF analogues.

3.2.4.1.2 Determination of entrapment efficiency

A 50 pl sample of the HA-Toco nanosuspension was diluted with acetone (1:50 v/v) and
bath sonicated for 15 min to liberate the KIF analogues. Afterwards, the solution was centrifuged
at 13,000 x g for 10 min, and the supernatant was filtered through a 0.22-um syringe filter. The
content of each analogue was determined using HPLC (LC-2010C HT, Shimadzu) with PDA
detection at 221 nm (Amax Of KIF analogues) and a reverse-phase C18 column (Phenomenex, 5 um
particle size, 4.6 x 150 mm) maintained at 25 °C. The entrapment efficiency (EE%) was calculated

as follows:

Cy X Vol
EE% = librated % 100
VVinitial

Where Cj;pratea €Xpresses the concentration of KIF analogues liberated from HA-Toco which is
calculated from a calibration curve, Vol expresses the sample volume and W,;;i.; €Xpresses the

total amount of drug.

3.2.4.1.3 In vitro release profile

The donor phase consisted of 1 ml of the loaded HA-Toco nanosuspension in PBS 7.4 (0.2
mg/ml) in a Float-A-Lyzer®G2 dialysis cell (MWCO: 3.5-5 kDa). The acceptor phase consisted of
500 ml of PBS 7.4 maintained at 37 °C and stirring at 150 rpm. The sample aliquots (10 pl) were
taken from inside the dialysis cell, given the high lipophilicity of the analogues and the limit of
detection of the HPLC method. At each time point, the solution in the dialysis cell was weighted

before and after taking the sampling aliquot (10 ul) to determine the percent drug remaining
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through a density calculation as reported before.'® The aliquot samples were diluted with acetone,

sonicated, centrifuged, filtered, and analyzed by HPLC to determine drug content.

3.2.4.2 Ethyl oleate vehicle

3.2.4.2.1 Loading KIF analogues into ethyl oleate (EO)
Acetone solutions of the KIF analogues (250 ul, 1 mg/ml) were dried using nitrogen gas
flushing. Then, 1 ml of EO was added (250 pg/ml) to reconstitute the dried analogues, and that

was sonicated for 15 min to ensure that all drug residues went into solution.

3.2.4.2.2 Drug quantification

The quantification of KIF analogues dissolved into EO was determined following a
modified solvent extraction method.?"*® KIF analogues-loaded EO solution (10 ul) was diluted
with 90 pl of 90% EtOH in H2O. Then, 100 pl of hexane was added to 90% EtOH solution. The
mixture was well vortexed and centrifuged at 13,000 x g for 15 min, resulting in two immiscible
phases. The upper layer was hexane which should probably contain most of the EO because of
their affinity to each other. While the lower layer was the 90% EtOH which should probably
contain the KIF analogues. Afterwards, the hexane layer containing the EO was carefully removed,
and another 100 pl of the mobile phase H2O/ACN (1:1, v/v) was added. Before analyzing on the
HPLC, the samples were filtered using 0.22-um hydrophilic PTFE membranes (Premium Vials)
to prevent the EO micro droplets from passing through. The same HPLC method described above
was used to determine the drug content. The extraction recovery of the KIF analogues from EO
was determined by measuring low (5 pg/ml), medium (25 pg/ml) and high concentrations (100

pg/ml) of IDW-11-002 on the same day and on a different day.
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3.2.4.2.3 In vitro release profile

The release of the KIF analogues from EO was measured by immersing a Float-A-
Lyzer®G2 dialysis cell (MWCO: 3.5-5 kDa) containing 1 ml of EO (250 pg/ml) in a large release
sink of 500 ml PBS 7.4 at 37 °C, stirred at 200 rpm. The purpose of the setup is to increase the
interface area between the oil and the release medium and to maintain the sink conditions.?®?° At
predetermined points, an aliquot of 10 ul was removed from the oil phase for analysis of the

percent drug remaining as follows:

C, XV,
Lt %100

% drug remaining = W
initial

Where C, is the measured concentration of drug at each time point, V; is the remaining EO

volume, and W;,;;i4; 1S the initial amount of drug content.

3.2.5 In vivo antitumor activity

3.2.5.1 Study design

The in vivo study was performed using BALB/c immunocompetent mice at the University
of Kansas (KU) Animal Care Unit under an approved protocol from the KU Institutional Animal
Care and Use Committee (IACUC), Animal Use Statement Number: 168-04. Male and female
BALB/c mice were used in the study. No differences found between both sexes; thus, the results
of both sexes are represented in the same group. A Heterotopic flank tumor was induced by
subcutaneous (s.c.) introduction of 1 x 10° cells of the colon carcinoma cell line CT26WT
resuspended in 100 ul of PBS/Matrigel, which helps hold the cells within the injection site and

improves the formation of uniform tumors.?*
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3.2.5.2 Tumor model for efficacy

The tumor injections were monitored regularly until they reached a measurable size (4-6
days postinoculation). Then, 15 mice were randomly divided into five treatment groups (n = 3)
and intratumoral (i.t.) injections began under isoflurane anesthesia. The injection volume was 50
pl of EO oil containing either no drug, 300 pg or 400 pg of analogue drug. Injections into the right
flank of the tumor mice were repeated every three days to maintain the therapeutic dose of KIF
analogues. At each injection day, the body weight, body condition score (BCS) and ambulation
were recorded. The tumor size was calculated by measuring the length (L) and width (W) of the
tumor via a caliper, and inserting their values into the following equation:

Tumor volume (mm?) = 0.52 x L x W?

The longest dimension is termed the length (L), whereas a perpendicular smaller dimension is the
width (W).
3.2.6 Immunohistochemistry analysis for immune markers

In all treatment groups, whenever tumor size reached 1800 mm?, the maximum allowable
size according to IACUC protocol, the mouse was euthanized within 24 h. Tumors were then
excised, dissected, and immersed in optimal cutting temperature (OCT) medium (Fischer
Scientific) prior to freezing into liquid N2 and storing at —80 °C. Afterwards, the frozen tumor
tissue was cryosectioned into 8 pum slices using a Shandon Cryotome FSE (Thermo Scientific) and
placed on a positively charged microscope slide (Walter Products). Then, each tissue slice was
prepared for a staining protocol as described before.?? At first, the tissue slices were fixed with
10% formalin and rinsed with PBS in triplicate for 5 min each. The tumor section was then isolated
from the rest of the slide with a solvent resistant pen, and a blocking buffer of 10% goat serum in

PBS was added to avoid non-specific binding of the applied antibodies. Then, primary antibodies
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(diluted in 5% goat serum) were added to the tissue slices and left in a dark space overnight at 4
°C. The nuclei of each slice were stained with Hoechst 33342 (10 pg/mL) in PBS, then a
microscope cover glass was mounted on each tissue section using SouthernBiotech™
Fluoromount-G medium and left overnight at 4 °C. The whole area of slices was imaged using an
Olympus 1X-81 inverted epifluorescence microscope at 10x magnification, and the images were
combined together using the montage feature of the SlideBook 6 software. The list of applied

antibodies is summarized at Table 1.
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Set #

Fluorophores

Marker

CVN Lectin - Alexa Fluor® 594

High mannose N-glycans

Setl
Alexa Fluor® 647 anti-FoxP3 T-regulatory cells
Alexa Fluor® 488 anti-CD8a Cytotoxic T cells
Set 2 Alexa Fluor® 594 anti-CD11b Macrophages
Alexa Fluor® 594 anti-CD11c Dendritic cells
APC anti-mouse CD3 488 Pan T cells
Set 3

APC anti-mouse NK1.1 645

Natural killer T cells

Table 1 Summary of the fluorophore sets that were applied to the tumor sections treated with either

EO vehicle, IDW-11-002 or JIDW-11-008. Each set contains only one fluorophore at each instrument

channel.

