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ABSTRACT OF THE DISSERTATION

THE DEVELOPMENT OF A NANO-BASED COLORECTAL PRE-EXPOSURE
PROPHYLAXIS FOR HIV
By

Antoinette Gail Nelson

Dissertation Director:

Professor Patrick J. Sinko

The colorectal mucosa is a highly vulnerable site for Human Immunodeficiency Virus (HIV)
transmission. The epithelium of this region is comprised of a thin single-cell layer that serves as a
protective barrier, to prevent foreign pathogens from entering the body. Beneath the epithelial
layer, the lamina propria provides direct access to an extensive population of immune cells that
are highly susceptible to HIV infection. There is also access to the lymphatic system, which
serves as an outlet for HIV to enter the systemic circulation, initiating permanent infection. To
prevent HIV infection, it is important to achieve, and maintain, therapeutically effective
concentrations of anti-HIV drugs within mucosal tissues. The objective of the current thesis is to
fabricate and assess a nanoparticle (NP) platform, for use in a colorectal PrEP, with the goal to
(1) deliver antiretroviral agents directly to the colorectal mucosa to minimize dosage
requirements; (2) achieve high drug loading and sustained drug release; and (3) establish
prolonged, therapeutically effective, drug concentrations within mucosal tissue to minimize
dosing frequency to once-a-week. Based on average epithelial cell turnover rates in the colon of

rodents and humans, 2-3 days in a murine model is considered equivalent to 5-8 days in humans.
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The overall objective of this thesis is to design, fabricate, and evaluate a nanoparticle (NP) drug
delivery system (DDS), for colorectal mucosal pre-exposure prophylaxis (mPrEP) of HIV. Within
the first part of this thesis, the feasibility of a modified cell penetrating peptide (CPP) bactenicin 7
(Bac7), to transport poly(e-caprolactone)-poly(ethylene glycol) (PCL-PEG) NPs into, and across,
a colorectal epithelial barrier, was evaluated. The hypothesis is that by functionalizing NPs with
Bac7, NP transport across Caco-2 colonic cells will increase in vitro. Additionally, NPs of
optimal architecture (dense PEG corona and effective Bac7 ligand density) will successfully
traverse the colorectal mucus mesh lining in vivo. Bac7-labeled NPs with varied ligand densities
resulted in a 163.2% to 384.6% increase in NP transport across a Caco-2 epithelial cell monolayer
compared with plain NPs. NPs of 1% to 5% Bac7 surface coverage showed successful

translocation across colorectal mucus to associate with the epithelial layer in vivo in a rat model.

In the second portion of this thesis, rilpivirine-loaded NPs were assessed for sustained drug
release. The hypothesis that flash nanoprecipitation can be used to fabricate NPs with high RPV
drug loading via in situ salt formation, and that NP formulations can be tuned to achieve
sustained release for a minimum of 24 hours, was tested. RPV was successfully encapsulated
within PCL-PEG NPs resulting in high encapsulation efficiencies (85% to 98%), and moderate to
high drug loadings (10.9 % to 17.7%). Cumulative release over 24 hours was modulated to
achieve between 20% and 40% extent of release. Poly(lactide)-poly(ethylene glycol) (PLA-PEG)
NPs resulted in a greater extent of release (58% compared with 40% for PCL-PEG). However,
PLA-PEG NPs achieved an approximately 10% lower encapsulation efficiency and 1% decrease

in drug loading compared with PCL-PEG NPs, resulting in low cost-efficiency.

Furthermore, rilpivirine-loaded Bac7 NPs were evaluated as a long-acting PrEP platform in vivo.

The postulation is that Bac7 labeling will increase NP residence within the mucosa to deliver
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RPV to epithelial tissue and NPs will persist within mucosal tissue for 2 to 3 days in vivo. Greater
than 13% and 26% RPV tissue association is reported for Bac7 NPs and plain NPs, respectively,
after 2 hours. At this time, placebo Bac7 NPs showed 3-fold increase in mucosal tissue
association compared with plain NPs (~1.7% and ~0.45%, respectively). However, Bac7 NPs
were significantly cleared from tissue at 24 hours, although both plain NPs and Bac7 NPs were
present at low levels past 48 hours. This project demonstrates the potential of a Bac7 NP platform
for use as a colorectal mPrEP DDS. Further optimization is needed to achieve feasibility as a

long-acting PrEP approach.
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CHAPTER 2

Introduction and Specific Aims

2.1. Introduction

In the year 2021 we approach the 40™ anniversary of the first reported case of HIV/AIDS in 1981.
Due to the global spread of HIV, it is now considered a pandemic. In 2016, the Joint United
Nations Programme on HIV/AIDS (UNAIDS) estimated nearly 37 million people were living
with HIV, with approximately one million mortalities due to AIDS related illnesses that year [1-
3]. Fortunately, with the development of antiretroviral therapy (ART), there has been significant
progress in controlling the spread of the virus. With chronic treatment, HIV infected individuals
can now live normal lifespans. However, there is still no cure or vaccine available, making focus

on prevention even more of a priority [2].

Sexual contact remains the predominant route of HIV transmission from infected to healthy
individuals. Receptive anal intercourse is the most prevalent cause of new viral infections in
developed countries. Men who have sex with men (MSM) represent the largest population of new
infections in Australia, Western Europe and North America. Within the United States, only 4% of
males identify as MSM, representing only 2% of the total population. However, this demographic
group accounted for 78% of new infections amongst men and 63% of all new HIV infections in
2010 according to the Center for Disease Control and Prevention [4-6]. Although it is now clear
that HIV disproportionately affects MSM within the developed world, women who engage in
unprotected receptive anal intercourse (URAI) are also at a significantly higher risk of contracting
HIV from an infected partner than those who participate in unprotected vaginal intercourse only

(UVI). It is estimated that URAI results in 10-100 times more incidences per exposure than UVI.



Anal intercourse has been one of the most stigmatized forms of heterosexual behavior. Therefore,
anal coitus within heterosexual relationships is often underreported although not uncommon
practice. Within the United States, the absolute number of women who participate in URAI is ~7-
fold higher than the absolute number of men who practice URAI. Additionally, it was reported
that 75% of female study participants in a South African clinical trial site for microbicide testing,
participate in URAI. This is important since nearly 70% of individuals currently living with HIV

reside within Sub Saharan Africa [2, 7, §].

Currently, the only FDA approved approach for HIV prevention, is the systemic pre-exposure
prophylaxis (PrEP), Truvada. With this oral drug product, there are toxicity concerns since the
entire body is being exposed to antiretrovirals and large dosages are required to achieve effective
concentrations in mucosal tissues. Additionally, patient nonadherence is a critical challenge to
PrEP efficacy. Therefore, alternative PrEP options are being explored. In particular, long-acting
formulations may improve adherence, by conferring longer durations of protection, and avoiding
the daily responsibility to adhere to medication [9-11]. A long-acting colorectal mucosal PrEP
(mPrEP) drug delivery system (DDS) capable of delivering antiretrovirals directly to the
colorectal mucosa, lowering the necessary dosage and frequency, and limiting systemic exposure,
would be a major milestone for the PrEP field. While one strategy is unlikely to achieve universal
acceptability, having a diverse array of options, to suit a range of user needs and preferences, can

effectively enhance adherence and help to control viral spread [10, 12].

The development of new drug delivery strategies to achieve, and maintain, efficacious drug
concentrations in mucosal tissues, remains a significant challenge. A number of biological and
formulation barriers exist to DDSs. The gastrointestinal (GI) tract has several protective barriers

that include the mucus layer and epithelial cell barrier. These physiological barriers limit the



delivery of therapeutic agents to the sites of action within the mucosa. In particular, the lamina
propria, located beneath the epithelium, is a key target for prevention strategies. Ultimately, one
of the primary rate-limiting steps is drug dissolution. More than 40% of new chemical entities
(NCEs) are practically insoluble in water [13, 14]. The Biopharmaceutical Classification System
(BCS) reports that most poorly soluble drugs belong to the BCS class II. Drugs within this class
exhibit low water solubility and high membrane permeability [14]. Hence, sparse solubility and
dissolution, within aqueous gastrointestinal fluids, are the primary cause of insufficient tissue
absorption. Additionally, drugs in crystalline form require more energy for dissolution than the
amorphous form and present additional challenges to permeability and bioavailability [13]. There
are several strategies that have been employed to increase the drug dissolution of poorly soluble
and crystalline drugs including solid dispersions, micronization and the addition of ionized salts.
However, these techniques have faced limitations in drug-loading capacity, biodegradability, and

toxicity. Nanotechnology has emerged as a promising alternative to address these challenges [13].

Nanoparticles (NPs) provide many advantages as DDSs. These carriers can be easily altered to fit
the custom needs of a specific delivery system. They have the ability to increase therapeutic
bioavailability and drug loading, actively and passively target tissues, as well as evade physical
and immune barriers to delivery. These include members of the reticuloendothelial system or
mucus that work to “detect” and remove foreign materials from the body [15]. For example,
many NPs are coated with a layer of hydrophilic neutral polymers such as poly(ethylene glycol)
(PEG), which enables them to travel through the body without detection by macrophages and
other agents of the immune system. Additionally, for BCS Class II drugs, drug release from the
dosage form is typically the rate-limiting step. NP fabrication processes also have the potential to
modify NP structural properties and control drug release rates to meet therapeutic needs. Even
with the enhanced benefits nanoparticles provide, penetration across the colonic epithelium

remains a difficult task due to the low permeability of the epithelial cell membrane and tightly



connected cell layer [16]. It is especially difficult for materials of high molecular weights and/or
hydrophilic properties to traverse the barrier by paracellular permeability [17]. To assist in the
penetration of cargo through cell membrane, NP structure and/or surface properties may be
altered. NPs may be functionalized with cell-penetrating peptides (CPPs), which are usually
highly cationic or hydrophobic peptide sequences that have been used to facilitate in the transport

of cargo across cell membranes.

NPs must also be able to successfully penetrate the mucus layer. Within the gastrointestinal tract,
mucus lines the luminal surface and serves as a tenacious barrier to protect the epithelium from
exposure to foreign particles and the external environment. Mucus is a semipermeable layer of
viscoelastic gel that selectively enables the exchange of nutrients, water, gases, hormones and
other necessary biological components while preventing the translocation of most bacteria and
pathogens. It is 90-98% water with mucin, lipids, proteins, DNA, ions, and cells present
throughout the matrix. Mucin fibers, secreted by goblet cells, are cross-linked and entangled to
form a mesh-like system. These fibers are highly flexible and coated with a complex and diverse
arrangement of proteoglycans mostly tipped with a carboxyl or sulfate group creating a net
negative charge. These glycosylated regions are highly hydrophilic and separated by hydrophobic
pockets. The flexible array of alternating regions in polarity allow for a variety of low-affinity
hydrophilic and hydrophobic bonds to occur between the mucus gel and incoming particles.
Additionally, spacing within the mesh range between 30-100 nm and may physically trap

materials larger than the lower cut-off [15, 18-20].

Within the GI tract, there are two types of mucins structurally: secreted and cell attached.
Additionally, secreted mucin, can be separated into two distinct layers, a loose outer layer and
inner layer that is tightly adhered [15]. Some sections of the Gl-tract are covered with either cell

attached or secreted mucin [21]. The colon consists of both layers creating a more robust barrier



between 110-160 um in thickness [19]. The inner mucus layer within the proximal colon has been
shown to be partly penetrable to polystyrene beads about the size of bacteria (0.5-2 um). The
distal colon however, is largely impenetrable [21]. Mucus is also continuously secreted and shed,
or digested and recycled, with a typical lifetime estimated to be about an hour for the inner mucus
of the distal colon in rodents and humans [18, 22]. This relatively quick turnover makes it
difficult for drugs and delivery systems to reach mucosal surfaces since they must travel
“upstream” towards the epithelium and successfully penetrate the mucus lining before shedding
occurs. It is common for mucus to adhere to particles along the way and essentially wrap itself
around them to prevent them from coming in contact with epithelial cells. These particles are then

removed with the shedding mucus [18, 19].

Therefore, to traverse the mucus layer, NPs must avoid adherence to the lipophilic or negatively
charged regions of the mucin matrix. They must also be small enough to permeate the mucin fiber
mesh. Therefore, carrier surface chemistry plays a major role in nanoparticle interaction with the
mucus mesh and its ability to permeate across. NPs with cationic surface charges are more likely
to adhere to the mucus layer, preventing their diffusion. Conversely, negatively charged particles
may also be problematic resulting in electrostatic repulsion by the anionic barrier that may retard
its diffusion. On the other hand, neutral NPs may be highly hydrophobic, causing hydrophobic
interactions resulting in their sticking to mucus as well. These considerations highlight the
intricacy of engineering nanocarriers to successfully traverse mucus and epithelial cells in series
to deliver therapeutics as these two barriers are so vastly different in their physicochemical

properties [15].

Once successfully past the mucus lining, intracellular delivery of most peptides, drugs and
carriers is impeded by the cell membrane. To assist in the penetration of cargo through the cell

membrane, cell-penetrating peptides (CPPs) have been utilized. These peptides are usually highly



cationic or hydrophobic. One family of CPPs, the bactenecin family, stems from a
proline/arginine rich family of antimicrobials which function by inhibiting the intracellular
protein synthesis machinery. In their native forms, bactenecins are present in the neutrophils of
ruminants where they work to invade foreign microorganisms and kill microbes. Bactenecin 7, a
member of this family, is a 59-residue protein rich in cationic charged amino acids [23]. The CPP
Bac7 is a modified fragment of the region 15-24 which harbors the cell-penetrating properties of

the native protein but not the microbial activity to influence the function of mammalian cells [24].

This dissertation thesis herein presents the design, fabrication, and evaluation of a nano-based
DDS for colorectal mucosal HIV PrEP. The feasibility of the modified cell penetrating peptide
(CPP), bactenicin 7 (Bac7), to transport poly(B-caprolactone-ethylene glycol) nanoparticles into,
and across colorectal tissue, was evaluated. Nanoparticle encapsulation potential for a crystalline
and BCS Class II drug, rilpivirine, was assessed. Drug release kinetics and flexibility in extent of
release, by adjusting the physical properties of the NP copolymers, was investigated. Finally, NPs
were evaluated in vivo to assess their translocation across mucus and cells, to maintain prolonged

tissue retention.