3.2.7 Statistical analysis

All experiments were conducted in triplicate and the data are expressed as the mean *
standard deviation. Significant differences were examined by student t-test or one-way analysis of
variance (ANOVA) followed by Tukey's post hoc tests (*p < 0.05, **p <0.01, ***p < 0.001 and

****p < 0.0001) using GraphPad Prism Software version 8. Comparisons are considered not

statistically significant (ns) when p > 0.05.
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3.3 Results

3.3.1 HPLC method validation

The developed HPLC method was validated by examining its specificity, linearity,
sensitivity, and extraction recovery for the KIF analogues. In regard to specificity, the developed
HPLC method was able to detect both KIF analogues with no interfering or overlapping peaks.
The chromatograms of the KIF analogues dissolved in 1:1 ACN to water solution demonstrated a
retention time of ~ 9 min for JDW-11-002, whereas JDW-11-008 showed a retention time of ~ 10
min. For linearity, a calibration curve of six standard concentration levels from 5 — 100 pg/ml was
plotted and tested using least squares regression analysis. A linear equation between the peak area
(A) of each analogue and its corresponding concentration (C) was obtained as following: A =
(16320 x C) + 40417 for IDW-11-002 (R?= 0.9960), while A = (16017 x C) — 10376 for JDW-1I-
008 (R?=0.9985). In terms of the sensitivity, LOD was found to be 5.43 ug/ml and LOQ of 16.44
pg/ml for JDW-11-002, Whereas JDW-11-008 showed LOD of 3.33 pg/ml and LOQ of 10.09
pg/ml. These results suggest a good predictive calibration curve and based on it; the unknown

distribution and release samples can be quantitated.

3.3.2 Determination of oil-buffer distribution coefficient

The oil-buffer distribution coefficient denotes the partitioning nature of a chemical species
between the oil and aqueous buffer phases at equilibrium. The purpose of measuring the oil-buffer
distribution coefficient is to help estimate the solubility of the KIF analogues in both the oil and
PBS 7.4. With the aid of the shake-flask method, both analogues were examined for the distribution
coefficient between EO and PBS 7.4 at 37 °C. An aliquot from the oil phase was diluted with
isopropanol (1:20, v/v) and quantitated using the aforementioned HPLC method. As shown in

Figure 2, the distribution coefficient of JDW-11-002 was measured to be 19.99 + 0.54, while for
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JDW-11-008, it is 37.95 + 2.76. Both values suggest a high affinity for the KIF analogues to the oil
phase over PBS 7.4, which is expected due to their highly lipophilic nature. In addition, JDW-II-
008 demonstrated higher affinity to the EO oil than JDW-11-002, which could be ascribed to its
higher lipophilicity (LogP: 5.23). Therefore, KIF analogues could be considered as poorly soluble
in aqueous solutions, which requires the development of a formulation strategy that could dissolve

such lipophilic compounds.
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Figure 2 Oil-buffer distribution coefficient of JDW-11-002 and JDW-11-008 in EO oil. (Plotted
values are the mean + SD, n = 3).

3.3.3 Development of formulation strategy

3.3.3.1 HA-Toco vehicle

The loading of KIF analogues into HA-Toco, via the solvent-emulsification method,
resulted in a light grey nanosuspension with no observed precipitates. This observation suggests

that most of the KIF analogues were brought into the suspension. To confirm that observation, the
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EE% of each analogue nanosuspension was measured directly by recovering the drug molecules
from HA-Toco using acetone dilution and ultrasonication. The EE% of JDW-11-002 is 84.2%,
while the EE% of JDW-11-008 is 97.5% in HA-Toco. These high EE% suggest that most of the
drug molecules were brought into solution. Also, the higher EE% of JDW-11-008, compared to the
less lipophilic JDW-11-002, suggests that lipophilic character of the molecule enhances its
interaction with HA-Toco.

The in vitro release study of the KIF analogues was carried out in PBS 7.4 maintained at
37 °C. The release of the KIF analogues was indirectly determined by measuring the percent drug
remaining inside the release cartridge. The rationale of indirect measurement is the poor agueous
solubility of the KIF analogues, which requires a large sink volume that would substantially dilute
the release samples below the detection limit of the HPLC method. The release samples were
stored at 4 °C until the end of the study, then all of them were acetone treated and analyzed by
HPLC. As shown in Figure 3, the release of JDW-11-002 showed a half-life of 3.1 h, while JDW-
11-008 showed a higher half-life of 10.4 h. Looking into the release profiles of both KIF analogous
demonstrates that HA-Toco prolonged the release of JDW-I1-008 relatively more than JDW-II-
002, which is consistent with more hydrophobic interactions occurring between JDW-11-008 and
HA-Toco as observed earlier. However, the release of JDW-11-008 (10.4 h) from HA-Toco was
not extended enough for the in vivo study, as it would still require at least two daily injections.
HA-Toco formulation was able to solubilize the KIF analogues but did not sufficiently sustain

their release. Thus, a better long-acting formulation was still needed.
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Figure 3 Release profile of JDW-11-002 and JDW-11-008 from HA-Toco. The half-life was
estimated by first order decay least squares fit using GraphPad Prism 8, JDW-11-002 = 3.1 h and
JDW-11-008 = 10.4 h (% drug remaining values are the mean + SD, n = 3).

3.3.3.2 Ethyl oleate vehicle

Oil depot formulations exhibit several advantages when it comes to the loading of
lipophilic compounds (LogP > 3). These advantages include the simple manufacturing and the
high affinity to lipophilic compounds, which potentiates the sustained release of the loaded
compounds. Therefore, ethyl oleate (EO) vehicle was chosen for the loading of KIF analogues.
The amount of KIF analogues that was added to EO was completely loaded given the high oil-
buffer distribution coefficient and the low added concentration of KIF analogues (0.25 mg/ml)
compared to its EO saturation solubility (> 9 mg/ml). The extraction of KIF analogues from EO
was accomplished by a solvent extraction method.}”*® Drug compounds were liberated from EO

using 90% EtOH dilution, then hexane was added to extract the EO and subsequently removed.
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Afterwards, the sample was further diluted with another 100 pl of the mobile phase H.O/ACN
(2:1, viv) (final dilution factor is 20x) and filtered to ensure the removal of EO microdroplets.
Running the samples on HPLC demonstrated the efficiency of the extraction method as reflected
by the appearance of the drug peaks on the chromatogram without any interfering peaks (Figure
4a). The extraction recovery for JDW-11-002 from EO following intraday and inter-day
measurements showed good accuracy as summarized in Table 2.

For the release study, a Float-A-Lyzer®G2 dialysis cell (MWCO: 3.5-5 kDa) was employed
to contain the drug-loaded EO vehicles, as it can maximize the interface area between the oil
solution and the release media. The results showed the EO could effectively sustain the release of
JDW-11-002 with a half-life of 162 h, which is about 7 days (Figure 4b). This release profile
satisfies the study requirements as it is able to prolong the analogues release, reduce mouse
injection frequency, and it is reproducible. Therefore, we relied on EO as a formulation strategy

for loading KIF analogues and applying it into the in vivo mouse model.
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Figure 4 (a) HPLC chromatogram of the EO-extracted JDW-11-002, JDW-11-008 (50 pg/ml) and
their extraction solution (b) Release profile of JDW-11-002 from EO oil vehicle. The half-life
was estimated by first order decay least squares fit using GraphPad Prism 8, JIDW-11-002 = 162 h

(% drug remaining values are the mean £ SD, n = 3).
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Intraday measurement

Inter-day measurement

Theoretical
Measured Measured
; Accuracy Accuracy
concentration (ug/mi) concentration concentration
(%) (%)
(ug/ml) (Kg/ml)

5 5.16 103.27 5.95 119.06
25 24.30 97.22 24.27 97.07
100 99.46 99.46 105.38 105.38

Table 2 The extraction recovery of JIDW-11-002 from EO vehicle following intraday and inter-day

measurements at 5, 25, and 100 pg/ml. (Values are the mean + SD, n = 3)

3.3.4 In vivo antitumor activity

The KIF analogues loaded in the EO formulation was administered to BALB/c
immunocompetent mice to examine the efficacy of JDW-11-002 and JDW-11-008 at doses of 300
pg or 400 pg. Animals were dosed every three days for a total of five doses. The tumor growth
study showed that JDW-11-008 treatments delayed the tumor growth compared to the vehicle,
while JDW-11-002 treatments did not show any suppression in the tumor growth (Figure 5). JIDW-
11-008 300 pg was the most effective treatment to retard the tumor growth with average size 1002
+ 353 mm?® as compared to the vehicle 1444 + 599 mm?®at day 21 representing 31% tumor growth
inhibition. JDW-11-008 400 ug showed a smaller tumor inhibition with an average size of 1277 +
536 mm?, representing 12% tumor growth inhibition. Nonetheless, the suppression of the tumor
growth by JDW-I11-008 was not statistically significant, which may be attributed to the low animal
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number per group. To help understand this observation, high mannose N-glycans and the tumor

cell infiltration were investigated with immunohistochemistry.
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Figure 5 Tumor growth monitoring following the treatment with JDW-11-002 and JDW-11-008
with either 300 pg or 400 pg dose (n = 3/group) of CT26WT mouse model, euthanasia occurs
when one of the tumors reached 1800 mm?3. Tumor length and width (mm) were measured every

3 days starting at day 6 postinoculation. (Values are the mean + SD, n = 3)

3.3.5 Immunohistochemistry analysis for immune markers

Upon the end of the in vivo study, tumors were excised and stored in OCT medium at —80
°C for further analysis. Each tumor was cryosectioned into 8 um slices that were later stained with
multiple immune markers (Table 1). The screening of the immune cells was partially supported
by reported studies on the parent KIF and the MAN Il inhibitor, swainsonine, where such
compounds were able to recruit immune cells.>” These markers can recognize cytotoxic T cells,
dendritic cells, natural Kkiller T cells, macrophages, and regulatory T cells. Percent area stained of
treated sample to the whole tumor slice was used to indicate the relative recruitment of the

corresponding immune cells.
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At first, we tested the effect of KIF analogous on increasing the high mannose N-glycans
using CVN lectin that can specifically bind to the glycans resulting from the inhibition of MAN |
inhibitors such as our KIF analogues. As shown in Figure 6a, All KIF analogues were able to
significantly increase the expression of high mannose N-glycans over the control with percent
staining area over 90%. Also, none of the KIF analogues was significantly better than the others
in increasing the glycans levels. These results suggest that KIF analogues, both doses, were able
to effectively permeate the cells, which supports our hypothesis that lipophilicity enhanced the cell
uptake of the KIF analogues. In Figure 6b, CD8a was investigated as a marker for the cytotoxic
T cells. There is a gradual increase in T cell recruitment from JDW-11-002 400 ug (0.03 £ 0.01 %),
to JDW-11-008 300 ug (0.05 £ 0.04 %), and 400 ug (0.20 £ 0.17 %). However, the only statistically
significant increase was witnessed with JDW-11-008 400 pg with 0.20 + 0.17 % compared to 0.008
+ 0.009 % for the control. In Figure 6¢, FoxP3 was examined as a marker for T-regulatory cells.
Although all treatments failed to have a significant change than the vehicle, it was observed that
JDW-11-008 treatments exhibit lower T-regulatory cells infiltration; JDW-11-008 300 pg showed
2.5+ 1.6 % and JDW-11-008 400 g showed 4.1 + 3.5 % compared to 13.2 + 15.8 % for the vehicle.
The increase in the T-cell infiltration and the decrease in the T-regulatory cells both occurred only
with JDW-11-008 treatment groups, which is consistent with the results of the tumor growth
inhibition study. Such observation may explain the reason why JDW-11-008 groups showed more
tumor growth inhibition than JDW-I1-002, since the first was able to recruit T cells and
downregulate the T-regulatory cells. Such events accompanying the JDW-11-008 treatments may
be assigned to an antitumor immune response that led to the inhibition of the tumor growth.

We also investigated other immune markers (Figure 6 d-g), but none of them showed any

significant difference than the control or even any obvious relationship. This could be assigned to

100



the absence of these immune cells at the tumor site, but we cannot be confident at this point due
to the relatively low number of mice per treatment group. Figures 7-9 demonstrate the
fluorescence intensity of the examined fluorophores, which could be used qualitatively to infer
relationships among the treatment groups. Quantitative analysis of these figures using ImageJ

software led to the graphs shown at Figure 6.
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Figure 6 Immunohistochemistry analysis of CT26WT mouse model treated with intratumoral KIF
analogues (JDW-11-002 and JDW-11-008) with either 300 pg or 400 pg dose presented as % area
stained with respect to the whole tumor area estimated from the DAPI staining. All graphs have been

processed with ImageJ to calculate the area resulting from each fluorophore (* P <0.05, n = 3).
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Figure 7 Immunohistochemistry analysis of CT26WT mouse model treated with intratumoral KIF

analogues (JDW-11-002 and JDW-I11-008) with either 300 g or 400 pg dose, and stained with DAPI,

CVN lectin and FoxP3. Scale bar is 2 mm and all images adjusted equally.
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Figure 8 Immunohistochemistry analysis of CT26WT mouse model treated with intratumoral KIF
analogues (JDW-11-002 and JDW-I11-008) with either 300 pg or 400 pg dose, and stained with DAPI,

CD8a, CD11b and CD11c. Scale bar is 2 mm and all images adjusted equally.
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Figure 9 Immunohistochemistry analysis of CT26WT mouse model treated with intratumoral KIF
analogues with either 300 ug or 400 pg dose, and stained with DAPI, CD3 and NK1.1. Scale bar

is 2 mm and all images adjusted equally.
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3.4 Discussion

Changes in glycan signature are one of the events commonly accompanying the cancer cell
development. Lectins of immune cells can detect alterations to glycan signature and trigger certain
immune responses. For example, the predominance of branched glycans over high mannose ones
was showed to contribute into immunosuppressive events such as overexpression of T-regulatory
cells.” Thus, we hypothesized if such process was prevented by an overexpressing the high
mannose N-glycans, it may lead to better immune cell infiltration and tumor growth suppression.
We utilized the MAN 1 inhibitor KIF and modified its structure to be more lipophilic in order to
improve the cell uptake and potentiate the overexpression of high mannose N-glycans. However,
since increasing the lipophilicity of KIF analogues substantially reduced its aqueous solubility, we
needed to develop a long-acting formulation that can solubilize such compounds and sustain their
release over appropriate time spans. Afterwards, we examined the therapeutic efficiency of the
developed formulation on an immunocompetent in vivo tumor model and investigated the immune
cell infiltration using immunohistochemistry marker analysis.

KIF analogues showed high oil-buffer distribution coefficients, which suggest its high
affinity for oily/lipophilic formulations. Accordingly, formulations that are able to solubilize
lipophilic compounds were pursued. At first, HA-Toco was examined as it was reported previously
to solubilize lipophilic prodrugs such as cisplatin and resiquimod prodrugs.'®?? Complexation of
KIF analogues with HA-Toco resulted in a nanosuspension with high EE%. JDW-11-008
demonstrated higher EE% (97.5%.) than JDW-I1-002 (84.2%.), which may be connected to the
more lipophilic character of JDW-11-008 and thus the incidence of more hydrophobic interactions.
The in vitro release study showed more extended release of JDW-11-008 (t1. = 10.4 h) than JDW-

11-002 (t2 = 3.1 h), which agrees with the hydrophobic interaction interpretation. This conclusion
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aligns with Lu et al. (2019) when they observed that a resiquimod prodrug (cLogP = 14.9)
complexed with HA-Toco demonstrated higher EE% than the parent resiquimod (cLogP = 1.84).1
However, this release profile was not sufficient for the study requirements, which requires a longer
acting formulation so as not to inject the mice multiple times per day. In contrast, EO showed
better performance as a long-acting formulation, in which the half-life of JDW-11-002 was around
162 h. The ability of EO to extend the release more than HA-toco may be attributed to EO’s higher
lipophilicity. Upon injection, EO droplets may be visualized as flattened spheres in the injection
site, which limits the surface area and requires longer time for partitioning into tissue fluids. On
the other hand, HA-Toco nanosuspension exhibits relatively higher affinity to the aqueous tissue
fluids compared to EO, due to the highly-water soluble HA chains, conferring more surface area
and allowing better drug partition. EO exhibits a low viscosity (5.1 mPa.s) as compared to other
common oil vehicles (30 — 40 mPa.s), which facilitates handling and injection process.’’ low
viscosity was also reported to influence the in vivo release performance, since it could easily spread
into the injection site, relatively increase the interface between oil vehicle and tissue fluids, allow
more partitioning opportunities, and thus may encounter faster release than observed in vitro,
compared to more viscous oil vehicles.!® Thus, EO was chosen as the formulation to be applied to
the in vivo efficacy model.

KIF analogues loaded into EO formulation were applied to a heterotopic flank CT26WT
tumor model, which is frequently used for immunotherapy studies.?®> The injection dose was
determined on the basis of giving the maximum tolerable amount, since the increase in KIF
analogues concentration was showed to increase the expression of the high mannose N-glycans.°
To determine such tolerable dose, an in vitro CT26WT viability study was conducted by the

collaborating group that indicated the safety of the KIF on the cell lines up to 100 uM (data are
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not shown). We also conducted a pilot study with four mice (two as treatment and two as control)
to examine the applicability of the in vitro study on the mice model, which did not show any side
effects on body condition or ambulation. The selection of three days as an injection period was
based on the difference occurring in the in vivo release behavior compared to the in vitro study as
discussed earlier. Thus, a three-day dose interval of either 300 ug or 400 pg was examined to test
the efficiency of KIF analogues. JDW-11-008 treatment demonstrated better tumor growth
inhibition than JDW-11-002. Silva et al. (2020) showed a similar tumor growth suppression when
they applied the parent KIF intratumorally on the MC38 murine tumor model.” However, they
treated the cells with KIF for 48 h before inoculating the cells into the mice, which may bias the
results they obtained. In contrast, we did not treat the cells before inoculation, but we observed a
similar tumor suppression especially with JDW-11-008 300 ug.