A colorectal mucosal PrEP (mPrEP) DDS for HIV would deliver antiretrovirals directly to the
colorectal region, a critical site of early HIV infection, to achieve and maintain effective mucosal
drug concentrations, to minimize dose frequency, and to limit systemic toxicity. The current work
establishes the feasibility of a NP DDS mPrEP platform labeled with Bac7, to be used in a mPrEP

approach.
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2.2. Specific Aims

Colorectal transmission of HIV plays a major role in the establishment of new infections. The
anatomical structure of the colorectal mucosa makes it a vulnerable site for HIV. The colorectal
epithelium is a thin single-cell layer that is much easier to penetrate than the multi-layer barrier
found within the vagina. Once HIV traverses the epithelial layer and enters the lamina propria, it
has direct access to an extensive population of activated CD4+ T cells, macrophages, and other
lymphocytes that are highly susceptible to HIV infection. There is also access to the lymphatic
system, which serves as a primary route for HIV to enter the systemic circulation. Currently, the
only FDA approved approach for HIV prevention, Truvada, is an oral drug product, which
requires strict adherence to a daily dosing regimen. In addition to toxicity concerns, patient non-
adherence is a critical challenge to PrEP efficacy. Ideally, a long-acting/extended release pre-
exposure prophylaxis approach, with sustained drug activity, would allow for more flexibility in
application to increase adherence and efficacy. A long-acting colorectal mucosal PrEP (mPrEP) is
likely to be effective if it (1) delivers antiretrovirals directly to the colorectal mucosa to lower the
dosage requirements, (2) achieves high drug loading and sustained drug release capabilities, and
(3) establishes prolonged therapeutically effective drug concentrations within mucosal tissue to

minimize dosing frequency to once-a-week.

In this thesis, the above functional objectives were addressed through the design, fabrication, and
evaluation of a nano-based drug delivery platform, for colorectal mucosal HIV PrEP. We
evaluate the feasibility of the modified cell penetrating peptide (CPP) bactenicin 7 (Bac7) to
transport poly(e-caprolactone)-poly(ethylene glycol) nanoparticles into, and across a colorectal
epithelial barrier. The encapsulation potential for a crystalline BCS Class Il drug, rilpivirine, to be
incorporated into NPs by flash nanoprecipitation, was assessed. We also investigated drug release

kinetics and rate of release by modifying copolymers components prior to NP fabrication. Finally,
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the NPs were evaluated in vivo to determine their capability to translocate across mucus and cells,

and maintain prolonged tissue retention for 2-3 days in rodent models. The average epithelial cell

turnover rate in the colon is 5-8 days in humans and 2-3 days in rodents [25]. Therefore retention

that exceeds 2-3 days in a murine model indicates NP delivery to the lamina propria and is

considered the rodent equivalent of a one-week duration.

This thesis is organized into two primary specific aims:

1.

To design, characterize and evaluate Bac7-Labeled PCL-PEG nanoparticles as a drug
delivery platform for colorectal HIV pre-exposure prophylaxis

Hypotheses: (a) The conjugation of a Bac7 CPP will increase NP uptake into/ or across
Caco-2 colonic cells in vitro; and (b) NPs of optimal architecture (dense PEG corona and
optimal Bac7 ligand density) will successfully traverse the colorectal mucus mesh lining in
Vivo.

To formulate, characterize and evaluate rilpivirine-loaded Bac7 nanoparticles as a long-
acting platform for colorectal HIV PrEP

Hypotheses: (a) Flash nanoprecipitation can be used to fabricate NPs with high RPV drug
loading via in situ salt formation, (b) RPV release rates can be tuned by modifying polymer
block ratios to achieve sustained RPV release for a minimum of 24 hours; (¢) Bac7 labeling
will increase NP residence within the mucosa and deliver RPV to tissue in vivo. (d) NPs will

maintain tissue persistence for 2 to 3 days in vivo.
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CHAPTER 3

Note: This chapter was reproduced for this dissertation from the following publication:
Nelson, A. G.; Zhang, X; Ganapathi, U; Szekely, Z; Flexner, C. W.; Owen, A; Sinko, P. J. Drug
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Journal of Controlled Release. 219. 669-680.

Drug Delivery Strategies and Systems for HIV/AIDS Pre-Exposure Prophylaxis (PrEP) and

Treatment

3.1. Abstract

The year 2016 marked an important milestone - the 35™ anniversary of the first reported cases of
HIV/AIDS. Antiretroviral Therapy (ART) including Highly Active Antiretroviral Therapy
(HAART) drug regimens is widely considered to be one of the greatest achievements in
therapeutic drug research having transformed HIV infection into a chronically managed disease.
Unfortunately, the lack of widespread preventive measures and the inability to eradicate HIV
from infected cells highlight the significant challenges remaining today. Moving forward there
are at least three high priority goals for anti-HIV drug delivery (DD) research: (1) to prevent new
HIV infections from occurring, (2) to facilitate a functional cure, i.e., when HIV is present but the
body controls it without drugs and (3) to eradicate established infection. Pre-exposure
Prophylaxis (PrEP) represents a significant step forward in preventing the establishment of
chronic HIV infection. However, the ultimate success of PrEP will depend on achieving sustained
antiretroviral (ARV) tissue concentrations and will require strict patient adherence to the regimen.
While first generation long acting/extended release (LA/ER) DDS currently in development show
considerable promise, significant DD treatment and prevention challenges persist. First, there is a

critical need to improve cell specificity through targeting in order to selectively achieve
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efficacious drug concentrations in HIV reservoir sites to control/eradicate HIV as well as mitigate
systemic side effects. In addition, approaches for reducing cellular efflux and metabolism of ARV
drugs to prolong effective concentrations in target cells need to be developed. Finally, given the
current understanding of HIV pathogenesis, next generation anti-HIV DDS need to address
selective DD to the gut mucosa and lymph nodes. The current review focuses on the DDS
technologies, critical challenges, opportunities, strategies, and approaches by which novel
delivery systems will help iterate towards prevention, functional cure and eventually the

eradication of HIV infection.

3.2. Introduction

The year 2016 will mark an important milestone - the 35" anniversary of the first reported cases
of HIV/AIDS. Antiretroviral Therapy (ART) drug regimens are widely considered to be one of
the greatest achievements in therapeutic drug research. In fact, ART has transformed healthcare
for HIV-infected people from a terminal illness where patients quickly progress from HIV
infection to AIDS and serious opportunistic infections to today, where HIV infection is widely
regarded as a chronic disease. Unfortunately, the discontinuation of ART or the development of
drug resistance results in rapid viral rebound. The lack of widespread successful preventive
measures and the inability to eradicate HIV from infected cells highlight the significant

healthcare challenges and DD opportunities that remain today.

The World Health Organization (WHO) estimates that approximately 35.0 million people were
living with HIV and 2.1 million people became newly infected in 2013 [1]. Due to the global
spread of HIV/AIDS it is considered a pandemic with an estimated 39 million deaths from AIDS-
related causes, including 1.5 million in 2013. Further, the impact of HIV/AIDS on society and the

challenges of curing it are highlighted by two facts. First, the severity of the HIV/AIDS pandemic
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is comparable to the plague (Yersinia pestis infection, over 75 million deaths) [1]. Second, the
only infectious virus ever eradicated in humans is smallpox [2]. Fortunately, unlike past
pandemics with high mortality rates, ART enables HIV-infected patients to have a near-normal

lifespan and quality of life.

There is still no cure or vaccine available for HIV/AIDS. While ART regimens are considered to
be highly successful, significant limitations to current approaches persist. These include the need
for chronic administration, patient non-adherence to therapy, which is often exacerbated by side
effects of current medications and the continued threat of drug resistance. Treating HIV during
the early stages of infection is likely to be more effective than at later stages due to the
vulnerability of the virus to drugs [3]. Early treatment of patients may limit the establishment of
viral reservoirs and the emergence of resistant viral mutations, while preserving immune
responses for controlling infection. Early treatment could move ART to the next level — a
functional cure where the body is able to control the disease without drugs, despite the continued
presence of the virus [4, 5]. Pre-Exposure Prophylaxis (PrEP), the treatment of non-infected
individuals prior to HIV exposure, has become a high priority strategy/regimen that provides
early treatment to prevent post-transmission establishment of HIV infection [6, 7]. PrEP was first
used successfully in HIV-infected pregnant women undergoing ART thereby protecting the fetus
from infection during pregnancy and labor/delivery [8]. Unfortunately, Truvada, the only drug
product approved for chronic oral PrEP, suffers from the same limitations as chronic oral ART in
terms of posology, adherence, side effects and the risk of resistance if an individual is infected in
the intervening time. It is important to note that the goal of HIV eradication has thus far

categorically not been met.

New DD systems and strategies are needed to facilitate a functional cure and/or enable HIV
eradication. Achieving efficacious drug concentrations in HIV reservoir sites using targeting

approaches and reducing cellular efflux and metabolism to prolong effective drug concentrations
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in target cells remain significant DD challenges. In addition, the urgent need for long
acting/extended release (LA/ER) treatments to reduce patient compliance issues and complement
those technologies in late stage development has become clear. LA/ER strategies for PrEP have
numerous desirable attributes that include infrequent dosing and long dosing intervals making
administration convenient for patients; the possibility of directly observed therapy and better
long-term adherence; use in difficult to treat populations such as adolescents or those with
ongoing substance abuse; use in patients reporting pill fatigue; and protection of patient privacy
by eliminating the risk of disclosing pill taking to family and co-workers. The current review
focuses on DD technologies, critical challenges, opportunities, strategies, and approaches that
will help iterate towards infection prevention, functional cure and eventually the eradication of

HIV infection.

3.3. Importance of Understanding HIV Pathogenesis to Enable Effective Anti-HIV Drug

Delivery

Unlike traditional pathogens that coevolved with mankind for millions of years, HIV is an exotic
pathogen that crossed species from African primates to humans in at least five independent events
(hence HIV-1 groups M, N, O and P and HIV-2) starting approximately a century ago [9].
Consequently, humans have not had sufficient time to develop an adequate immune response.
While broadly neutralizing antibodies eventually develop in 10 to 30% of patients, the
overwhelming majority of these antibodies (~ 99%) are not potent enough to stop the progression
of disease. In addition, the induction of these antibodies through vaccination has been

unsuccessful [10].

HIV is a member of the lentivirus genus in the retroviridae family. The high mutation rate allows
HIV to evade destruction by host immune responses. The provirus form of HIV can hide in the
genome of latently-infected CD4+ memory T cells for years without revealing any sign of

infection to host immune surveillance. It also does not provide an obvious target for eradicative
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treatment. Natural eradication of any pathogen relies on host immunity. However, HIV is unique
among retroviral pathogens because its main target is CD4+ helper T cells, which serve as key
coordinators within the immune system. As the CD4+ T cell pool is progressively depleted, host
immune function becomes weaker, making eradication increasingly difficult. Compounding the
reduction in CD4+ T-cells is the establishment of cellular HIV reservoirs, defined in the context
of eradication as a cell type or anatomical site that allows persistence of replication-competent
HIV-1 on a timescale of years in patients on optimal ART [11-13]. Anatomically, HIV reservoirs
are mainly located in the mucosa of the alimentary, respiratory and genital tracts, the brain/central
nervous system (CNS), and some lymph nodes (LNs) [12, 14]. Cellular reservoirs include latently
infected CD4+ memory T cells but may also include other infected cells such as hematopoietic
stem cells and macrophages [11]. Some reservoir sites are also considered viral sanctuary sites
where drug concentrations are suboptimal due to biological barriers (e.g., blood-brain barrier) that

protect the anatomical sites (e.g., brain/CNS). This allows HIV to replicate unhindered [14].

HIV establishes persistent infection by two mechanisms: reservoir formation and ongoing
replication. The gut mucosa plays a pivotal role in HIV pathogenesis. The gut mucosa harbors
approximately 60% of the body’s immune cells, including the majority of CD4+ T cells. Many of
the CD4+ T cells are activated due to the bacteria present in the gut lumen, enabling viral
replication. Furthermore, these CD4+ T cells express the HIV co-receptor CCRS5, which is needed
for HIV entry [15, 16]. Accordingly, at all stages of HIV infection, viral replication and CD4+ T
cell depletion predominantly occurs in the gut mucosa, even under apparently successful ART
[17, 18]. Following CD4+ T cell depletion, bacterial products breach the gut epithelial barrier.
This leads to further local and systemic CD4+ T cell activation, and the acceleration of viral
replication and immune cell depletion [19]. Very recently, whole-body immunoPET scans of
simian immunodeficiency virus (SIV)-infected macaques confirmed that persistent viral

replication occurs in strategic mucosal sites, such as the gut, irrespective of ART [20]. Thus, ART
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cannot suppress low level, persistent viral replication in mucosal sites, making them high priority

targets for DD.

Targeting HIV mucosal transmission earlier is likely to be more effective than treating at later
stages of infection [3]. CD4+ T-cells are scattered throughout the colorectal and vaginal
submucosa in small numbers. Innate immunity suppresses initial infection, resulting in a small
founder population of infected cells that is highly vulnerable to ART [21]. During the first few
days after transmission, there is a dynamic balance between the shrinkage of the infected founder
cells resulting from viral and host innate immunity killing and expansion of these cells by
spreading of infection to uninfected cells. The basic reproductive rate of the founder cells is the
ratio of expansion to shrinkage and when the ratio falls below 1 the founder population of the
infected cells shrinks, resulting in aborted infection. Once locally expanded HIV spreads to the
draining LNs, systemic infection is established. The viral vulnerability creates prevention
opportunities since it would not be necessary to completely inactivate all HIV or kill all infected
cells. Rather, reducing the founder population to below the critical threshold value may suffice.
This window of opportunity lasts about one week from the time of vaginal exposure to the
establishment of HIV infection whereas after colorectal exposure, it may be significantly shorter
(Fig. 1) [3]. Although this estimate is based on data from non-human primates and vaginal SIV
challenge, the mechanism provides a logical basis and rationale for the concept of a window for
establishing HIV infection in humans, post exposure to HIV, and an opportunity for PrEP DDS to

deliver ART and prevent the establishment of HIV infection.

In a critical proof-of-concept study, Li et al [22] demonstrated that inhibition of the recruitment of
CD4+ T cells alone was sufficient to prevent vaginal transmission in a SIV—macaque model.
They found that mucosal inflammatory signaling in conjunction with the innate immune

responses to infection greatly fueled CD4+ T cell recruitment. The signaling involves

macrophage inflammatory protein-3a. cytokine, plasmacytoid dendritic cells (pDC) and pDC-
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produced CCRS51 chemokine. The surfactant glycerol monolaurate is an antimicrobial compound
that has no effect on the SIV life cycle per se but is known to inhibit immune activation and
chemokine/cytokine production in vitro. Topical application of glycerol monolaurate to the
vaginal mucosa protected rhesus macaques from acute infection despite repeated intra-vaginal
exposure to high doses of SIV. The data thus suggest that limiting local expansion to below a
critical threshold alone can be effective in preventing viral infection. The concept of early
treatment for prevention has also been supported in other studies using non-human primate
models. For example, agents that block viral binding, co-receptor-mediated entry and reverse
transcription have been shown to protect against SHIV and SIV vaginal and rectal challenges in
the rhesus macaque model [3]. The implications for DD are clear: (1) constant, therapeutically
effective drug concentrations need to be maintained in the vaginal or colorectal mucosa of high
risk individuals prior to viral exposure, (2) methods to inactivate HIV prior to mucosal entry may
have value, and (3) approaches to control the number and rate of responding immune cells to the

colorectal and vaginal mucosa after HIV exposure are warranted.