The immunohistochemistry analysis showed that each KIF analogue treatment was able to
significantly overexpress the high mannose N-glycans compared to the control group, while none
of them was significantly better than one another. For the immune cell infiltration, only JDW-II-
008 400 pg demonstrated a significant increase in CD8a over the control. Also, FoxP3 analysis
showed a noticeable decrease, although non-statistically significant, in the fluorescence intensity
for JDW-11-008 compared to the control group. The expression of CD8a is evidence for the
recruitment of cytotoxic T lymphocytes, while FoxP3 is a marker of T-regulatory cells. Both
findings were only witnessed with JDW-11-008 treatments, which is probably connected to the
observed delay in the tumor growth. Based on the immunohistochemistry analysis, we interpret
the efficiency of JDW-11-008 was due to upregulation of cytotoxic T lymphocytes and
downregulation of T-regulatory cells, which represent features of antitumor immune response.?*%

Silva et al. (2020) was able to correlate the tumor growth suppression with the downregulation of
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T-regulatory cells in colorectal cancer.” Therefore, the in vivo study points out that JDW-11-008
could delay the tumor growth, and significantly increase expression of high mannose N-glycans.
However, our study should be further expanded in order to gain more confidence in whether JDW-

[1-008 can significantly recruit immune cells to the tumor site.

3.5 Conclusion

The loading of KIF analogues were examined on HA-Toco and EO vehicles. HA-Toco was
able to solubilize the KIF analogues but did not sufficiently sustain their release for the in vivo
study, as it would still require at least two daily mice injections. While EO showed a desirable
sustained release profile that reduced the frequency of administration to a dose every three days.
Thus, EO loaded with KIF analogues were used to examine the therapeutic efficiency using an
immunocompetent mice model of colon cancer. The in vivo study results indicated a delay in the
tumor growth with JDW-11-008 treatments, in particular. The immunohistochemistry analysis
demonstrated an overexpression of high mannose N-glycans with all KIF treatments. However,
only JDW-11-008 was able to recruit cytotoxic T lymphocytes and downregulate T-regulatory cells.
Although the study requires further investigation, it could be considered as a proof-of-concept for
the potential of KIF analogues to overexpress the high mannose N-glycans and trigger antitumor

immune responses.
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Chapter I'V: Hyaluronic acid carrier-based photodynamic therapy for head

and neck squamous cell carcinoma
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4.1 Introduction

Head and neck squamous cell carcinomas (HNSCC) and epithelial carcinomas constitute
the majority of malignancies in the head and neck region. Tumors in the head and neck region can
arise from a variety of tissues in the upper aerodigestive tract, which includes the oral cavity, nasal
cavity, pharynx, larynx, sinuses, and other related soft tissues and bones.* Within head and neck
carcinomas, 90% of malignancies are HNSCC with over 900,000 new cases in 2020, ranking as
the sixth common cancer worldwide.?* HNSCC is a heterogeneous disease originating from the
most superficial tissues throughout the head and neck area. Early diagnosis and treatment of local
HNSCC improves quality of life as well as disease prognosis.* Currently, locally advanced
HNSCC carries five year survival rate of approximately 80%, while locally advanced disease with
lymph node involvement has a 60% survival.® Although earlier detection can improve outcomes
dramatically, there remains a need for more effective and less invasive treatments for patients with
early locally advanced tumors.

Conventional treatments for localized cancers include surgery, radiation, and systemic
chemotherapy, all of which have significant limitations. To preserve critical tissues of the head
and neck, surgical margins are generally not aggressive; however, malignant cells beyond the
surgical field often cause recurrence.” Furthermore, while tissue-sparing chemotherapy and
radiotherapy can help preserve speech and swallowing in locally advanced disease, they achieve
only modest improvements in survival.®® Even when used conservatively, these conventional
treatments can cause long-term vascular damage and irreversible injury in key surrounding tissues,
including oral mucosa, muscle, and bone. Furthermore, dose-limiting oral toxicity can compromise

therapeutic efficacy via dose reduction, regimen delay, or insufficient treatment.!® Thus, there is a
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need for effective, safe, and minimally invasive treatment modalities for managing locally
advanced HNSCC.

Photodynamic therapy (PDT) uses a photosensitizer (PS) that is activated by a focused
optical energy to destroy abnormal tissues. PDT is a promising modality for HNSCC due to its
non-invasive nature, the minimum cytotoxicity of unirradiated PSs, and the likelihood to be
repeated without cumulative side effects.’*~*® Pyropheophorbide-a (PPa) is a second-generation
PS used for PDT, following Photofrin® which was FDA approved in 1995 for esophageal cancer
and Barrett’s esophagus.'* Second-generation PSs were developed to overcome the shortcomings
of the first-generation PSs such as low tissue penetration, skin sensitivity and limited tumor
selectivity.!> Among them, PPa represents one of the potential second-generation PSs as it confers
deep tissue penetration because of a red-shifted absorbance maximum (670 nm), reduced skin
photosensitivity, and minimal dark toxicity.'® In addition, PPa is more stable than its parent
pheophorbides due to the removal of the ester group.'” However, PPa exhibits a wide tissue
distribution and poor water solubility given its highly lipophilic nature.®

To address these issues, various nanocarriers have been reported to enhance PS
accumulation in malignant tissues, including polymeric nanoparticles, micelles, liposomes, and
polymeric conjugates.*®*?* Hyaluronic acid (HA) may be a potential solution since it could act as
a PS carrier, a water solubility enhancer, and a targeting moiety to localize PS into the local lymph
nodes. HA is a highly-soluble natural polysaccharide, composed of D-glucuronic acid and D-N-
acetylglucosamine.?*2 HA can enhance the selectivity of PS as it exhibits natural tropism for
CD44,?" hyaluronan-mediated motility receptor (RHAMM),?%? and lymphatic vessel endothelial

receptor-1 (LYVE-1),’® which are overexpressed in metastatic cancer cells.?® In addition to the
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outstanding biophysical properties of HA, PDT can decrease the metastatic potential of cancer
cells. 3

In this chapter, a novel PPa-hyaluronan conjugate was developed to enhance the PPa
aqueous solubility, tumor selectivity and overall efficacy. The conjugation of PPa to HA was
conducted via an adipic acid dihydrazide (ADH) linker utilizing the presence of a carboxyl group
on PPa terminal. The PPa-hyaluronan conjugate was injected subcutaneously in NU/NU mice
bearing human HNSCC MDA-1986 tumors, while employing a diode laser and near-infrared
(NIR) imaging to activate PPa and monitor its distribution, respectively. The conjugation of PPa
to HA dramatically improved the water solubility and the tumor selectivity while maintaining the
photoactivity of PPa. These results demonstrate that HA-ADH-PPa could be useful for in vivo

locoregional photodynamic therapy of HNSCC.

4.2 Materials and Methods

4.2.1 Materials

Sodium hyaluronan (35 kDa) was purchased from Lifecore Biomedical (Chaska, MN). PPa
was purchased from Frontier Scientific (Logan, Utah). 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b] pyridinium 3-oxid hexafluorophosphate (HATU) was purchased from Chem-
Impex International, Inc. (Wood Dale, IL). N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC+HCI), adipic acid dihydrazide (ADH) and TWEEN® 80 were purchased from
Sigma-Aldrich Co. (St. Louis, MO). Other chemicals and organic solvents, N, N-
Diisopropylethylamine (DIPEA), N, N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO0), and cell culture supplies were purchased from Fisher Scientific (Pittsburgh, PA).
Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Lonza (Allendale, NJ).
LysoTracker® Blue DND-22 (ex/em, 373/422 nm), 4’, 6-Diamidino-2-Phenylindole (DAPI,
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ex/em, 358/461 nm) and Singlet Oxygen Sensor Green (SOSG) were purchased from Life
Technologies™ (Grand Island, NY). The MDA-1986 human oral squamous carcinoma cell line
was kindly provided by Dr. Jeffery Myers (The University of Texas, M.D. Anderson Cancer
Center, Houston, TX). Double distilled water (ddH2>O) was used for preparing all of the aqueous

solutions.