3.4. Drugs for Prevention and Treatment of HIV Infection

There are currently 37 Food and Drug Administration (FDA)-approved ARV drug products used
clinically in the US for the treatment of HIV/AIDS [23]. Although a myriad of highly potent
drugs have been approved and widely used, the HIV drug pipeline still shows robust growth in
volume as well as in molecular target diversity [24]. Existing ARVs can be classified by the site
of action (i.e., extracellularly in the vaginal/colorectal lumen or mucosa or intracellularly in HIV-
susceptible immune cells). Extracellular acting ARVs, which interfere directly with the entry
process, target either the HIV co-receptor (CCRS5) [25, 26] on host cells or gp4l, the viral
transmembrane glycoprotein on HIV. The vast majority of ARVs act inside host cells by
preventing viral proliferation. Four classes of intracellular acting ARVs have been introduced

including Nucleoside/nucleotide Reverse Transcriptase Inhibitors (NRTI), Non-nucleoside
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Reverse Transcriptase Inhibitors (NNRTI), Protease Inhibitors (PI), and HIV Integrase Strand
Transfer Inhibitors (InSTI). The vast majority of ARVs have solubility, stability and/or
permeability limitations that ultimately lead to a high degree of pharmacokinetic (PK) variability
in humans [27-31]. National Institute of Allergy and Infectious Diseases (NIAID) -supported
researchers established ART regimens, a combination of at least two drugs, in order to reduce the
incidence and rate of viral resistance. These treatment regimens are multi-class drug combination
products. Truvada, an orally administered fixed combination drug product containing tenofovir
disoproxil fumarate (TDF) and emtricitabine, represents the first potent combination drug product

approved for preventing HIV infection.

Intensive ARV research has resulted in drugs with high potency and the discovery of new
mechanisms of action (Table 1). Besides introducing newer generations of NRT, NNRT InSTI
and protease inhibitors, novel mechanisms of action are being explored, e.g. therapeutic
reclamation of apoptotic proficiency-based (TRAP) are moving to the clinical trials stage. As of
today, 59 HIV PrEP clinical trials are listed in the AVAC database (avac.org). However, most
trials involve Truvada. Even though new potent ARVs are needed, it appears that a paradigm shift

from drug discovery to drug delivery is occurring in the field of HIV therapy.

3.5. Drug Delivery Systems for HIV Prevention

Currently, there are few options for preventing HIV infection. PrEP DDS in development are
administered either locally through rectal or vaginal administration, or systemically by means of
oral or parenteral administration, providing therapeutically relevant drug concentrations in
vaginal and colorectal tissues [7, 40-45]. By any route of administration, the key requirements are
the delivery and maintenance of effective ARV concentrations at vulnerable mucosal sites during
periods of HIV exposure since HIV transmission through the colorectal and vaginal mucosae is

responsible for the vast majority of new HIV infections [46, 47].



22

In 1995, Tsai et al. [48] published a seminal paper demonstrating that subcutaneous
administration of TFV could prevent SIV transmission in macaques. Following this report, the
use of vaginally- and orally-administered TFV and TDF, the orally bioavailable prodrug of TFV
[49], to prevent HIV infection in high-risk populations became the focus of many investigations
[42]. To date, numerous clinical trials have been conducted investigating TDF and other ARVs as
potential oral PrEP agents. Of these studies, one treatment regimen was successful, leading to the
only FDA-approved and licensed treatment for HIV prevention. This product, Truvada, consists

of two drugs, TDF and emtricitabine (FTC) in a once a-day oral dose form [42].

One early investigation involving Truvada was the Partner’s PrEP study where it was found to
reduce HIV acquisition with a 75% rate of effectiveness. However, in the FEM-PrEP and VOICE
(Vaginal and Oral Interventions to Control the Epidemic) clinical trials that followed, it was not
found to be effective. A lack of patient compliance was determined to be one of the primary
factors in the failure of these studies. Similar results were seen in other clinical trial including the
iPrex study in which Truvada reduced HIV transmission by only 42% overall [42, 50]. It was
determined that only 18% of patients were taking the drug at the prescribed daily regimen [42].
When the analysis was narrowed to only patients with high adherence to the regimen (i.e., where
patients steady-state plasma TFV concentrations > 40 ng/mL), the therapies were found to be
88% and 91% effective for the groups that received TDF and TDF/FTC, respectively [51].
Therefore, while a number of trials have reported that systemic oral PrEP is only 39% to 75%
effective, subsequent correction of the data for medication regimen adherence, as indicated by
measureable drug blood levels, showed that effectiveness was greater than 90% in patients that
took their medication consistently [40, 41, 43, 52, 53]. This and other pharmacokinetic (PK)
studies show a clear relationship between PrEP efficacy and patient adherence as well [42, 52].

For rectal and vaginal PrEP formulations there is also a relationship between the size, texture and
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color of a formulation, perceptibility (user sensory perceptions including leakiness/messiness)

and patient adherence [54, 55].

This body of work highlights the two major challenges influencing patient adherence to PrEP
regimens: the chronic nature of administration/frequency of use (oral, rectal and vaginal) and
perceptibility (rectal and vaginal). Chronic oral PrEP also raises concerns of toxicity and the
potential for ARV resistance due to widespread systemic exposure. Finally, additional studies
have also revealed suboptimal drug concentrations in the target mucosal tissues even though
relatively high drug concentrations are found in the blood [56]. Alternatively, microbicides are
applied topically to the vagina or rectum and act locally to prevent HIV transmission. Therefore,
the development of DD strategies and DDS for colorectal and vaginal mucosal PrEP that

maximize local tissue drug concentrations and minimize systemic exposure are a high priority.

Microbicides have been extensively investigated as potential preventative options in numerous
DDS/dose forms such as gels, creams, films, foams, quick-dissolving tablets and intravaginal
rings (IVR) [41, 42, 44, 57-59]. Highlights of significant microbicide/local PrEP DDS are

described below.

3.5.1. Vaginal Gels

Microbicides were first explored as a means of offering broad protection against most or all
sexually transmitted infections in the early 1990’s. The first generation of microbicides, were
membrane solubilizing surfactants including the nonionic spermicide nonoxynol-9 (N-9), an OTC
vaginal contraceptive known to destroy the membrane of cells [7, 40, 44]. Unfortunately, N-9
failed at the clinical trial stage where it was found to increase HIV transmission due to the
development of inflammatory genital tract lesions in the epithelial layer of the wvagina.
Additionally, the product did not adequately cover the vaginal mucosa evenly, pointing to major

formulation challenges for the future for vaginal PrEP products [41, 43, 52]. Since the publication
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of these reports, N-9 and similar surfactants have been excluded, with few exceptions, from the

developmental pipeline [41].

Second generation microbicides incorporated polymers into the application design. Early
formulations of this period were aimed at reducing the toxicity of nonoxynol-9. Polymers were
used to minimize mucosal irritation and prevent environmental changes in the vagina that may
increase risk of infection. However, sufficient efficacy was not achieved. Thus with the widely
accepted dismissal of surfactants, efforts focused on polyanionic compounds. This group of
polymers was specifically chosen because of their ability to act as entry inhibitors to prevent HIV
from entering target immune cells in the vagina [7]. Several polyanionic polymer-based
microbicides advanced to clinical trials including Carraguard, Cellulose Sulfate and PRO2000.

Unfortunately, all were proven ineffective [60].

Third generation topical PrEP focused on microbicides using intracellularly acting ARVs to
prevent HIV infection [42]. Karim et al. [61] presented the results of a study (CAPRISA 004),
which was carried out to assess the safety and effectiveness of a 1% TFV gel for HIV prevention.
They demonstrated that the gel, if applied both before and after sex, reduced HIV incidence by
39% overall and by greater than 54% for those who used the gel consistently [57]. TFV was the
first ARV found to be effective as a microbicide. However, although it was found to be safe and
effective in preventing HIV infection, patient adherence was once again an obvious concern with

these treatments [61].

Haaland et al. [62] reported another clinical trial studying an ARV microbicide candidate,
UC781. UC781 is a NNRTI with poor oral bioavailability. Although it was unsuccessful as a
potential oral agent, it was believed to be a promising choice as a topically applied microbicide. A
carbopol gel formulation of 0.1% UC781 was found to be effective in vitro and in vivo in a
macaque model. When evaluated in a phase III clinical trial, the study was quickly terminated due

to the insolubility and instability of UC781; similar limitations were reported after oral
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administration. This study showed the importance of evaluating microbicide effectiveness after
exposure to the human female genital tract and to semen. It is possible that semen may inhibit the
antiviral activity of UC781 in vivo albeit this interaction with semen plasma was investigated in

vitro during preclinical studies and found to have no significant effect.

3.5.2. Intravaginal Rings (IVR)

In order to overcome patient adherence issues, IVRs have been proposed to deliver LA/ER ART
[42, 59]. IVRs are typically formed from elastically deformable polymers such as thermostat
silicones, poly(ethylene-co-vinyl acetate), or polyurethanes. The drug is usually mixed or
dissolved in the polymer matrix during the formulation process and incorporated into the
injection molding or hot-melt extrusion. Once the DDS is exposed to the vaginal lumen, a
concentration gradient is initiated, allowing for the surface drug to diffuse into the contacting
tissue. The rate of drug release depends on numerous factors such as drug solubility, partition

coefficient, and diffusion coefficient of drug in IVR polymer and of drug in vaginal fluid.

Nel, et al. [63] reported a clinical trial investigating the safety and PK of an IVR that delivered
the NNRTI dapivirine. Twenty-four women were treated with dapivirine (25 mg) silicone
elastomer matrix IVR, dapivirine (25 mg) silicone elastomer reservoir IVR, or a silicone
elastomer placebo IVR. IVRs were used for 28 consecutive days and plasma and vaginal fluid
samples were collected on day 1 and day 28 of the trial. The matrix IVR and reservoir IVR were
able to achieve significant drug levels in vaginal fluid with maximum drug levels of 6 mM and 42
uM respectively. This data is encouraging because the reported vaginal fluid and mucosal tissue
drug levels surrounding the IVR location were more than 1000-times the in vitro 50% effective
concentration (ECsg) against the wild-type HIV-1. This suggests that the IVR investigated may be
able to achieve sufficient drug concentrations within vaginal mucosal tissue to prevent HIV

infection [59, 63].
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Several other studies have been conducted investigating IVRs incorporating dapirivine [64-66].
Nel et al. presented results of a clinical trial for the Dapivirine Vaginal Ring-004 (25 mg
dapivirine) at the 22" Conference on Retroviruses and opportunistic infections. Patients wore the
IVR for periods between 4 to 12 weeks at a time. For patients that wore the IVR for 12 weeks
consistently, mean vaginal fluid concentrations were found to be more than 4000-times the in
vitro 1Cqy in cervical tissues at the end of the study. This ring is currently being evaluated for
safety and efficacy in phase III clinical trials (International Partnership for Microbicides website:

last accessed May 30, 2015).

Recently, a 90-day TFV reservoir ring inspired by the success of the 1% TFV gel was
investigated [67]. They hypothesized that the IVR would be able to provide a more controlled and
sustained vaginal drug concentrations in the cervicovaginal area. Polyurethane tubings of various
hydrophobicities were filled with high densities semisolid paste of TFV, glycerol and water. In
vitro, a more rapid release of TFV was found with increasing polyurethane hydrophilicity
allowing for systematic control of drug release. IVRs were evaluated in two 90-day in vivo sheep
studies where pharmacokinetics and safety of TFV was evaluated. The polyurethane IVR was
found to be capable of delivering 10 to 30 mg of TFV daily for up to 90 days consistently.
Previous matrix IVRs typically had high fractions of undissolved drug that was never released
from the ring. They also commonly showed a decrease in drug release rates with time as well as a
decrease in material stiffness as a result of drug release. This study is significant because it
highlights a tunable membrane that can be controlled to achieve and maintain a desired TFV
loading, release rate and ring stiffness by altering material properties. The polyurethane TFV IVR
also showed no significant toxicological effects. However, in comparison to the control, there was
slight to moderate increase in inflammatory infiltration within vaginal epithelium. Although
clinical studies are needed to confirm the safety and potential efficacy of this therapy, it shows

promising results for the future of IVR for HIV PrEP [67].
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Patient adherence to PrEP regimens remain a concern and developing better ways of determining
adherence are needed. Boyd et al. [68] describes the development of a technology to address the
pivotal issue of inaccurate self-reporting of patient adherence during clinical trials. They report a
temperature-monitoring microbicide-releasing vaginal ring that uses DST nano-T temperature
loggers to monitor user adherence. While still in the pre-clinical stages, the IVR was tested in
macaques where it showed high sensitivity to fluctuations in vaginal temperatures and the ability
to detect periods of IVR removal with accuracy. This introduces the concept of multipurpose IVR
to treat patients as well as monitor their use and significant events that may affect efficacy such as
sexual arousal, vaginal intercourse, and menstrual cycle). Such technologies would markedly

enhance the accuracy of product evaluation during clinical testing.

3.5.3. Vaginal Films

Another type of mucosal PrEP DDS being explored is the use of vaginal films for local mucosal
PrEP [66, 67, 69, 70]. Polymeric vaginal films are a solid dosage form that offers several
additional advantages over other microbicide dose forms such as gels and creams. Some of these
advantages are (1) accuracy of dose administration in the absence of an applicator; (2) rapid drug
release upon exposure to vaginal fluid; (3) discreet use and minimal product volume; (4)
improved drug stability; (5) convenient storage; and (6) minimal leakage. In addition, when
compared to soft-gel capsules and tablets (not discussed in this review), an acceptability study
reported that greater than 80% of participants surveyed, found the films to be acceptable forms of
treatment. 77% to 91% of women in the study also stated that they would definitely use any of

these products if they were confirmed to be effective at preventing HIV transmission [6, 69, 70].
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Until recently, most published studies proved the feasibility of formulating polymeric vaginal
films containing a single anti-HIV drug candidate. For example, a vaginal film reported by Akil
et al. [71] comprised of only dapivirine was shown to be effective in blocking HIV-1 both in
vitro using P4/RS and MT-2 cells as models of HIV infection. The film was also shown to be
effective ex vivo in polarized and cervical explant models. Recently, research has given increased
focus on developing films capable of co-delivering multiple drugs [70, 72]. Another paper by
Akil et al. [70] describes the utilization of vaginal films to deliver different combinations of
dapivirine, maraviroc, and TFV. Films were manufactured by a solvent casting method and solid
phase solubility was used to select appropriate polymers to be used in the formulation. Cellulose
polymers and polyvinyl alcohol were used in the development of three combinational film
products. These vaginal films were determined to be stable for up to 12 months at ambient
temperatures with rapid drug release reported (>50% of each drug) within the first 30 minutes in
vitro. The results from this study show the potential of vaginal films to incorporate multiple
antiretroviral agents, which is of great importance considering the prevalence in use of ART for
both prevention and eradication. The vaginal films were also well tolerated by both the women

and their partners, which makes them promising candidates for microbicide therapies.

A comprehensive summary of clinical trials for topical vaginal microbicides can be found in a
recent paper by Antimisiaris et al. [73]. To date, there have not been any products approved for
use in humans. This demonstrates a great need for new technologies and innovative ideas moving
forward. Recently, there has been an increased interest in LA/ER ARV drug combinations for
microbicides to enhance efficacy and user adherence. Nanotechnology-based drug delivery
systems are a promising option to advance the field of microbicides by their ability to (1)
facilitate drug/virus interactions, (2) increase synergy for drug cocktails (3) penetrate mucosa
tissue, (4) provide sustained and triggered drug release, (5) target HIV susceptible cells, (6)

improve drug solubility and permeability, and (7) serve as a drug barrier along the epithelial cell
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lining [74-76]. Recent review articles published earlier this year discuss the benefits and potential
drawbacks of exploring nanotechnology-based solutions to improve the efficacy of vaginal

microbicides [73, 77].

3.5.4. Colorectal Microbicides

Until recently, most efforts at microbicide development and initiated clinical trials focused on
vaginal microbicides despite the major role colorectal transmission plays in the establishment of
new infections. Men and women who practice unprotected receptive anal intercourse (RAI) are at
a much higher risk of contracting HIV from an infected partner than those who engage in
unprotected vaginal sex. Unprotected RAI is estimated to result in 10-100 times more incidences
per exposure than unprotected vaginal intercourse [78]. A major cause of this is the structure of
the colorectal mucosa (shown in Fig 2) [79]. The colorectal epithelial barrier is a thin single-cell
columnar layer above the lamina propria that is much easier to penetrate than the multi-layer
barrier found within the vagina. Once HIV traverses the epithelial layer and enters the lamina
propria, it has direct access to an extensive population of activated resident CD4+ T cells,
macrophages, dendritic cells, and other lymphocytes that are highly susceptible to HIV. There are
also individual LNs that serve as a primary route for HIV to enter the systemic circulation [56].
Due to distinct anatomical differences between the vagina and colorectum, microbicide
technologies developed specifically for one route of administration cannot be incautiously

translated to an application for the other.

Since colorectal microbicides were recently reviewed in this journal, a summary of the
formulation factors, DDS issues and challenges will be presented and the reader is referred
elsewhere for a more general discussion of broader issues [56]. Colorectal microbicide dose
forms commonly include gels, enemas and suppositories. The use of these traditional dose forms
present numerous delivery challenges to PrEP treatment and this is an area that would greatly

benefit from the development of new DDS technologies and techniques. The challenges can be
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generally categorized as follows: (1) administration methods as it relates to mucosal coverage, (2)
patient acceptability and adherence as it relates to volume administered and retention, (3) coital
dependence and persistence of therapeutic effect, and (4) chronic safety/toxicity of the

DDS/formulation.

Administration methods as it relates to mucosal coverage — Complete coverage of the colorectal

musoca is important for providing protection from HIV transmission. It is suggested that a
colorectal microbicide should cover the entire rectum, sigmoid colon and descending colon to up
to the splenic flexure to provide sufficient protection. Careful consideration must be taken to
choose the ideal delivery vehicle and applicator to ensure the spread of therapeutic agent to all

areas that may become exposed to the virus [80-82].

Patient acceptability and adherence as it relates to volume administered and retention — While

there is no standard volume of product that is used for colorectal treatments, the volume should
be sufficient enough to cover the entire area that may become exposed to HIV during intercourse.
One study [83] reported that participants tolerated up to 35 mL of a rectal microbicide gel, and
once this volume was exceeded, there is increased anal leakage and discomfort. The smallest
effective volume for treatment is preferred [56, 83]. As has been proven many times, patient

acceptability will have a major influence on efficacy [54, 56].

Coital dependence and persistence of therapeutic effect — Coital dependence of an application

(requiring dosing close to the time of sexual intercourse) may be a disadvantage when it relates to
adherence. It requires that the users anticipate when they will have sex and be able to privately
apply the treatment in advance. If the therapy is only active for a few hours, this may place a
limitation on the timespan in which a person has to use the application. Ideally, a LA/ER PrEP
approach with sustained drug activity would allow for more flexibility in application and increase

adherence and efficacy [44].
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Chronic safety/toxicity of the DDS/formulation — Microbicide formulations need to preserve the

activity and stability of drugs while also ensuring that the excipient concentrations used pose no
significant toxicity. Product acceptability is strongly dependent on the safety and comfort so it is

important that products are nontoxic especially for chronic treatment.

In parallel to these four primary challenges, the physicochemical properties of the delivery
vehicle play a key role in addressing these overcoming these challenges and increasing overall
therapeutic efficacy. The ideal delivery vehicle will differ depending on the route of
administration and vehicle type. In order to achieve sufficient levels of coverage, retention,
safety, drug release and therapeutic efficacy, many properties of the formulation have to be
optimized to compliment the biological environment that is being treated. Important properties to
consider include pH, viscosity, osmolality, mucoadhesivity, yield stress and shear rate [56, 84,

85].

Although it has not always been a main focus of PrEP research, interest in colorectal PrEP has
existed since the development of the first generation of microbicides. Nonionic surfactant N-9
was one of the first microbicides tested for colorectal application. Similarly to the results for
vaginal administration, N-9 was found to cause significant epithelial sloughing and a potential
increase in the risk of infection [56, 86]. Since then, five ARV phase 1 clinical trials have been
completed for rectal microbicides. Most of these trials have also focused on TFV gel formulations
and one study investigated the UC781 gel that was also explored as a vaginal application [42].
Anton, et al. [86] described the first phase 1 double-blind, placebo-controlled randomized
clinical trial for UC781 gel as a rectal microbicide. Men and women were treated rectally with
two concentrations of UC781 (0.1% and 0.25%) in gels formulated with Carbomer 974P,
methylcellulose, glycerin, purified water and paraben preservatives. This class of gels is similar to

thickened solutions with a limited ability to spread evenly or be retained on the mucosa. Both
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dosages were found to be safe with no epithelial sloughing from rectal lavage and no changes in

histology.

Another gel investigated as a rectal microbicide was the vaginal formula of the 1% TFV gel used
in the CAPRISA 004. This gel was evaluated in a phase 1 rectal study [RMP-02/MTN-006]
where it was shown to induce mild to moderate gastrointestinal side effects such as pain, bloating
and diarrhea. These symptoms were believed to be caused by the osmolality of the vaginal
formulation (3111 mOsmol/kg) [87, 88]. Following this study, a second gel was developed to
address the osmolality of the 1% TFV gel. The gel formulation included a reduced amount of
glycerin compared to the 1% TFV vaginal formulation and was studied in the MTN-007 phase 1
rectal microbicide trial. With a lower osmolality (836 mOsmol/kg), it was determined to be
better tolerated by the participants of the trial [58, 88]. Recently, McGowan et al. [88] reported a
randomized phase 1 clinical trial comparing the safety, acceptability, PK, pharmacodynamics of
the 1% TFV gel, the reduced glycerin gel, and a third gel never tested before in a phase 1 rectal
study (Charm-01). The third gel was a rectal-specific formulation made with an even lower
concentration of glycerin than the already reduced glycerin formulation. An additional carbopol
was also added to create a nearly iso-osmolar product (479 mOsmol/kg). After a single dose of
each treatment, all three gels were found to be safe and acceptable to participants. Ex vivo
colorectal studies were also performed and all formulations were found to result in a significant
suppression of HIV-1 viral replication. However, due to low participation and limited product
availability, Charm-01 was not fully enrolled and significant conclusions regarding which product
should advance to later stage trials as a rectal microbicide could not be made. Currently the
reduced glycerin gel is being evaluated in an International Phase 2 expanded safety study

expected to be completed by early 2016.

Nano-sized DDS are showing promise for colorectal microbicide development. The majority of

information published involves Vivagel® (Starpharma Pty Ltd). Vivagel is a carbomer-based gel
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loaded with SPL7013, a dendrimer reported to have inhibitory activity against both X4 and RS
strains of HIV-1. A 5% SPL703 gel reduced HIV-1 infection by greater than 85% in colorectal
explants ex vivo but it was also shown to cause epithelial shedding. The toxicity of the treatment
was attributed to the vehicle and not the dendrimer [56, 89]. Das Neves et al. reports the use of
poly(ethylene oxide)-modified poly(e-caprolactone) (PEO-PCL)-based nanoparticles (NPs) as a
potential nanocarrier (NC) for the NNRTI dapivirine. 200 nm PEO-PCL NPs loaded with
dapivirine were shown to increase drug uptake into Caco-2 intestinal cells in vitro [56, 90, 91].
The development of colorectal microbicides is in the very early stages. An editorial published by
Sarmento and das Neves called for more research in this area and describes the growing field in

more detail [92].

There are numerous rectally administered products and excipients that have been collectively
approved for human use for literally hundreds of years. However, given the unique application to
rectal microbicides, the use of traditional rectal products is not very promising. A technology
covering the concept of a colorectal dose form/DDS that could spread uniformly along the
descending colon from the splenic flexure to the rectum and be retained for a reasonable period of
time is virtually nonexistent. Even if such a technology existed, the coital dependence of efficacy
due to physical abrasion of the colorectal tissue and the persistence of effect would be
questionable. The obvious modifications to traditional rectal dose forms/administration such as
large volume enemas to deliver adequate volumes to ensure initial complete colorectal mucosal
coverage would not be well received by patients. This will certainly result in unacceptable
leakage volume and extremely poor patient use/adherence no less a transient effect due to poor
mucosal retention. Hence, the dependence on old, approved rectal formulations that were not

designed for the purpose of rectal microbicides is a critical issue facing the DD field.

3.6. Drug Delivery Systems for HIV Treatment
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Although a variety of DDSs have been explored for treating HIV/AIDS, they have been, for the
most part extensively covered in previous reviews [76, 93-97]. In the following sections, DDSs

that focus on resolving the remaining DD challenges are highlighted.

3.6.1. Gut Mucosa and Lymph Nodes: Targeting the critical sites of HIV infection

The current understanding of HIV pathogenesis informs future DD strategies for eradicating HIV
infection from the gut and LNs. Viral replication and CD4+ T cell depletion predominantly
occurs in the gut mucosa at all stages of HIV infection even under apparently successful ART
making DD to the gut mucosa a high priority [17, 18]. In a 2012 study [98], 30 acute HIV
infected patients (viremia /HIV 1gG") were identified/recruited from screening 24,430 high-risk
persons and treated with mega-HAART (five drugs at the entry, RT and integration steps) for 24
weeks. The mega-HAART regimen resulted in a viral reservoir reduction and partial CD4+ T cell
count recovery in the gut mucosa. However, even in these patients, the viral reservoir persisted
emphasizing the need for a gut-targeted DDS to achieve a functional cure for early diagnosed

patients.

The mucosal mucus layer is the first barrier that a DDS will encounter. Mucus properties,
function, barrier to NP delivery and mucoadhesive and mucopenetrating polymeric NPs have
been extensively reviewed [99]. The mucus layer covering the alimentary and reproductive tracts
consists of interwoven fibers and water-filled spaces in between. NPs must penetrate through this
layer to reach the mucosa. The Saltzman group has found that certain polymers (e.g., PEG and
PVP) are capable of altering the mucus structure to facilitate polymeric NP, or even monocytes,
penetration of the mucus layer [100]. While the Hanes group reported that short (~ 2 kDa) PEG
polymers displayed on NPs are able to penetrate mucus layer, apparently mimicking the surface
property of viruses that infect human epithelia (reviewed in [99]), the Sinko group demonstrated

size dependence of particle translocation through mucus [101, 102]. Mucoadhesive NPs can be
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used in HIV topical PrEP while mucopenetrating NPs are more suitable for oral DD. In the latter
case, however, mucopenetrating alone is not sufficient; the NP must be able to penetrate the gut
epithelial barrier. In this regard, an oral NP targeting the neonatal Fc receptor has achieved some

degree of success [103].

Lipid-formulated DDS that exploit the gut lymphatic route for absorption are becoming
increasingly popular [104]. Lipids are cost effective in comparison to synthetic polymers and the
relative ease of manufacture, which avoids the use of organic solvents and collectively this makes
this technology worthy of further investigation [105]. In separate rats dosed intraduodenally with
a solid lipid NP formulation of lopinavir, cumulative lopinavir concentrations in lymph fluid were
9.68 pg for the nanoformulation compared to 1.97 pg for the conventional formulation 6 hours
after administration [106]. Negi et al reported similar observations using another solid lipid NP of
lopinavir that was fabricated using a hot self nano-emulsification technique [107, 108]. Although
the gut lymphatic-targeting mechanism of lipid-formulated drugs is not clear, it is believed to be
similar to dietary fat absorption. Dietary fats translocate across the gut in the form of nano-sized
chylomicrons and since the chylomicrons are too big to enter the blood microvasculature they by
default enter the close-ended/one way terminal capillary lymphatics (i.e., the lacteals) through
endothelial intercellular gaps. This also suggests that lymphatic-targeted NPs have the potential to
be retained in gut lamina propria if their size exceeds the size of the chylomicrons. Solid lipid
NPs have been reported to exhibit low drug loading capacity and low lipid chemical stability,
which may limit their use for some drug delivery applications [109]. Other technologies that
result in the formation of micellar suspensions have also been shown to improve the plasma
concentrations of various ARVs after oral administration but lymph penetration was not assessed

as the potential mechanism [110, 111].
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Since LNs are an important immune induction site, a HIV replication site and a reservoir, DD to
LNs is also a high priority. Unfortunately, with the exception of a very early attempt in 2001
[112], literature reports suggesting or proving the feasibility of specifically targeting the gut
mucosa using DDS are lacking. This 2001 study achieved a four-fold higher AZT gut mucosa
concentrations 90 minutes after oral dosing in rat using a poly(isohexylcyanoacrylate) NP
formulation compared to free AZT. The enhancement mechanism was proposed to be
mucoadhesion. DD to the LNs has proven to have a disproportionally larger effect on controlling
HIV as compared to the blood compartment (i.e., systemic therapy). Critical progress made in

targeting LNs is described in the following sections.