4.2.2 Synthesis and Characterization of HA-ADH-PPa

The conjugation of PPa to HA was accomplished using an ADH linker. Briefly, 100 mg of
sodium hyaluronate was dissolved in 20 ml of ddH20O, followed by addition of ADH (200 mg) and
EDC-HCI (24 mg). The pH of the mixture was adjusted to ca. 5.0 using 1-N HCI, and the mixture
was stirred at room temperature (ca. 20 °C) for 20 min to form the HA-ADH intermediates. The
resulting solution was neutralized using 1-N NaOH, dialyzed against ddH2O (Thermo Scientific™,
SnakeSkin™ Dialysis Tubing, MWCO 3,500 Da) for 24 h and lyophilized (Labconco 2.5 Plus
FreeZone, Kansas City, MO). To synthesize the HA-ADH-PPa, the carboxyl terminal of PPa (5
mg, 9.35 pumol) was pre-activated with HATU (14.2 mg, 37.3 umol) and DIPEA (13 ul, 74.6 umol)
in 4 ml of DMF for 0.5 h prior to the addition of the HA-ADH (100 mg, 25 mg/ml) aqueous
solution (Figure 1). The reaction was allowed to proceed overnight protected from light at room
temperature. The unreacted PPa was removed by precipitation in excess ddH.O, and the
supernatant was further dialyzed (MWCO 3,500 Da) against 25% (v/v) ethanol-water mixture for

48 h in the dark.
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Figure 1 Synthesis scheme of HA-ADH-PPa

The synthesis of HA-ADH-PPa was confirmed using *H-NMR spectroscopy (AVIIIHD
400 MHz, Bruker, MA). Solutions of HA-ADH (10 mg/ml in D,O) and HA-ADH-PPa (10 mg/ml
in 6:1 (v/v) DMSO-d6: D>O) were prepared. The chemical shifts of the structure and the degree of
PPa conjugation were obtained from the resulting *H-NMR spectrum. Spectrofluorometry (ex/em
400 nm/680 nm, Shimadzu RF-5301PC Spectrofluorophotometer, Columbia, MD) and UV/Vis
spectrophotometry (675 nm, Molecular Devices SpectraMax Plus, Sunnyvale, CA) were also used
to determine the degree of conjugation. A solution of HA-ADH-PPa (1 mg/ml) was prepared in
1:5:94 (v/v/v) TWEEN® 80/DMSO/ddH>0 (solution A). Calibration solutions (2.5, 5, 8, 10 and
20 pg/ml) were prepared by dissolving PPa in solution A with HA-ADH (1 mg/ml). Gel
permeation chromatography (GPC) was used to confirm the conjugation by comparing the elution
time of HA-ADH and HA-ADH-PPa. GPC analysis was performed on a Shodex HQ-806 M
column thermostated at 40 °C with 5-mM ammonium acetate (pH 5) as the mobile phase at a flow
rate of 0.8 ml/min, and peaks were detected using an evaporative light scattering detector (ELSD,

70 °C) and an UV/Vis detector at 600 nm. To observe the morphology of HA-ADH-PPa nano-
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conjugates, 10 ul of the ethanolic dispersion of the particles was spotted on a negatively charged
Holey carbon supported copper grid (Sigma Aldrich) to facilitate the spreading of the sample on
the grid, and high-resolution transmission electron microscopy (TEM) (FEI Tecnai F20 XT Field

Emission TEM) images were recorded at an accelerating voltage of 200 kV.

4.2.3 Singlet Oxygen Generation

The generation of singlet oxygen from PPa or HA-ADH-PPa was quantitatively evaluated
using SOSG. Photoirradiation was performed using a diode laser (HL6750MG, Thorlabs, Newton,
NJ; power: 50 mW; wavelength: 685 nm), which was driven by a laser diode current controller
(LDC220, Thorlabs, Newton, NJ). The light beam illuminated directly above the cell holder of the
fluorescent spectrometer with a power density of 7.5 mW/cm?. Free PPa (10 uM) or HA-ADH-
PPa (10 uM of PPa) with 10-nmol/ml SOSG in 400 ul of 1% TWEEN® 80 and 5% DMSO solution
in PBS were placed in a 5 mm x 5 mm quartz cuvette and irradiated continuously for 5 min, and
the fluorescence intensity was acquired every 30 s at ex/em wavelengths of 505/525 nm with a 5-

mm slit width. The shutter was closed between acquisitions.

4.2.4 Cellular Uptake and Exclusion

MDA-1986 cells were cultured in DMEM media containing 10% fatal bovine serum (FBS)
and 1% L-glutamine at 37 °C in a 5% CO; incubator. To determine the cellular uptake of PPa and
HA-ADH-PPa, cells were seeded onto 6-well plates with a density of 1 x 10° cells/well and
incubated for 24 h. The original media was replaced with 1:5:94 (v/v/v) TWEEN®
80/DMSO/media containing free PPa (1.89 pg/ml) or HA-ADH-PPa (1.89 ug/ml of PPa). Cells
were incubated for another 1, 2, 5, 8, 24 and 48 h at 37 °C in dark. The media were then removed,
and cells were washed with 3 ml of PBS and removed after incubation with 250 pl lysis buffer [5

mM EDTA, 10 mM NaOH, 10 mM Tris base, 150 mM NaCl and 1% (v/v) Triton X-100] per well
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for 10 min at room temperature. Another 750 pl of ddH>O was added to each well, and the resulting
cell lysate samples were transferred to 2-ml eppendorf tubes and centrifuged at 20,000 x g for 5
min. The fluorescence intensity of the supernatants was obtained and analyzed based on a standard
curve of free PPa solution prepared in 1:3 (v/v) lysis buffer/ddH.0O at a wavelength of 675 nm.
The cell protein content was quantified using a Pierce™ BCA protein assay (Thermo Scientific).
To examine the exclusion of PPa or HA-ADH-PPa from MDA-1986 cells, the cells were
seeded onto 6-well plates at a density of 2.8 x 10° cells/well for 24 h and treated with the same
concentrations of PPa and HA-ADH-PPa as used in the cellular uptake study. Cells were incubated
for 1 h after treatment, followed by washes with PBS and incubation with fresh media for another
0.5, 1, 2, 6 or 12 h. For the HA competitive inhibition experiments, MDA-1986 cells were exposed
to HA (10 mg/ml) for 24 h before the incubation with HA-ADH-PPa or PPa for 5 h. The cell lysis

procedures and analysis method were identical to cellular uptake study.

4.2.5 Cellular Localization

All cell imaging experiments were performed using a Nikon Eclipse 80i epifluorescence
microscope (Melville, NY) with a 60x 1.40 oil objective, and a Hamamatsu ORCA ER digital
camera (Houston, TX) was used to acquire images. The MDA-1986 cells were seeded onto poly-
L-lysine precoated glass coverslips (BD, Franklin Lakes, NJ) in 12-well culture plates at a density
of 50,000 cells per well and allowed to grow overnight. Subsequently, cells were treated with PPa
(6.48 pg/ml) or HA-ADH-PPa (6.48 pg/ml of PPa) in 1:5:94 (v/v/iv) TWEEN® 80/DMSO/media
followed by incubation at 37 °C for 5 h. The cell nuclei and lysosomes were stained with DAPI
(10 pg/ml) for 5 min and LysoTracker® Blue DND-22 (4 uM) for 30 min, respectively. After three
washes with 3 ml of PBS, the coverslips were placed on the slide glasses for imaging. The live

cells were immediately imaged using a yellow fluorescent protein (YFP, ex/em, 500/535 nm) filter
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set (Nikon, NY) for imaging PPa and Ultraviolet excitation (UV-2E/C, ex/em, 360/400 nm) filter

set (Nikon, NY) for imaging DAPI and LysoTracker® Blue DND-22 separately.

4.2.6 In Vitro Phototoxicity

The MDA-1986 cells (5000/well) were seeded onto 96-well plates in 100 ul culture media
and incubated for 24 h. The media was then replaced with 1:5:94 (v/viv) TWEEN®
80/DMSO/media containing HA-ADH-PPa or free PPa with a series of different PPa
concentrations (8.1 ng/ml to 8.1 pg/ml). After incubation for 24 h, cells were washed with fresh
culture media three times and maintained in fresh media during irradiation with a 671-705 nm
filtered halogen light (5.89 mW/cm?) for 0, 2, 5 or 10 min. Two days after irradiation, the cell

viability of irradiated cells was evaluated by Resazurin-blue assay.