The Ho lab pioneered LN targeted HIV DD. They found that in HIV-1 positive patients, indinavir
(IDV) concentrations in LN mononuclear cells were about 25-35% that of mononuclear cells in
blood. LN targeting enhanced IDV delivery in a HIV-2-infected macaque model [113]. The DDS
consisted of a lipid-associated IDV complex NP (50-80 nm in diameter). The subcutaneously
(SC) injected lipid/drug NPs became trapped in the draining and systemic LNs where they were
taken up by resident macrophages. The LN macrophages served as a drug depot slowly releasing
IDV. IDV concentrations in both peripheral and mesenteric LNs were 250-2270% higher than
plasma while in humans soluble lipid-free drug administration reached a concentration <35%
compared to the plasma. SC injection at IDV-equivalent 20 mg/kg daily for 30-33 weeks resulted
in significantly reduced viral RNA load and increased CD4+ T-cell counts. Although the exact
fate of SC-injected lipid-associated IDV NPs is not well characterized, it is likely that lipid—IDV
NPs were trapped in LNs throughout the lymphatic system. The Ho group further optimized a
lipid NP formulation [114]. Compared to previous formulations, new lipid-IDV NP provided 6-
fold higher IDV concentrations in LNs of the macaque/SIV model and enhanced drug exposure in
blood. Recently, they reported that they had further developed a lipid NP formulation

incorporating newer HIV drugs [115]. With the new generation of lipid-drug formulation, they
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reported a lipid-drug NP containing a combination of lopinavir, ritonavir, and TFV [116]. These
NPs produced over 50-fold higher intracellular lopinavir, ritonavir and TFV concentrations in
LNs compared to free drug. Enhanced plasma and intracellular drug levels persisted for 7 days
after a single SC dose, exceeding that achievable with current oral therapies. These results
underscore the benefit of targeting an anatomic site critical in HIV infection as compared to

systemic administration.

3.6.2. Targeting cell receptors on HIV infected T-cells and macrophages

As evidenced by the lack of progress in HIV vaccine development, targeting HIV proteins has
been difficult. Host cell surface receptors are more readily targeted regardless of HIV infection
status. The major roadblock for targeting CD4+ T cells and macrophages is the limited
availability of targeting ligands. Most potential targeting ligands are small molecule chemicals
whereby conjugation to a DD carrier tends to reduce the ability of the ligand to bind to a target
cell receptor. In addition, there is a tendency to “decorate” rather than engineer NC surfaces.
Ligand display configuration (spacing, linker dimensions, density, etc.) will impact NC-receptor
binding and cellular uptake. Little has been published in this area in general and specifically as it
relates to HIV/AIDS. A priority must be put on the discovery of new cell targeting ligands for
NCs, their optimal display on drug-loaded NCs. In addition, techniques to avoid endosomal
entrapment and the avoidance of off-target uptake and effects will have to be carefully
considered. While there have been some reviews regarding active DDS targeting in HIV/AIDS,
this area remains largely undeveloped and, from a critical in vivo perspective, feasibility is largely

unproven [93, 96, 117].

There are numerous potential cell targets on CD4+ T-cells and macrophages. However, only a
few have been exploited due to concerns about the potential inference with host immune function
or the lack of suitable ligands that can be conjugated to NCs. Most targeting ligands have been

peptides as the peptidyl nature makes it amenable to conjugation to a NC. DV3 is a 10-mer, D
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peptide derived from a natural CXCR?7 ligand vMIP-II. It has been shown to be able to bind to
CXCR4 and to exhibit an anti-HIV activity of ECsy 0.439 uM [118]. Recently, a derivative of
DV3 named DV1-K-(DV3) was reported [119]. It was created by chemically linking DV1 (a 21-
mer peptide also derived from vMIP-II) and DV3. This peptidyl ligand of CXCR4 shows an anti-
ECs, 4 nM, which is more potent than the natural CXCR4 ligand SDF-la. T140 is a 14-mer
peptide derived from a horseshoe crab protein named polyphemusin that is a CXCR4 antagonist
with anti-HIV activity of ECs, 3.3 nM [120]. Remarkably, a cyclic pentapeptide derivative of
T140 named FC131 retains most T140’s potency and one of FC131 analogs is even more potent
than T140 with an ECs, 1.4 nM [121]. Floudas’ group has identified a few short (10 to 15
residue) peptides as HIV CXCR4 entry and HIV fusion inhibitors, respectively [122, 123]. New
and better performing derivatives of these peptides are being tested in our lab (to be published).
Tuftsin is a tetrapeptide with the sequence of TKPR that utilizes an unidentified receptor on
macrophages. It was displayed on efaviranz-packed dendrimers and the resultant dendrimer
demonstrated macrophage targeting specificity and moderate anti-HIV activity [124]. Other
potential ligands for NCs have also been explored, including a three-residue short peptide fMLF

[125] and the monosaccharide mannose [126, 127].

3.6.3. Cell Depot-based DDS

Significant progress has been made in using human cells as DD depot sites. These approaches
have utilized macrophages as drug carriers. HIV drugs were first loaded into NCs [128] or red
blood ghost cells [129] that become engulfed by macrophages ex vivo or in vivo. The
macrophages then migrated to LNs or additionally to other reticuloendothelial system (RES)
tissues, acting as a cellular depot in these critical sites of HIV infection where the drugs slowly
diffuse out over a period of days to weeks resulting in sustained high local drug concentrations in

the LN or other RES tissue.
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In a feline immunodeficiency virus (FIV) model [129], the membrane-impermeable HIV drug
zalcitabine-TP was first loaded ex vivo into autologous red blood cells and the plasma membrane
of these red blood cells was then chemically modified so macrophages would recognize and
engulf them. In a 7-month experimental FIV infection, zalcitabine-loaded erythrocytes protected
the majority of peritoneal macrophages and reduced the infection of circulating lymphocytes. The
Gendelman group has developed LA/ER nanoformulations of ritonavir (RTV), indinavir (IDV)
and efavirenz (EFV) (nanoART) [128]. They reasoned that circulating macrophages traveling
across the blood-brain barrier could enhance nanoART brain delivery [130]. An HIV-1
encephalitis (HIVE) rodent model was used. IDV NPs (a nanoART) were loaded into murine
bone marrow macrophages (BMM, IDV-NP-BMM) ex vivo and the IDV-NP-BMM was
administered intravenously. Rhodamine-labeled IDV-NP showed up in areas of HIVE.
Continuous IDV release was observed for 14 days. IDV-NP-BMM treatment led to reduced HIV-
1 replication in HIVE brain regions. Mechanistic studies [131] showed that nanoART-
macrophage interactions enhanced phagocytosis, secretory functions, and cell migration, which
could be exploited to increase macrophage nanoART loading capacity. Aouadi et al. [132]
studied anti-inflammatory siRNA delivery utilizing yeast ghost cells. Yeast ghost cells were made
by chemically treatment of yeast cell wall so that the cell surface was left with only betal 3-D-
glucan, for which macrophages have a special receptor. siRNA was then loaded into the ghost
cells. The ghost cells can be efficiently absorbed orally through M-cells and, once crossed M-
cells, avidly phagocytosed by macrophages in the Peyer’s Patches. Interestingly, macrophages in
the Peyer’s Patches were able to migrate into blood circulation and settle at various LNs. Oral
gavage of mice with the siRNA-loaded ghost cells containing as little as 20 ug/kg of siRNA
directed against tumor necrosis factor alpha (TNF-a) depleted its messenger RNA in

macrophages recovered from the peritoneum, spleen, liver and lung, and lowered serum TNF-o
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levels. Although not developed an HIV application, this approach is readily translatable to the

delivery siRNA against HIV infection.

In addition to treating HIV/AIDS using pharmacotherapy, vaccination and even gene delivery
have been attempted. Steinbach has extensively reviewed protein and oligonucleotide DDSs for
vaginal microbicides against viral sexually transmitted diseases [133]. These biological agents
include antibodies for passive immunization in the vagina, various proteins or plasmid DNA
encoding viral proteins as antigens for induction of vaginal immunity, siRNA to downregulate the
expression of viral and host proteins involved in infection, and other proteins and peptides as
antagonists in virus-host interactions. Often, these agents are non-covalently or covalently
complexed/linked to polymers or other molecules in vaginal formulations and the formulations
are incorporated into various vaginal devices. These studies are generally at the early stages but
they have established proof-of-concept. Typically, natural infection is the most effective
vaccination. The fact that not a single patient among millions infected with HIV has
spontaneously recovered, underlines the inefficiency of a conventional vaccination strategy for
HIV. Current vaccine development focuses on new approaches, such as broadly neutralizing
antibodies and unconventional vaccines with recombinant DNA technology [134, 135]. In 2009, a
report of a cure in the so-called “Berlin Patient” by using bone marrow transplantation of stems
cells homozygous for a deletion in the CCRS gene proved for the first time that eradication of
HIV is possible [136]. Unfortunately, this strategy has proven to be unrealistic for most patients
leading to efforts to develop gene therapy based strategies to disrupt the gene encoding CCRS5 or
other host proteins, as well as to disrupt the provirus [137]. Another strategy being explored
involves purging the latent reservoir by activating latent provirus while eliminating new
infections with ART [138, 139]. So far none of these strategies has achieved eradication in

patients.
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3.7. Long-Acting/Extended-Release (LA/ER) Parenteral (Injectable) DDS for PrEP and

Treatment

The development of LA/ER injectable ARV DDS that could be administered infrequently (i.e.,
monthly or less), either in the clinic or at home represents an important potential solution to many
of the problems associated with chronic ART and PrEP. There are numerous challenges facing
LA/ER injectable DDS including identifying the optimal dosing interval, number and volume of
injections per visit, the classes and properties of drugs that can be combined, and what to do if a
patient becomes pregnant after the drug is administered. However, benefits to patients include
infrequent dosing and long dosing intervals making administration convenient; the possibility of
directly observed therapy and better long-term adherence; use in difficult to treat populations
such as adolescents or those with ongoing substance abuse; use in patients reporting pill fatigue;
and protection of patient privacy by eliminating the risk of disclosing pill taking to family and co-
workers. There is also a clear rationale for the benefit of using LA/ER ARV formulations in
pregnant women, postpartum women (including those who are breast feeding), and
infants/children who cannot take typical adult oral formulations. In fact, patient surveys disclose
great enthusiasm for trying LA/ER injectable nanoformulations for treatment. One recently
published survey found that 84% of patients currently taking oral therapy definitely or probably
would try such an intervention if the dosing frequency was once-monthly or less frequent [140].
Additional applications that would benefit from LA/ER ARV formulations include their possible
temporary use as parenteral ART for those unable to take oral medications. This could include
patients requiring gastrointestinal surgery, those who are comatose and/or intubated, those with
significant nausea and vomiting, patients developing severe mucositis from cancer chemotherapy,
and very young pediatric patients unable to reliably swallow pills. Treatment options for such
patients are extremely limited at present, resulting in significant risk of treatment failure as a

consequence of intercurrent illness [141].
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Injectable nanoformulation technologies previously applied to approved LA/ER treatments for
chronic schizophrenia, such as paliperidone [142] or LA/ER injectable contraception, are now
being evaluated for treating HIV [143]. The LA/ER formulation consists of a solid drug particle
nanosuspension produced by wet bead milling of large fragments of drug in aqueous solution in
the presence of a surfactant until the particles are within the nanometer size range. Since these
NPs are composed of pure drug and not a mixed matrix including polymers and other excipients,
which typically comprise 50% or more of the NP formulation, higher loading into the formulation
of up to 200 mg/ml is possible along with a reduced injection volume. A formulation of the
nanosuspension is administered to form an IM depot. Given typical IM injection volumes once
monthly dosing is feasible for potent drugs. Due to the physicochemical and dosing limitations as
well as insufficient antiviral potency of currently used ARVs, it was not feasible to apply this
approach until the development of two potent ARVs, rilpivirine and cabotegravir
(S/GSK1265744). Both compounds are poorly water-soluble but possess sufficient potency and
favorable PK properties to support once monthly dosing. The combination subnanomolar potency
and a plasma elimination half-life of approximately 40 hours makes cabotegravir an ideal
candidate for this approach. One concern with IM depots of poorly soluble drugs is the relatively
high variability in bioavailability that has been observed in other applications. This would be a
concern if the lower end of the deviation in blood/tissue concentrations falls below the ICqy of

HIV-1.

Two formulations, a LA/ER injectable NNRTI rilpivirine (LA-RPV), and an InSTI, LA/ER
injectable cabotegravir (LA-744), have been developed and are currently undergoing clinical
testing [45, 144, 145]. The target-dosing interval for LA-RPV, based on its PK properties, is once
monthly, and for LA-744 is once every three months for prevention applications and once
monthly if combined with LA-RPV. Although LA-RPV and LA-744 represent important first

steps in developing LA/ER ARV’s, they are not well matched in terms of PK properties.
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Differences in half-life mean that missed dosing may negatively impact resistance since LA-RPV

has a shorter half-life.

In the first study [146] investigating LA-RPV, the reported plasma and genital tract
concentrations in 60 women and six men given intramuscular (IM) depot injections of three
different doses of LA-RPV (300, 600, and 1200 mg) showed that RPV concentrations in females
were between 26 and 77 % of plasma concentrations in cervico-vaginal fluid and between 45 and
379 % of plasma concentrations in cervicovaginal tissue, while in males, they were between 33
and >77 % of plasma concentration in rectal fluid and tissue. In a second study [45], LA-744 (200
mg/ml) was evaluated after abdominal SC (100 mg, 200 mg, and 400 mg) or gluteal IM (100 mg,
200 mg, 400 mg and 800 mg) administration. The highest doses for each route were split due to
injection volume considerations. Due to the low solubility of the NPs and inherent low tissue
perfusion of muscle, the mean absorption half-times ranged from 21 to 50 days as compared to 40
h following single dose oral administration. With the exception of the 100 mg doses, all treatment
groups remained above the ICqy of wild-type HIV-1 for at least 6 months. In two additional
cohorts, (400 mg and 2 x 200 mg IM) were studied in 4 males and 4 females. Median individual
tissue:plasma drug concentration ratios ranged from 16 to 25% in the female genital tract and
were 8% in rectal tissue in men suggesting that at the dose tested the formulation would fall short
as a PrEP agent. Furthermore, a recent study conducted in rhesus macaques showed that two IM
doses 1 month apart protected eight out of eight animals from multiple rectal exposures to
simian/human immunodeficiency virus (SHIV), while all eight animals receiving placebo

injections acquired infection [147-149].