4.2.7 In Vivo Fluorescence Imaging

Female NU/NU mice were used under the guidance of the Institutional Animal Care and
Use Committee at the University of Kansas. To minimize skin autofluorescence caused by
chlorophyll in feed, mice were fed low chlorophyll feed (Harlan 2918 irradiated diet, Harlan
Laboratories, Indianapolis, IN) for at least two weeks before imaging. A 50-ul MDA-1986 cell
suspension (3 x 107 cells/ml) in PBS was injected into the oral sub-mucosa of a mouse using a 30-
ga needle. When tumors grew to a size range of ca. 40 to 80 mm? [tumor volume = 0.52 x (width)?
x (length)], 50 ul of PBS containing HA-ADH-PPa [0.5 mg/kg body weight (B.W.) of PPa] was
injected subcutaneously into the cheek of the animal, which were anesthetized with 1.5%
isoflurane in oxygen. The injection area was fluorescently imaged from 5 min to 48 h using a CRI

Maestro Flex fluorescence imager (CRI Inc., Woburn, MA) equipped with a 503 - 555 nm filtered
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xenon excitation light and a 580 nm long-pass emission filter. The fluorescence intensity of the

tumor site was quantified using ImageJ and the following equation:

Corrected Total Fluorescence = Integrated Density - (Tumor Area x Mean Fluorescence of Normal

tissue).

4.2.8 In Vivo PDT Treatment

NU/NU mice bearing head and neck tumors were prepared in an identical manner as
described above. When tumors reached ca. 40 to 80 mm?in size, mice were randomly divided to
four groups: saline s.c. group (N = 4), HA-ADH-PPa s.c. group (0.5 mg PPa/kg B.W., N = 4), PPa
i.v. group (0.5 mg PPa/kg B.W., N = 4), HA-ADH-PPa s.c. group (0.8 mg PPa’kg B.W., N = 3).
At 6 h (PPa i.v. group) or 24 h (HA-ADH-PPa s.c. group) post-injection, the primary tumor and
the parotid lymph nodes were irradiated by a diode laser with a laser intensity of 150 J/cm? at 685
nm. The treatment was repeated 4 times at a frequency of once per week or terminated early if the
tumors disappeared. The therapeutic response of each group was monitored by measuring the
tumor volume with a digital caliper. The animals were euthanized when tumor size reached 1000

mm? or the tumor became ulcerated.

4.2.9 Statistical Analysis

All experiments were conducted in triplicate and the data are expressed as the mean *
standard deviation. Significant differences were examined by student t-test or one-way analysis of
variance (ANOVA) followed by Tukey's post hoc tests (*p < 0.05, **p <0.01, ***p < 0.001 and
****p < 0.0001) using GraphPad Prism Software version 8. Comparisons are considered not

statistically significant (ns) when p > 0.05.
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4.3 Results

4.3.1 Synthesis and Physical Characterization of HA-ADH-PPa Conjugate
HA-ADH-PPa was synthesized by the conjugation of the carboxyl group on PPa to the
glucuronic acid of HA via ADH linker. The conjugation between PPa and HA-ADH was verified
and calculated using '"H-NMR spectroscopy (400 MHz, 6:1 (v/v) DMSO-d6: D,0). The spectrum
showed HA characteristic peaks at 6 1.82 (s, 3H, HA acetyl group), 3.0-3.9 (HA backbone) and
4.10 (s, 4H, HA hydroxyl groups), while the methylene groups of ADH was observed at 6 1.50 (p,
4H) and 2.34 (t, 4H).** Besides, many characteristic peaks of PPa were observed at § 7.22 (dd,
1H), 7.87 (s, 4H, CONH), 8.1 (dd, 1H), 8.37 (dd, 1H), 8.84 (s, 1H), 9.38 (s, 1H) and 9.67 (s, 1H)
as shown in Figure 2.>* The degree of PPa conjugation was determined by comparing the
integration of the PPa peak at (6 9.38) with the methylene protons of HA acetyl group (6 1.82)
which calculated to be ca. 2.70 % (wt/wt). Further evidence on the PPa conjugation to HA-ADH
was observed based on the difference in equivalent retention times using a GPC coupled with
ELSD (dotted) and UV/Vis detection (dashed, 600 nm) at approximately 10 min (Figure 3). HA-
ADH-PPa displayed a slightly smaller hydrodynamic volume compared to HA (solid) on GPC.
This was possibly due to the reduced repulsive interactions among the carboxylate anions on HA-
ADH-PPa after conjugation.”> The absorption and fluorescence spectra of HA-ADH-PPa
conjugate and free PPa are shown in Figure 4. To collect their individual spectra, HA-ADH-PPa,
free PPa and a physical mixture of HA and PPa were prepared in 1:5:94 (v/v/v) TWEEN®
80/DMSO/ddH;0, as free PPa is insoluble in purely aqueous solutions. Compared with free PPa
and the physical mixture, HA-ADH-PPa conjugates have broader PPa absorbance peaks at both
the Soret band region around 400 nm and the Q band region around 670 nm (Figure 4a). In

addition, the Soret band and the Q band of HA-ADH-PPa conjugate have a blueshift of
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approximately 30 nm and a redshift of approximately 10 nm, respectively. This phenomenon was
also observed by Savellano and his co-workers on their PPa-immunoconjugates.*® Moreover, HA-
ADH-PPa and PPa showed identical fluorescence emission spectra with maximum emission
wavelengths of 673 nm when excited at 419 nm (Figure 4b). The absorbance intensity at 675 nm
and the fluorescence intensity at 400/600 nm (ex/em) were measured to calculate the loading
degree of PPa on the HA-ADH polymer, which was determined to be 2% (wt/wt). Additionally,
TEM images were collected, which showed that the HA-ADH-PPa nanoparticles were roughly
spherical with a mean diameter of 83.1 £ 17.5 nm, as analyzed by ImageJ software (Figure 5).
The conjugates could not be size measured by dynamic light scattering due to the fluorescent
overlap with the red laser used in available instruments (ZetaPALS, Brookhaven Instrument

Corporation).
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Figure 2 '"H-NMR spectra of (a) HA-ADH and (b) HA-ADH-PPa.
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Figure 4 UV-Vis spectra and fluorescence emission spectra of PPa and HA-ADH-PPa conjugates.
(a) UV-Vis spectra, and (b) fluorescence emission spectra at excitation wavelength of 419 nm of

HA-ADH-PPa polymer nanoparticle (dash-dot), free PPa (solid) and physical mixture of HA and
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127



(b)

o©
w

o
(V)
]

o
-
1

Relative Frequency

0.0-

40 60 80 100 120 140
Particle diameter (nm)

Figure 5 (a) TEM image of HA-ADH-PPa conjugates, (b) the size distribution of the particles as

analyzed by ImageJ software

4.3.2 Singlet oxygen generation of PPa from HA-ADH-PPa

Upon laser irradiation, PPa generates singlet oxygen that kills tumor cells. The release of
the singlet oxygen can be analyzed qualitatively by monitoring the increase in the fluorescence
intensity of SOSG solution due to the production of SOSG endoperoxide (SOSG-EP), which is a
strong green fluorescent, when SOSG reacts with singlet oxygen.’’” Figure 6 shows the
fluorescence intensity at 525 nm as a function of photoirradiation time for detecting the generation
of singlet oxygen. In the absence of laser irradiation, the rates of singlet oxygen generation from
free PPa and HA-ADH-PPa were decreased significantly. Moreover, there was no obvious
difference in the rates of singlet oxygen generation between free PPa and HA-ADH-PPa. It is
reported that SOSG-EP is also an efficient singlet oxygen photosensitizer,*® thus we measured
fluorescence intensity of an SOSG solution without PPa or HA-ADH-PPa. The result suggested

that the generation of singlet oxygen was specifically from PPa upon laser irradiation.
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Figure 6 Measurements of 'O, generation using SOSG as a reporter probe (*** P <0.001; ns, P >

0.05).