Since all currently used ART regimens involve the administration of at least three drugs in
combination, there is an urgent need for other LA/ER technologies to complement those in late
stage development. Additionally, LA/ER technologies that do not require injection need to be

developed. It is clear that high drug potency is a prerequisite for compatibility with the LA/ER
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approach since it determines the plasma concentrations that need to be achieved (and sustained).
Ultimately, dose is the limiting factor for LA/ER delivery because it directly influences the
volume of the depot required to provide sufficient drug concentrations, which is limited by
anatomical considerations as well as patient acceptability. However, release rate is also a key
determinant of success since too fast a release rate will result in “dose dumping” where high
initial concentrations that are rapidly cleared, whereas too slow a release rate will not provide
sufficiently high plasma concentrations for therapeutic effect. A recent study employed
physiologically-based pharmacokinetic modeling to determine which release rate / dose
combinations would be required to provide either weekly or monthly therapeutic concentrations
for a range of commonly used existing ART drugs [150]. Importantly, these data do not
determine that the predicted dose/release characteristics are achievable, but they do set a
benchmark to inform the target product profile for developing LA/ER medicines with other ART
drugs. The National Institutes for Health have recently funded a Long-Acting/Extended Release
Antiretroviral Resource Program (LEAP), which once launched will aim to foster further
development of such medicines. LEAP will also provide services, which include a PBPK

modelling core to help guide development of LA/ER drugs and/or regimens.

3.8. Future Perspectives, Gaps and Opportunities

The tripartite goals of preventing new HIV infections, achieving a functional cure and complete
eradication have become even more important since ART transformed HIV infection into a
chronically managed disease. In recent years, great strides have been made in understanding how
novel DDS may benefit HIV therapy in a disease-specific manner. Central to this has been the
explicit demonstration in pre-clinical species of pharmacologically beneficial behaviors. Indeed,
some of these benefits have also been translated to studies in humans and this is true for PrEP and
LA/ER development discussed in this review. However, there remain a significant number of

unmet needs and this is particularly true for those technologies that are at early stages of
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translation. In broad terms, considerations for successful future development can be divided into
those that relate to the drug delivery system itself, as well as those that relate to the drug,

pharmacological rationale and the ultimate clinical application.

While numerous benefits have been achieved and demonstrated pre-clinically, there remain
significant challenges in terms of the intricacies of manufacture. The development of complex
DDS such as NCs is challenging at the bench no less in scale for manufacture. Translation at all
stages represents the biggest hurdle for large-scale fabrication, testing and manufacture of DDS.
For many technologies, there is a current paucity of knowledge regarding how the physical
properties and constituents of the DDS specifically relate to the pharmacological behavior. Drug
loading potential will be a key determinant of success for many technologies because of its
impact upon format size or volume required for injectable depot medicines. Moreover, many
technologies are only compatible with drugs that exhibit specific physiochemical properties and
this may pose challenges to holistic development of enabled-regimens consisting of drugs from
different classes. For conventional oral medicines, the framework within which drugs are
developed has been extensively researched over the past decades. This framework has resulted in
the Biopharmaceutics Classification System (BCS) for oral drugs and a solid understanding of the
chemical space that is optimal for oral drug delivery that is provided by Lipinski’s rule of 5 (and
variations thereof). However, there are gaps in knowledge that specifically relate to many newer
DDS as well as the chemical compatibility of drugs with the DDS and with specific applications

(e.g. LA/ER depot delivery).

One of the significant gaps in HIV/AIDS DDS research is targeting to sites of infection in order
to achieve effective ART concentrations. Another significant gap is the ability to prolong ART
effectiveness in order to reduce the frequency of administration and burden on patients. Classic

sustained release technologies currently being utilized in LA/ER PrEP have proven the feasibility
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of the approach. However, significant improvements are needed. This suggests a major
opportunity for DD research — the marriage of targeting technologies and techniques to sustain

not just the release of ART but, more importantly, the effect.

Since the overwhelming burden of HIV disease continues to fall upon individuals in resource-
limited settings, there are societal implications that need to be considered if novel technologies
are to impact significantly on the HIV pandemic. Some novel DDS challenge convention in terms
of route of delivery, and consideration needs to be given to compatibility with existing global
healthcare systems and acceptability of the approach to patients with different cultural
backgrounds. Clearly, it is imperative that early technological development and selection of
technologies for further development consider cost, and compatibility of the platform with sterile

production of the medicine at scale.
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3.10. Figures

Time Frame of Infection
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Figure 1. Approximate timeline for establishing HIV infection after vaginal exposure to
HIV [3]. This timeline suggests a window of opportunity for PrEP therapy. Given the difficult
logistics of diagnosing and initiating treatment immediately post transmission, PrEP delivers

effective drug concentrations for at risk populations prior to exposure (adapted from [3]).
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Name MOA Status Source
(Reference, trial number)
Tenofovir disoproxil fumarate (TDF) RT inhibition Approved 2012, [32]
Emtricitabine, FTC RT inhibition Truvada
Tenofovir alafenamide RT inhibition Investigational [33]
(TAF, GS-7340) prodrug of TFV
Rilpivirine (TMC-278) NNRT inhibition Recruiting [34]
Cabotegravir (GSK 744) InST inhibition Not yet recruiting [35, 36]
(S/GSK1265744)
Maraviroc CCRS antagonism Ongoing trial NCTO01505114 [37]
Ciclopirox TRAP Recruiting [38, 39]
Deferiprone

Table 1. Recent drugs in use or development (MOA: mechanism of action; TRAP: therapeutic

reclamation of apoptotic proficiency).
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Figure 2. Colorectal Mucosal Barriers and HIV Transmission Pathway. A single epithelial
layer provides a barrier between the intestinal lumen and the lamina propria. The cells most
susceptible to/or responsible for propagating early HIV infection, CD4" T-cells, macrophages,
dendritic cells, Langerhans cells and M-cells are located in the Lamina Propria. The lymphatics
play an important role in the dissemination of HIV into the systemic circulation. (Image adapted

from [79] with permission)
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CHAPTER 4

Note: This chapter will be reproduced from the thesis for the following publication: Nelson, AG;
Wang, H; Holloway, J; Zhang, X; Szekely, Z; Sinko, PJ. The Design, Characterization and
Evaluation of Bac7-Labeled Nanoparticles as a Drug Delivery Platform for Colorectal HIV Pre-

Exposure Prophylaxis (PrEP). To be submitted to Journal of Controlled Release.

The Design, Characterization and Evaluation of Bac7-Labeled Nanoparticles as a Drug

Delivery Platform for Colorectal HIV Pre-Exposure Prophylaxis (PrEP)

4.1. Abstract

An ideal colorectal mucosal PrEP (mPrEP) would deliver antiretrovirals directly to the colorectal
tissue, a critical site of early HIV infection. By achieving, and maintaining, effective mucosal
drug concentrations, a mPrEP drug delivery system (DDS) would minimize the required dosing
frequency and potential for systemic toxicity. The current work highlights a nanoparticle (NP)
platform consisting of poly(caprolactone)—poly(ethylene glycol) (PCL-PEG) NPs labeled with a
modified cell penetrating peptide (CPP), bactenecin7 (Bac7) to transport across mucus and
epithelial barriers. Cellular uptake, and transport, was investigated in Caco-2 epithelial cell
models in vitro. The ability of Bac7 NPs to traverse colorectal mucus to the epithelial cell layer
was investigated in an in situ rat ligated intestinal loop model in vivo. Bac7 significantly
increased NP transport (163.2% to 384.6%) across a Caco-2 epithelial cell monolayer compared
to NPs without Bac7 labeling (i.e., plain NPs or 0% Bac7 NPs) after 18 hours. Flow cytometry
and confocal microscopy demonstrated cytosolic delivery of NPs with significant uptake
occurring through endosomal pathways. However, after 2 hours, Bac7 NPs showed a decrease in
cell internalization compared with plain NPs. Results suggest a delay in uptake for Bac7 NPs due

to initial electrostatic interactions and hydrogen bonding at the external cell surface. Bac7 NPs
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were able to penetrate colorectal mucus in an in situ rat ligated intestinal loop model in vivo. NPs
with 1% and 5% Bac7 ligand densities prompted a nearly 8-fold and 5-fold increase, respectively,
in tissue association compared to plain NPs. This work establishes the feasibility of Bac7-labeled
NPs for use in a mPrEP drug delivery approach. Further investigation is necessary to determine

their potential in a long-acting PrEP platform.

4.2. Introduction

After more than three decades, the spread of HIV-1 remains a global pandemic. Despite the
development of antiretroviral therapy (ART), one of the greatest achievements in therapeutic drug
research, the Joint United Nations Programme on HIV/AIDS (UNAIDS) recently estimated that
nearly 37 million people were living with HIV in 2016, with as many as 1.8 million new
infections acquired that year and approximately one million mortalities [1-3]. Exposure to HIV
through unprotected sexual activity remains the primary cause of transmission. The lower
gastrointestinal tract, namely the distal colon and rectum, is a highly vulnerable target for HIV
infection. Both men and women who engage in unprotected receptive anal intercourse (URAI) are
at a significantly higher risk of contracting HIV from an infected partner than those who
participate in unprotected vaginal intercourse (UVI). It is estimated that URAI results in 10-100
times more incidences per exposure than UVI [2, 4, 5]. According to the most recent data from
the Center for Disease Control and Prevention, men who have sex with men (MSM) represent
approximately 4% of the United States male population and yet accounted for 63% of all new
HIV infections in 2010. This exposes a critical need for interventions to prevent viral

transmission through this site of action [2, 4, 6].

The development of ART has slowed the spread of HIV, but there is still no cure or vaccine
available [2]. Currently, the only FDA approved approach for HIV prevention is the systemic

PrEP, Truvada. Truvada, raises toxicity concerns since the entire body is exposed to
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antiretrovirals (ARVs) and relatively large dosages are required to achieve effective
concentrations in mucosal tissues. Common adverse effects of long-term treatment include
decreases in glomerular filtration rates and gastrointestinal discomfort with rare instances of renal
tubular dysfunction (Fanconi syndrome) [7-9]. Additionally, original clinical trial data has
reported oral PrEP to only be between 39 — 75% effective. Effectiveness becomes above 90%
when adjusted to solely account for patients that took their medication consistently [2]. One of the
major causes of variance is limited patient adherence largely due to the strict once-a-day oral
dosing regimen. Therefore, a colorectal mucosal PrEP (mPrEP) DDS would address these
concerns by delivering ARVs directly to the colorectal tissue to achieve higher mucosal drug
concentrations lowering the necessary dosage and dosing frequency, and limiting systemic

exposure [3, 10].

Intracellular drug delivery is a relatively daunting task. The cell membrane is impenetrable to
most molecules that are not typically transported into living cells. The physiological function of
the intestinal mucosa is to absorb nutrients from ingested material while preventing toxic
particulates from translocating across the epithelial barrier into the systemic circulation.
Therefore, the colorectal mucosa presents itself as a formidable barrier to NP penetration and
translocation. Additionally, in vivo, NPs must successfully traverse two primary barriers in series.
These include the mucus layer and the colorectal epithelial cells. Translocation is further
complicated by the fact that these barriers are vastly different in their physicochemical properties.
Thus, the goal of transporting NPs across the gut currently remains elusive due to a lack of known
potentially exploitable mechanisms for barrier translocation. The development of a NP system
capable of penetrating colorectal tissue and carrying a large drug-load would be widely beneficial

to both the PrEP field and other areas of pharmaceutical research. Additionally, the penetrative
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capabilities of Bac7 are not limited to colorectal cells and therefore findings from this study may

be translatable to other topical delivery systems as well.

Cell-penetrating peptides (CPPs) have been utilized to facilitate the penetration of a variety of
cargoes across cell membranes. One family of CPPs, the bactenecin family, stems from a
proline/arginine rich family of antimicrobials. Bactenecin 7, a member of this family, is a 59-
residue protein rich in cationic charged amino acids [11]. The CPP Bac7 (Scheme 1) is a
modified fragment of the region 15-24 which harbors the cell-penetrating properties of the native

protein, but not the microbial activity, that influence mammalian cells function [12].

Previous work conducted in the Sinko lab demonstrated the successful colorectal delivery and
retention of PEG-amprenavir-Bac7 nanoconjugates as a proof-of-concept for a nano-based HIV
mPrEP [3]. In summary, a colorectal mPrEP drug delivery system was engineered to increase
antiretroviral concentrations and residence time in the mucosa after rectal administration. A 3.4
kDa model PEG nanoconjugate was covalently conjugated to the protease inhibitor amprenavir
(APV) to slow down APV clearance from cells (APF). This resulted in a significant reduction in
cellular uptake in Caco-2 cells in vitro. However, conjugation of Bac7 to fluorescently labeled
PEGs; 4pa conjugates (BPF) was shown to increase cell uptake with retention in tissue for 5 days
after rectal dosing. These results showed the ability of a small (10 residue) peptide to deliver
polymeric cargo to the cytosol of cells and into the lamina propria of a murine model in vivo.
However, the conjugates provided a limited drug loading capacity (one single drug molecule
could be chemically linked to each conjugate). This highlights the need to determine the ability of

Bac7 to transport larger delivery systems capable of therapeutically relevant utility.

Here, the design, characterization, and evaluation of self-assembling polymeric NPs labeled with

Bac7 is presented. NPs were capable of developing surface interactions with colonic cells to
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enter, and translocate across, a cell monolayer in vitro. It is postulated that the conjugation of
Bac7 will increase NP uptake into Caco-2 cells and facilitate transport across a Caco-2 model
epithelial monolayer in vitro. Additionally, the ability of Bac7 NPs to perform in vivo, in the
presence of colorectal mucus, was investigated. Within the gastrointestinal tract, mucus lines the
luminal surface and serves as a barrier to protect the epithelium from exposure to foreign particles
and the external environment. Mucus is a semipermeable layer of viscoelastic gel that selectively
enables the exchange of nutrients, water, gases, hormones and other necessary biological
components. It simultaneously prevents the translocation of most pathogens, and has shown to be
a critical barrier to nanocarriers [13-15]. The hypothesis is that NPs of optimal architecture (i.e.,
having a dense PEG corona and optimal Bac7 ligand surface density) will successfully translocate
across colorectal mucus to associate with the epithelial cell layer in vivo, was investigated. This
work highlights the ability of a Bac7-labeled NP platform to traverse colorectal mucus in vivo, in

a ligated intestinal loop murine model, and increase delivery to the colorectal mucosa.

4.3. Materials and Methods

4.3.1. Materials

Amino acids were purchased from Anaspec Inc. (Fremont, CA). Poly(ethylene oxide-b- e-
caprolactone) (referred to as PCL-PEG in thesis) (Catalog# P3130-EOCL) and functionalized-
amino-w-hydroxy terminated poly(ethylene glycol-b-g-caprolactone) (referred to as PCL-PEG-
NH, in thesis) (Catalog# P10288B-NH2EGCL) were purchased from Polymer Source
(Montreal, Quebec, Canada). DL-alpha-Tocopherol (Vitamin E) (Lot# Q22B012) was obtained
from Alfa Aesar (Tewksbury, MA). Tetrahydrofuran was purchased from Millipore Sigma (Lot#
56020). Fluorescein isothiocyanate isomer I (FITC) (Lot# 001521-2014-03) was obtained from
Chem-Impex Int’l Inc. Maleic anhydride (95%, dry powder) (Lot# MKBC8270V), N,N-

Dimethylformamide: anhydrous, 99.8% (Lot# SHBB8337V) and N,N-Diisopropylethylamine:
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(Lot# 111K3081) were all purchased from Sigma Aldrich. Sieber TentaGel (Lot# BR151022)
resin for peptide synthesis was purchased from EMD Millipore (Billerica, MA). The Caco-2 cell
line was obtained from American Type Culture Collection (Rockville, MD) at passage 18.
Diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from Life Technologies Corp.
(Carlsbad, CA). Dialysis tubing (MWCO 6000-8000) (Lot# 21-152-5) and LysoTracker™ Deep
Red were purchased from Fisher Scientific (Waltham, MA). Dulbecco’s Modified Eagle Medium
(DMEM) (1X) w/o phenol red (Lot # 1687980), DMEM (1X) w/ phenol red (Lot# 1860148),
penicilin streptomycin (Lot# 1546518), Glutamax (100X) (Lot# 1646069), and 0.05% trypsin-
EDTA (1X) (Lot# 1656932) were all obtained from Gibco (Waltham, MA). Heat inactivated fetal
bovine serum (Lot# E13067) was purchased from Atlanta biological (Flowery Branch, GA) and
Minimum Essential Medium (MEM) Non-Essential Amino Acids (100X) (Lot# 719461) was
obtained from Quality biological (Gaithersburg, MD). 24-well plate format transwell inserts (1-
micron pore size) and cell culture plates were purchased from Corning (Corning, NY). For
molecular analysis, a Waters 2695 Alliance System (Milford, MA) high performance liquid
chromatography (HPLC) was used complete with a photodiode array detector measuring
ultraviolet absorption from 200-600 nm. The two part mobile phase gradient was one part (A)
diH,0O with 0.05% TFA (v/v) and the remaining part (B) ACN with 0.05% TFA (v/v). A Waters
Symmetry C18 column (Milford, MA) was used as the stationary phase. Additionally,
electronspray ionization mass spectrometry (ESI-MS) was performed on a Finnegan LCQDuo

(Thermo Finnegan, San Jose, CA).

4.3.2. Bac7 Molecular Modeling and In Silico Solubility Characterization

To evaluate the potential for Bac7 to orient towards the NP corona during nanofabrication, the log
oil/water partition coefficient (LogP) and topographical polar surface area (TPSA) of Bac7 were
determined using ChemDraw Professional 16.0 (Perkin Elmer, Waltham, MA) (Scheme 1) and

Molinspiration Cheminformatics (Slovensky Grob, Slovak Republic) (Table 1). Both programs
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have been widely used to report property calculations for organic molecules producing TPSA and
LogP values that correlate well with experimental data [16]. LogP was determined as a function
of molecular weight. TPSA was also calculated by a well-established methodology published by
Ertl and colleagues [17]. Briefly, the sum of individual fragment polar areas, including those fore
O- and N- centered polar fragments, was calculated and used to determine the total polar surface
area. The predicted molecular structure of Bac7 was modeled with the TASSER software (Ann

Arbor, MI).

4.3.3 Bac7 Cell Penetrating Peptide Synthesis and Characterization

Fmoc solid-phase peptide synthesis was used to assemble the modified 15-24 residue fragment of
Bac7 (Scheme 1) using a Nautilus 2400 automated peptide synthesizer. The CPP was synthesized
on NovaSyn® TG Sieber resin to form the retro-inverso peptide sequence (N-acetyl-cg-
pistplpfprpgs-NH,) with D-amino acids to confer resistance to proteolysis. The peptide was
cleaved from the resin wusing trifluoroacetic acid (TFA), ethanedithiol, water, and
triisopropylsilane (94/2.5/2.5/1,vol/vol). The product was analyzed using reverse phase HPLC

(RT =2.92 min) and characterized by MALDI-TOF-MS. The observed m/z was 1,334.6 Da for

[M+2H

- ] the calculated m/z was 1,333.71 Da.

4.3.4 Bac7 Peptide Conjugation to PCL-PEG polymer

Prior to NP preparation, one molar equivalent of amino-functionalized copolymer
poly(caprolactone)s sxp.—poly(ethylene glycol)sipa (PCLg¢ skpa-PEGskpa-NH,) was reacted with 10
equivalents of maleic anhydride (MA) in 800 pl dimethylformamide (DMF). Five equivalents of
N,N-Diisopropylethylamine (DIEA) was added as a base and the solution was allowed to stir on a
magnetic plate for three hours. In relation to MA, 50% excess of Tentagel-amine resin was added

to remove unreacted MA and the solution was left to stir for one hour. The sample was then
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filtered to remove Tentagel. One equivalent of Bac7 peptide was added in an additional 200 pl of

DMF and allowed to mix overnight (Scheme 2).

4.3.5 Fluorescent Dye Conjugation to PCL-PEG polymer

All NPs were labeled on the surface with 7% fluorescein isothiocyanate (FITC) for visualization
by fluorescence microscopy and quantification. One equivalent of amino-functionalized
copolymer (PCLg skpa-PEGskpa-NH») was reacted with two equivalents of FITC in 800 ul DMF
and DIEA was added as described above. The reaction was allowed to mix for three hours and

quenched by 50% excess (in relation to FITC) Tentagel-amine resin followed by filtration.

4.3.6 Carboxylic Acid Conjugation to PCL-PEG polymer

The effect of NP net charge on transport was also investigated. To complete charge dependency
studies, a carboxyl functional group was coupled to the PCL-PEG hydrophilic end. During NP
preparation, PCL-PEG with carboxyl functional groups was added to the formulation to achieve
twice the ligand density of Bac7. This was done to counterbalance its net cationic charge (+2).
PCLg 5kpa-PEGskp,-COOH was synthesized by coupling PCLg skpa-PEGskp,-NH; in excess succinic
anhydride (two equivalents) in 800 ul DMF. Five equivalents of DIEA were also added. Contents
were stirred for three hours and quenched with 50% excess Tentagel-amine resin. The solution

was filtered after one hour to remove resin and stored at 4° C.

4.3.7 NP Synthesis and Characterization

Flash nanoprecipitation (FNP) uses rapid micromixing to impose high supersaturation and
promote the precipitation and encapsulation of insoluble compounds within sterically stabilized
NPs (Scheme 3) [18]. PCLgxp.-PEGskp, amphiphilic diblock copolymer was dissolved in THF at
15 mg/ml. Vitamin E was used as a hydrophobic encapsulating agent. Polymers were covalently

conjugated to Bac7, or FITC, prior to FNP. The organic stream is comprised of polymer and
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vitamin E dissolved in THF at a 1:1 mass ratio and sonicated for approximately 10 minutes. For
each batch of NPs, one ml of the organic stream and one ml of de-ionized (DI) water were rapidly
and evenly injected into a two-stream confined impingement jet mixer. Subsequent dilution
occurred as the outlet stream was collected in 8 ml of additional DI water, totaling to 10 ml of NP
suspensions with 10% THEF. The NPs were vortexed and then dialyzed (molecular weight cutoff:
6000-8000 Da) in 4 liters of DI water to remove the remaining THF. After dialysis, 50 pul of NP
suspension was diluted in 500 pl of DI water and added to a cuvette. NP sizes were determined
on a Zeiss Nano ZS90 Zetasizer (Malvern Instruments, United Kingdom) by dynamic light

scattering. NP diameters are reported.

4.3.8 Confocal Images of NPs

Confocal microscopy was used to determine NP internalization in human adenocarcinoma
colonic (Caco-2) cells. At least one day before cell seeding, 4 wells of an 8-well Lab-Tek II
chambered #1.5 German coverglass system was pre-coated with 500 ul of 50 ug/ml poly-D-lysine
stock solution to increase cell attachment during subsequent seeding. After 24 hours, Caco-2 cells
were seeded and grown until 50% confluence. Plain and 1% Bac7 labeled PCL¢kp,-PEGskp, NPs
were diluted in 1X phenol red-free serum-free Dulbecco’s Modified Eagle’s Media (DMEM) and
treated with 25X PBS to adjust osmolality to physiological conditions (290 mOsm/l). Samples

were normalized by fluorescence to achieve 6 nM and 3 nM samples, respectively. One microliter
of ﬁX DAPI solution and 10uL of 1pM LysoTracker * Deep Red were added to each 1mL

sample volume. Caco-2 cells were incubated at 37°C and 5% CO, for three hours with either plain
NPs or 1% Bac7 NPs. After incubation, wells were washed three times with HBSS and then left
to soak in 500 pl HBSS to keep cells from drying out during the procedure. Fluorescence
confocal imaging was performed using a Leica TSC SP2 laser scanning confocal microscope

(Leica Microsystems CMS GmbH, Germany). Images were acquired at a 40x objective lens
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magnification in the XYZ mode. Images were acquired in a sequential mode to eliminate
emission light bleeding between filters. Approximately 10 scans in the z-plane were taken to
cover the height of the cells (an expected ~20 um for mature Caco-2 cells after 21 days)[19].
Individual image slices were acquired using the Leica companion software and stacked to
determine NP internalization and localization within cells. DAPI intensity was adjusted for some

images to ensure clear visibility of cell nuclei.

4.3.9 Cell Internalization of NPs in Caco-2 Cells Determined by Fluorescence-Activated Cell
Sorting (FACS)

Cell internalization for plain NPs, 1% Bac7, 5% Bac7 and 5% Bac7 with 10% COOH NPs was
determined by FACS to quantify relative cell uptake of NPs. Experiments were carried out in a
12-well tissue culture plate format. Caco-2 cells were seeded at 24,000 cells/cm”and cultured in
complete DMEM with 10% FBS and grown to 80% confluence. Cells were treated with 15 nM
samples of each NP in phenol red-free serum-free DMEM and incubated at 37° C and 5% CO;
for two hours. Three wells of control cells were incubated with DMEM only and used for gating
parameter setup during FACS. Following incubation, wells were washed with Hank’s Balanced
Salt Solution (HBSS), trypsinized and washed again using centrifugation. Cells were finally
collected in HBSS. Cells were stained with propidium iodine to remove dead cells from the
program analysis. FACS was performed on a Gallios fluorescent-activated flow cytometer
(Beckman Coulter, Indianapolis, IN). A series of gating events was applied to the samples. One
event incorporated forward and side scattering, distinguishing unharmed cells from cellular
debris. Another gating event was performed using forward scattering to separate single cells from
doublet cells including those with cell-associated debris from dead cells. The final gating event
was completed to select cells with FITC fluorescence above the background of unstained cells.

Fluorescence intensity of at least 20,000 events was recorded for each sample.
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4.3.10 Caco-2 Intestinal Epithelial Monolayer Translocation

Caco-2 cell monolayers have been extensively used as an in vitro model of the intestinal
epithelial barrier over the last three decades [20, 21]. Caco-2 cells were grown in 10% fetal
bovine serum (FBS) in DMEM and seeded in 24-well plate Transwell permeable inserts at a
density of 1.5x10*cells/insert. Cells (passage number 40) were incubated at 37° C and 5% CO,
for 28 days to form a mature epithelial monolayer. The extent of monolayer maturity was
confirmed by morphological observation and measuring the trans-epithelial electric resistance
(TEER) of each insert. TEER values for all experiments presented > 500 Qecm”. For
experiments, 15 nM samples of NPs of 0% (plain), 0.25%, 0.5%, 1%, 3%, 5% and 10% Bac7
surface coverage were prepared in phenol red-free DMEM without serum (A media) (n > 4 per
NP). A 25x PBS solution was added to samples to maintain physiological osmolality and prevent
cell toxicity. Samples were about 290 mOsm/L which is equivalent to physiological conditions.
Samples (200 pl) were introduced to the apical side of the insert. Phenol red-free DMEM with
10% FBS (900 ul, B media) was added to the basolateral side of the monolayer within the
chamber of the well plate, Plates were returned to incubate at 37° C for 18 hours. Following
incubation, basolateral media was collected and transport was analyzed by fluorescence intensity.

Fluorescence was read using a Tecan plate reader (Tecan Trading AG, Switzerland).

4.3.11 Investigation of NP Tissue Association in a Rat Ligated Intestinal Loop Model

The ligated intestinal loop model is a well-established method commonly used to measure the
intestinal absorption properties of drugs [22]. Male Sprague-Dawley rats were fasted overnight (n
> 6 rats per group). Rats were anesthetized with isoflurane, the abdominal region shaved and
aseptically prepared with alternating betadine and isopropanol washes. The abdominal cavity was
opened by a midline, longitudinal incision extending from the splenic flexure to the pelvis.
Ligated sacs were prepared in the colon (distal to the cecum) and duodenum (directly distal to the

stomach). Each portion was gently exposed and approximately five cm-long sacs were sectioned
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off by tying each end with suture material. NP solutions (15 nM) were prepared in 6.5 pH PBS
solutions at 290 mOsm/L. Samples were injected into sacs (100 pl per cm or 500 pl). After two
hours, the rats were euthanized by diaphragm puncture and ligated sections were excised for
analysis. Each sac was gently flushed with five ml of HBSS to remove the mucus layer and free
NPs. The tissue was then sliced open through the lumen and the mucosa layer was gently scraped
and collected. The mucosal samples were mechanically homogenized and then centrifuged at
5500 rpm for 30 minutes. The supernatant of each sample was collected and analyzed for

fluorescence using a Tecan plate reader.

4.3.12. Statistical Analysis

GraphPad Prism version 6.0 (GraphPad Software, Inc., San Diego, CA) was used to perform all
statistical and linear regression analysis. Results are represented by the mean and standard error
of the mean (SEM). Statistical significance was determined by a 95% confidence interval (p <
0.05). One tailed or two-tailed, unpaired Student’s t-tests were used to make comparisons
between single groups assuming normal distribution and unequal or equal population
measurements, respectively. A two-way analysis of variance (ANOVA) test was run on multiple
group analysis. Tukey or Boneferroni post-hoc tests were applied to compare multiple groups

following ANOVA, to further assess inter group significances.