4.3.3 Cellular Internalization and Exclusion of HA-ADH-PPa and PPa in MDA-1986
Cells

The cellular uptake behavior of HA-ADH-PPa was monitored as a function of incubation
time (1, 2, 5, 8, 24 and 48 h) and compared with the same concentration of free PPa by measuring
the intracellular fluorescence intensity of PPa. As shown in Figure 7a, both free PPa and HA-
ADH-PPa showed increased cellular accumulation as the incubation time was increased. Although
the intracellular concentration of HA-ADH-PPa was lower than that of PPa, it was noted that the
accumulative internalization of HA-ADH-PPa increased by ca. 5 times in 48 h, comparing to ca.
1.4 times increase in intracellular content of free PPa. The more efficient cellular uptake of HA-
ADH-PPa was possibly due to the more effective endocytosis by the cancer cells and slower
passive diffusion of free PPa into the cells. After 1 h exposure to HA-ADH-PPa and PPa (1.89
pg/ml) and subsequent incubation in PPa-free cell culture media, the intracellular concentrations

of PPa were determined. As shown in Figure 7b, more than 90% of free PPa molecules were
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cleared from the cells via passive diffusion across plasma membrane into PPa-free media in 2 h;
while around 60% of PPa remained in the MDA-1986 cancer cells 2 h after HA-ADH-PPa
treatment. It took more than 12 h, 5-fold longer than that of free PPa, for HA-ADH-PPa to be
excluded from cells below detectable limits. This result suggested that PPa molecules were
transported by HA nanoparticles via an endocytic pathway, and PPa was slowly released from HA
in the cells. To determine whether the cellular uptake of HA-ADH-PPa nanoconjugates is
regulated by the receptors for HA, cells were pretreated with excess amount of HA to saturate
specific HA-receptors on the surface of tumor cells, potentially inhibiting the uptake of HA-ADH-
PPa but not free PPa. It was shown that pretreatment with 10 mg/ml HA for 24 h prior to the
addition of HA-ADH-PPa caused a significant (ca. 20%) reduction in the cellular uptake compared
to the non-pretreated cells (Figure 7c¢). Whereas the internalization of free PPa remained
unaffected by the exposure to 10 mg/ml HA. This result indicated that the internalization of HA-
ADH-PPa nanoconjugates was inhibited by blocking HA receptors, and thus a receptor-mediated

endocytic pathway was important for HA-ADH-PPa uptake.

4.3.4 Cellular Localization of HA-ADH-PPa Vs free PPa

Confocal fluorescence imaging was used to evaluate the localization of HA-ADH-PPa and
PPa in subcellular organelles upon entering the cells. The confocal images of MDA-1986 cells
preincubated with HA-ADH-PPa and PPa for 5 h without laser irradiation are shown in Figure 8
A-L. Co-staining experiments were performed using DAPI to stain cell nuclei (blue), and
LysoTracker® Blue to stain lysosomes (red). For lysosomal localization, HA-ADH-PPa was
observed to have significant co-localization in lysosomes as shown in Figure 8C. However, free

PPa molecules were partially co-localized with lysosomes (Figure 8I). For nuclei localization, the
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clear green fluorescence surrounded the cell nuclei in both Figure 8F and 8L, indicates that neither

HA-ADH-PPa nor PPa entered the cell nuclei.
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Figure 7 Cellular uptake of HA-ADH-PPa and PPa by MDA-1986 cells. (a) Cellular uptake by
MDA-1986 cells after incubation with HA-ADH-PPa (solid) and PPa (dashed) for 1, 2, 5, 8, 24
and 48 h; (b) Cellular exclusion by MDA-1986 cells after 1 h treatment with HA-ADH-PPa (solid)
or PPa (dashed), followed by washes with PBS and incubation with fresh media for another 0.5,
1,2, 6 and 12 h; (c) Cellular uptake by MDA-1986 cells after pretreatment with 10 mg/ml HA (24

h) and incubation with HA-ADH-PPa and PPa for 5 h (* P <0.05).
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Figure 8 Confocal fluorescence microscopy of MDA-1986 cells treated with HA-ADH-PPa or
PPa (green), and co-stained with DAPI (blue) and LysoTracker® Blue (red). Left panels are
photosensitizer fluorescence images (A & D, HA-ADH-PPa; G & J, free PPa). Middle panels show
the LysoTracker® Blue (B & H) and DAPI (E & K) co-staining, while right panels (C, F, 1 & L)

show the overlaid images (60x magnification).

4.3.5 Cellular Phototoxicity of HA-ADH-PPa

Cellular internalization experiments showed that the intracellular fluorescence of PPa

plateaued at ca. 24 h (Figure 7a). Therefore, MDA-1986 cells were incubated with HA-ADH-PPa
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at a series of PPa concentrations (8.1 ng/ml to 8.1 pg/ml) for 24 h, followed by washing with PPa-
free media and light irradiation at a fluence of 5.89 mW/cm? and compared to free PPa. In the
absence of light, no significant cytotoxicity was observed on MDA-1986 cells with both HA-
ADH-PPa and PPa, using equivalent PPa concentrations of 4 pg/ml as shown in Figure 9a. In case
of irradiation, cytotoxicity began to appear at much lower concentrations of PPa with different
times of irradiation, as shown in Figure 9, b-d. The cytotoxicity of PPa increased as the light
irradiation time increased (Table 1). It could be assumed that intracellular concentration of PPa in
HA-ADH-PPa treated cells was comparable to that of free PPa treated cells. For example, after 24
h incubation with drugs, the uptake of free PPa in MDA-1986 cells was ca. 1.7 times higher than
that of HA-ADH-PPa (Figure 7a), whereas the amount of free PPa excluded by cells within 30
min was 2.8 times greater than that of the polymeric conjugates (Figure 7b), and hence the PPa
concentrations in both groups were roughly equal. However, in corresponding phototoxicity
experiments, the ICso values of HA-ADH-PPa were higher than those of free PPa in response to
every light dose tested (Table 1). It is well documented that singlet oxygen is unable to diffuse
beyond the intracellular compartment where it is being produced, and the lysosomes are less
critical organelles than mitochondria in photosensitizing process.?® Thus, the major subcellular
localization into lysosomes, and not the mitochondria, may account for the lower phototoxicity of
HA-ADH-PPa. The concentration of HA-ADH-PPa at the treatment site could help compensate

for the lower phototoxicity.
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Figure 9 Anti-proliferation of HNSCC MDA-1986 cells by HA-ADH-PPa conjugates and free

PPa. Inhibition of HNSCC MDA-1986 cell growth by HA-ADH-PPa (solid lines and @) or free

PPa (dashed lines and A) after 24 h incubation with 0-, 2-, 5- and 10-min light irradiation (a-d)

respectively.
ICso (ng/ml of PPa)?
[rradiation time 2 min 5 min 10 min
HA-ADH-PPa 4.13 £0.55 3.05+0.79 1.42+£1.50
PPa 2.58+1.18 0.45+0.10 0.47 £0.51

 Determined from data shown in Figure 8
Table 1 ICs¢ values of HA-ADH-PPa or free PPa in MDA-1986 cells at different irradiation

durations.
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4.3.6 In Vivo Fluorescence Imaging

An orthotopic murine tumor xenograft was established by injecting highly tumorigenic
human HNSCC MDA-1986 cells into the buccal mucosa of nude mice. The primary tumor invaded
the mandible and metastasized to the parotid and cervical lymph nodes. The incidence of distant
metastasis has been verified in our previous study.*’ The intrinsic fluorescence of the
photosensitizer, PPa, enables the detection of HA-ADH-PPa in the region of lymphatic metastases
using fluorescence imaging in vivo. Thus, HA-ADH-PPa was injected adjacent to the primary
tumor; and fluorescent images of the head and neck area were obtained at various time points from
0 to 48 h. As shown in Figure 10, HA-ADH-PPa nanoconjugates were drained toward and
accumulated effectively at both of the periphery of the neoplastic tissue and the peripheral
locoregional lymphatics (parotid lymph nodes) in 24 h, which is possibly due to the
lymphangiogenesis and lymphatic metastasis. Moreover, the exact location of the tumor was
clearly outlined as a result of the intense fluorescence signal emitted by the surrounding tissues
and lymph nodes, which provides a valuable guidance for photodynamic therapy of metastatic

HNSCC.
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Figure 10 Fluorescence images of the head and neck area of a mouse at 5 min and 24 h post-
injection of HA-ADH-PPa. Dashed circle and % indicate the primary tumor and the injection site,

respectively.

4.3.7 In Vivo PDT Treatment

In order to evaluate the therapeutic potential of HA-ADH-PPa compared to free PPa, four
groups of female nude mice bearing HNSCC xenografts were treated with saline s.c., free PPa i.v.
(0.5 mg/kg B.W.), HA-ADH-PPa s.c. (0.5 mg/kg PPa) and HA-ADH-PPa s.c. (0.8 mg/kg). Laser
irradiation was conducted at 6 h post-injection of free PPa and 24 h post-injection of HA-ADH-
PPa. These time points were chosen based on observations by in vivo imaging of the Tmax of
fluorescence in the tumor region after s.c. injection of HA-ADH-PPa or tail vein i.v. injection of
PPa. The tumor growth rates of the three groups, including saline s.c., free PPa i.v. (0.5 mg/kg
B.W.) and HA-ADH-PPa s.c. (0.5 mg/kg PPa) after four consecutive treatments were compared
to evaluate the therapeutic efficacy of HA-ADH-PPa nanoconjugates (Figure 11a). It was found
that HA-ADH-PPa s.c. combined with laser treatment caused significant tumor suppression. The
final mean tumor size was ca. 300 mm? after 25 days, which was 60% smaller than that of the non-

treated group. As shown in Figure 11b, survival time was greatly improved for the mice treated
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with HA-ADH-PPa s.c. (0.5 mg/kg PPa) compared to the non-treated and free PPa i.v.(0.5 mg/kg)
treated groups. No statistically significant difference was observed between the non-treated and
the free PPa i.v. (0.5 mg/kg) groups. In addition, tumors on all mice treated with HA-ADH-PPa
s.c. (0.8 mg/kg PPa) were cured after the 2™ treatment at week 2 (Figure 11¢). The results of the
in vivo treatment indicated that as a drug nanocarrier, HA greatly enhanced the anticancer efficacy

of PPa compared to the conventional i.v. photosensitizer treatment.
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Figure 11 Measurement of tumor size and survival time of mice. (a) Female NU/NU mice were
administered saline s.c., HA-ADH-PPa s.c. and free PPa i.v. (0.5 mg/kg PPa, N=4). (b) Survival
curve of treated and untreated NU/NU mice. (c) Picture of a NU/NU mouse with HNSCC before

and after 2 weekly treatments of HA-ADH-PPa s.c. (0.8 mg/kg PPa, N = 3).
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4.4 Discussion

The objective of the study is to develop HA-PPa nanoconjugate to enhance the PPa aqueous
solubility, tissue selectivity, and maintain high photoactivity. The high aqueous solubility of HA,
a carbohydrate that is a structural component of the tissue extracellular space, was expected to
improve the solubility of the resulting HA-ADH-PPa nanoconjugate. The selective uptake of HA-
ADH-PPa by tumor cells is attributed to the high affinity of HA to CD44 receptor,”” RHAMM,*%*
and LYVE-1,°* which are overexpressed in tumor tissues.?® The preservation of photoactivity may
be ascribed to the low loading degree of PPa on HA-ADH. Thus, the nanoconjugates showed
potential for delivering concentrated PPa for locoregional treatment of primary tumors and local
lymphatic metastases.

A loading degree of 2% (wt/wt) PPa on HA-ADH was achieved and no aggregation of the
nanoconjugates. However, when the loading degree was increased to 3% (wt/wt) by increasing the
stoichiometric ratio of PPa to HA-ADH, the solubility of HA was significantly decreased; this
could possibly be due to an irreversible aggregation of PPa in aqueous solution and increased
occupation of ADH amino groups. An added advantage of the lower loading value arises in that
native HA is transported via lymphatic vessels to lymph nodes where it is catabolized by receptor-
mediated endocytosis followed by lysosomal degradation. A lower loading degree of PPa on HA-
ADH may thus better preserve the binding specificity and affinity of HA to the receptors in the
lymphatic system, such as LYVE-1 on the wall of lymph vessels.*!

HA-ADH-PPa was synthesized via a covalent amide bond linkage of the carboxyl group
on PPa to HA-ADH. The success of the synthesis was verified using both "H-NMR and GPC. The

resulting conjugates could be self-assembled in aqueous solution into nanoparticles where HA
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forms the hydrophilic shell and PPa forms the hydrophobic core. The morphology and particle size
were determined via TEM as shown in Figure 5, which demonstrated a spherical morphology with
a particle diameter 83.1 = 17.5 nm. The observed size range was reported for different HA
conjugates. Yoon et al.*? prepared chlorin e6 — Conjugated HA nanoparticles which had a particle
size around 200 nm. Also, Choi et al. (43) synthesized Amphiphilic HA-5B-cholanic acid
conjugates with particle sizes around 300 nm. The difference in size may be attributed to the
different conjugating material, differing particle preparation conditions and imaging method. The
self-organizing behavior of polymer is very concentration dependent, thus their relationship is
usually described using critical concentration terms such as critical self-quenching concentration
(CQC). The CQC of HA-PS conjugates was investigated by Li et al.* who found that the micelle-
like nanoparticles were formed significantly when the polymer concentration was higher than 0.1
mg/ml and PS concentration was higher than 0.013 mg/ml. However, in our work, no polymer
aggregation was detected, and thus no photoactivity quenching was expected due to the lower
loading degree of PPa on HA-ADH.

Upon irradiation of the HA-ADH-PPa in the tumor area with light equivalent to its
absorption band, singlet oxygen is generated which causes irreversible damage to the tumor cells
leading to an apoptosis.*’ The mechanism of singlet oxygen generation is due to the interaction of
an excited state of PPa, i.e. “triplet state” that forms due to the irradiation, with oxygen molecules
present in the cells. An energy transfer occurs between the PPa and oxygen to form a singlet
oxygen free radical, which is responsible for the PDT therapeutic efficiency.*® Thus, any PS
polymeric carrier should satisfy two fundamental requirements; the first is the nanocarrier should
not significantly quench singlet oxygen, while the other is the PS-encapsulated polymer matrix

should be permeable to the newly generated singlet oxygen.*” As shown in Figure 6, no significant
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difference in the rates of singlet oxygen generation was observed between HA-ADH-PPa and free
PPa at same concentrations of PPa under increased light intensity up to 2.35 J/cm?, suggesting that
HA-ADH-PPa nanocomposite neither quenched, entrapped singlet oxygen nor blocked its
diffusion into the intracellular domains.

The results of the intracellular localization study showed green-fluorescent puncta,
attributed to PPa, were widely distributed within the cytoplasm. In addition, significant co-
localization of HA-ADH-PPa with lysosomes was observed, while no nuclei localization was
observed. These findings agree with Liu et al.*® where they loaded PPa to a polymeric nanocarrier.
The loaded-PPa was observed to localize at mitochondria and lysosomes but not the nucleus. Due
to pH trapping, lysosomes can accumulate weakly basic compounds such as PPa.*’ Mitochondria
and lysosomes are crucial for cell viability, thus any damage to them by PDT could efficiently
induce the cell to undergo apoptosis.>

To better understand the uptake of nanoconjugates versus free PPa by MDA-1986 cells,
intracellular PPa concentration was measured after 1 h PPa treatment. Only 10% of free PPa was
retained by cells after 2 hours, versus 60% of PPa for HA-ADH-PPa polymeric conjugates (Figure
7b). This may be attributed to enzymatic degradation of HA-ADH-PPa by lysosomal
hyaluronidase followed by a slow release of PPa into the cytosol. A similar PS release pattern from

HA nanoparticles was also observed by Yoon et al.*?

in their in vitro release study, in which ca.
40% of Ce6 was released after 2 hours while incubating Ce6-HA with hyaluronidase at 37 °C.

To evaluate the therapeutic efficacy, mice bearing MDA-1986 tumors were treated with
either (a) HA-ADH-PPa (0.5 mg/kg PPa) injected directly into peri-tumoral subcutaneous tissue,

or (b) free PPa injected i.v. into the tail vein. Tumor growth was suppressed more successfully by

s.c. HA-ADH-PPa (0.5 mg/kg PPa) than by i.v. free PPa treated mice (Figure 11a). The result of
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the tumor response suggests that s.c. HA-ADH-PPa achieved enhanced therapeutic efficacy
relative to the conventional i.v. PPa, which might be ascribed to the specific lymphatic drainage
of the HA nanocarrier and the direct localized route of drug administration. Furthermore, tumors
in mice treated with a higher dose of HA-ADH-PPa (0.8 mg/kg PPa) demonstrated hemorrhage
suggesting notable efficacy. All three high-dose mice were cured after two treatments, and treated
tissues recovered readily during the course of one week. This rapid healing might be due to the
reparative and protective effects of HA, which has been used widely for healing cutaneous wounds,

burns and ulcers.

4.5 Conclusion

This study describes a novel polymeric HA nanocarrier conjugated to the photosensitizer
PPa for intratumoral and intralymphatic delivery. The conjugation of PPa to HA-ADH was shown
to enhance the water solubility of PPa, increase its accumulation in HNSCC, and preserve its
photoactivity. The study also demonstrated the novel compound’s use in treating a focal
malignancy and its locoregional lymphatics. In HNSCC tumor-bearing mice, in vivo efficacy and
survival time were greatly improved versus conventional PDT therapy. Accordingly, the proposed
HA-based nanocarrier has been demonstrated as a promising vehicle for PDT. In future studies,
we plan to test the synergistic potential of PDT and immunotherapy. Wherein, we believe the
ability to highly localize tumor apoptosis with the HA-PPa and PDT, without destruction of

surrounding tissues, may activate the immune system in immunologically cold tumors.>
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