4.4. Results

4.4.1. Characterization of Bac7 Peptide and Bac7-Labeled NPs

Bac7 was synthesized using solid phase peptide synthesis (Scheme 1) and modeled using I-
TASSER modeling software (Ann Arbor, MI). The predicted coiled structure is shown in Figure
1. Bac7 was characterized by both reverse phase HPLC and electronspray mass spectrometry
(Figures 2 and 3). Molecular properties were computed using pre-programmed software

algorithms in ChemDraw Professional 16 and Molinspiration Cheminformatics Softwares.
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Molecular weight (MW), exact mass, computational LogP, and TPSA as computed in ChemDraw
are shown in Scheme 1. The reported molecular weight was 1334.61 and the exact mass was
1333.71. The reported theoretical LogP and TPSA are -2.026 and 472.14 A’ respectively.
Theoretical LogP (miLogP), TPSA, and MW were determined in Molinspiration (Table 1). The
calculated molecular weight was 1335.60. miLogP and TPSA were reported to be -5.21 and
466.33 A% respectively. Sucessful synthesis, purification and characterization of Bac7 was
confirmed by HPLC (Figure 2) and mass spectrometry (Figure 3). The purified peptide had a

retention time of 2.92 min (Figure 2) and measured mass/charge (m/z) of 668.28 representing

M+2H

[T] (Figure 3).
4.4.2. Internalization of Bac7-labeled NPs in Caco-2 Cells

Caco-2 cells were grown until approximately 50% confluence. Less than 100% confluence was
desired to avoid increased rigidity of the cell layer resulting in monolayer breakage and cell loss
during wash steps. For both plain NPs and 1% Bac7 NPs, cellular internalization was observed by
confocal microscopy after a three hour incubation period. Fluorescence intensity was markedly
stronger in z-stacked images of cells treated with 1% Bac7 NPs showing greater NP presence
(Figure 4, top). Lack of overlap between blue (DAPI) and green (NPs) fluorescence indicate NP
localization within the cell cytoplasm. Cells were also treated with Lysotracker, an endosomal
marker, which showed significant overlap with NPs indicating endosomal entrapment. To
quantitate cell internalization for plain, 1% Bac7, 5% and 5% Bac7 with 10% COOH NPs, FACS
was utilized. Mean arbitrary X-Mean fluorescence intensities were scaled and reported for each
NP group (Figure 5). After two hours, cell internalization was seen for all NPs with an inverse
correlation shown between cell uptake and Bac7 ligand density. Cell internalization was shown to
decrease as Bac7 surface coverage increased from 0% to 5%. However, no significant differences

were seen 5% Bac7 NPs with 10% COOH and plain NPs.
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4.4.3 Effect of Ligand Density on Bac7 NP Transport Across Caco-2 Cell Monolayers

Figure 6 shows the transport of a series of Bac7-labeled NPs across Caco-2 cell monolayers over
a period of 18 hours. NP transport across Caco-2 monolayers is shown for NPs with 0%, 0.25%,
0.5%, 1%, 3%, 5% and 10% Bac7 ligand surface density. Plain NPs resulted in a basal migration
of approximately 0.4 £ 0.2% across the monolayer. Compared with plain NPs (control), a
significant increase in transport is shown for all reported Bac7 densities. The greatest transport
was shown for 0.25%, 0.5%, 5% and 10% Bac7 surface coverage with a ~ 4-fold increase in
transport when compared to plain NPs. NPs with 1% and 3% Bac7 surface densities showed
about a 2-fold increase in transport compared to plain NPs. No significant differences were found
between the Bac-7 labeled NP groups except between 0.5% Bac7 and 1% Bac7 NPs, which
showed a 38% decrease for 1% Bac7 NPs. Cell monolayer integrity was assessed by measuring
transepithelial electrical resistance (TEER) before and after each experiment. TEER values for all
experiments was > 500 Qecm” before the experiments with a slight decrease in TEER (> 470
Qecm’) after the experiment, suggesting that the monolayer maintained its integrity and there was

no indication of NP cytotoxicity.

4.4.4. NPs Traverse Biological Barriers to Penetrate Colorectal Tissue In Vivo

A ligated intestinal loop model was used to investigate NP ability to translocate colorectal mucus
and penetrate the epithelial cell layer in situ. Ligated loops were treated with NPs with 0%, 1%,
5%, and 10% Bac7 surface ligand densities. After two hours, a mean NP tissue association of
0.28 %/cm was observed for plain NPs in the colon (Figure 7). 1% Bac7 NPs showed an
approximately 8-fold increase in mean NP tissue association (2.1%/cm) compared to plain NPs.
5% Bac7 NPs also showed a significant increase (5-fold) in tissue association (1.5 %/cm)

compared to plain NPs. Similar results are shown in the duodenum with a ~ 2-fold increase in NP
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association with mucosal tissue for both 1% Bac7 and 5% Bac7 NPs. 10% Bac7 NPs showed no
significant differences compared with plain NPs. NP tissue association was additionally
quantitated in the presence of stool to determine fecal interference of NP delivery (Figure 8).
Animals treated with 1% and 10% Bac7 surface coverage were separated into groups that had

feces-free ligated sacs and those that had noticeable pieces of stool present. For 1% Bac7 NPs,
significant differences were seen between empty sacs and those with stool present. No significant
differences were found for 10% Bac7 NPs, which displayed baseline tissue association in both

conditions.

4.4.5. NP Characterization and Mucosal Tissue Association after Ligand-Charge Balance In
Vivo. The effect of NP net charge on NP translocation across the intestinal mucus barrier in vivo
was investigated. PCLg skpa-PEGskp,-COOH was incorporated into NPs for charge dependent
studies. NPs were labeled with 0, 1%, 5% Bac7. 5% Bac7 NPs were labeled with, or not labeled
with, 10% COOH functional group to counterbalance the net (+2) cationic charge associated with
Bac7. Surface zeta potentials show no significant differences between groups (Table 2).
Additionally, there were no significant changes in size or polydispersity with the addition of Bac7
although a trend of decreasing size can be seen with increasing Bac7 surface density. NPs with
5% Bac7 and 10% COOH resulted in the smallest size which may potentially suggest surface
interactions and tighter packing of molecules. NPs with 5% Bac7 surface coverage, with and
without, 10% COOH were injected into ligated sacs in the colon and duodenum. After two hours,
fluorescence analysis was performed to determine NP-tissue association. For both the colon and

duodenum, no significant differences were found between treatment groups (Figure 9).

4.5. Discussion
The design and evaluation of a Bac7-labeled NP platform as a potential colorectal anti-HIV for

mPrEP is demonstrated. Bac7 exhibits the capacity to transport large polymeric NPs across
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intestinal cell membranes in a model cell barrier in vitro. The potential of Bac7 NPs to traverse

the mucus layer in vivo, and achieve delivery to colorectal mucosal tissue was also determined.

Amphiphilic copolymers have gained attention over the past 30 years for their ability to self-
assemble in aqueous environments forming micelle-like structures. They are able to enhance the
solubility of hydrophobic agents and display good biocompatibility and biodegradability [23].
Placebo PCL-PEG NP sizes (data not shown) were tracked for two weeks following FNP and no
significant changes were seen, which indicates acceptable NP stability. NP sizes and PDIs were
reproducible over a series of runs thereby making PCL-PEG NPs an acceptable model

nanocarrier for these studies.

Bac7 displays characteristics of both a hydrophobic and a hydrophilic nature that is a concern for
its utility in FNP, a process that takes advantage of molecular polarity. During this process, NPs
self-assemble so nonpolar molecules become encapsulated within the core and a stealth polar
protective corona is formed. Organic molecules that may interact with the cell membrane, by
hydrogen-bonding and electrostatic interactions, typically exhibit great difficulty traversing
biological membrane like Caco-2 cells. In order to traverse a membrane, molecules need to
exhibit the potential to break hydrogen bonds with its aqueous surroundings. Therefore, high
hydrogen bonding potential is unfavorable and leads to low cell permeability [24]. The portion of
Bac7 synthesized for this work P;sSRPLPFPRPG,4 contains fragments of the original amphipathic
full-length sequence that displays charged and hydrophobic clusters segregated into distinct
regions. The selected sequence used (residues 15-24) contain the end tail of the highly cationic
PR-rich repeat region (residues 15-16). The following c-terminus eight residue PX repeat
sequence (residues 17- 24), comprised of a PX motif where X is either R, L, F or G, is considered
the non-polar region. Overall, this 10-residue sequence has eliminated the charge cap (PR repeat

residues) to form a truncated peptide with increased hydrophobicity. Bac7 is considered a
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member of the Pro-rich family of CPPs with an approximate 50% proline composition[11].
Although Bac7 is considered a hydrophobic peptide fragment, two arginine residues are present
and therefore it is expected to have similar properties to other Arg-rich CPPs. The arginine
residues will impart polar characteristics to ensure Bac7 is not entrapped within the core of the

NP during FNP.

Molinspiration Cheminformatics property algorithms were used to determine the TPSA and logP
of Bac7. Chemdraw was also used as another well-accepted software for in silico determination
of chemical properties. Both programs reported nearly identical TPSA values (472.14 A* and
466.33A% by Chemdraw and Molinspiration, respectively) suggesting high polarity. TPSA has
been shown to have a strong correlation with a number of molecular compounds[17, 24, 25].
Calculated logP (cLogP) is the traditional coefficient used to determine the polarity of a
molecule. LogP values computed by Chemdraw and Molinspiration were reported as -2.03 and -
5.21 with respect to each program. Values indicate high aqueous solubility by Lipinski’s Rule of
5 and general ADMET (absorption, distribution, metabolism, excretion and toxicity) Rules of

Thumb outlined by Gleeson, et al [26, 27].

Confocal microscopy indicated cellular uptake for both plain NPs and 1% Bac7 NPs. Z-stacked
images show a markedly stronger fluorescence intensity for cells treated with 1% Bac7 NPs
indicating greater NP presence. Images show clear NP presence in the cell cytoplasm and no
fluorescence overlap was shown for cell nuclei and NPs. Investigation of endosomal entrapment
after three hours by Lysotracker reveals significant endosomal uptake of NPs. Multiple routes of
cellular internalization for cationic CPPs and their delivery cargoes have been postulated and
studied. In-depth studies have investigated uptake through endocytic pathways to elucidate
intracellular trafficking within the endosomal compartment and the potential of these protein

transduction domains to ensure release from the compartment [28]. It has been postulated that
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endosome acidification and/or alterations of the endosomal lipid composition during maturation
may facilitate CPP escape [28, 29]. Poly-arginine CPPs have been shown to enter cells through
various endocytic pathways at lower concentrations (on the order of nanomolar to micromolar).
Some fraction of these CPPs, and their delivery cargos, escape endosomal encapsulation and
successfully deliver active transported molecules to target sites. However, escape from
endosomes is inefficient. At higher concentrations (= 10uM), arginine-rich CPPs appear to bypass
endocytosis and enter the cytosol directly [29]. To our knowledge, there are no reports of Bac7-
facilitated cellular uptake of large cargo such as NPs. Mechanisms of uptake initiated by CPPs
have been shown to differ for the various types of cargoes they may be attached to. Therefore,
both endocytosis and direct cell-penetration may be responsible for cellular uptake, although
endocytic processes may dominate for large cargoes [28, 30, 31]. Ligand density may also

directly influence the mechanism of cellular uptake.

Further investigation of intracellular uptake by FACS demonstrated a decrease in internalization
of Bac7 labeled NPs compares with plain NPs. Uptake then increased with the addition of a
negatively charged succinic anhydride head group to balance out surface charge on 5% Bac7
NPs. Combined with the long term effectiveness of Bac7 NPs to translocate a cell monolayer,
these results suggest a delay in cellular uptake for NPs labeled with Bac7. The guandino group on
arginine is capable of bidentate hydrogen bonding and forms ion-pairs with common H-bond-
accepting cell surface moieties (e.g., sulfate, phosphate and carboxylate). These cell surface
molecules are found in abundance on proteoglycans, phospholipids, and others. These chemical
complexes are believed to promote accumulation of CPPs at the cell surface, a process ultimately
leading to membrane migration at a rate proportional to membrane potential [28, 30, 31].
Recovery in uptake, with the addition of succinic anhydride to 5% Bac7 NPs, suggests the
importance of surface charge on Bac7 intercellular interaction. Rothbard and colleagues [31]

showed the importance of first-stage hydrogen bonding on CPP efficacy. They synthesized
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octamers of mono and di-methylated arginines and showed that cellular uptake of methylated
peptides was lower than the original octaarginine peptides with the guanidine function still intact.
This was shown even though methylation was incorporated to increase guanidine basicity and
function. These results further show that although charge is important, it is the function of the

guanidinium group that is necessary for peptide utility in cell penetration[31].

Mueller and colleagues [32] compared the cellular uptake of 22 fluorochrome-tagged CPPs and
found similar results showing predominantly surface adhesion at 30 minutes, for another member
of the bactenecin sequence, Bacl-15 (FITC-RRIRPRPPLPRPRP). Four different cell lines (Cos-
7, HEK293, HeLa, MDCK) were incubated with Bacl-15 for 30 min at 37°C. Subsequently, the
cells were washed twice with PBS and either lysed directly or treated with trypsin before lysis.
Compared with cells that were not treated with trypsin, cells treated with trypsin showed a
significant decrease in fluorescence intensity indicating very low Bacl-15 internalization after 30
min. No differences were seen between cell types. Bacl-15 translocation within cells was
reported to be 1% cellular uptake. Similar results are shown for other popular CPPs including
HIV-1 Tat-(48-60) (FITC-GRKKRRQRRRPPQ) and Pep-1 (FITC-
KETWWETWWTEWSQPKKKRKYV). It is important to note that FITC has been shown to result
in protein binding and surface adhesion to cell surfaces potentially making it difficult to
distinguish cell adhesion properties of the peptide independent of FITC surface interaction [33].
However, FITC does not display enhanced cell penetrative capabilities and is therefore not

expected to alter membrane permeation [34].

Longer duration studies investigating NP translocation across a Caco-2 monolayer showed the
ability of Bac7 to transport cargo into cells, and bypass, or escape endosomal entrapment
resulting in transport of NPs to the basolateral compartment. Significant increases in transport

were shown for Bac7-labeled NPs with ligand densities ranging from 0.25% to 10%. Ligand
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density does not seem to have an effect on transport, with less transport for NPs of intermediate
Bac7 surface coverage (1% and 3% densities). We postulate possible electrostatic surface
interactions as a result of overlapping factors including charge balances and ligand distances
between Bac7 ligands and FITC labeling. This may also support the hypothesis that ligand
densities may promote different processes of cellular uptake. Ligand density may also influence
NP escape following endosome entrapment. Further studies need to be completed to investigate
this. Overall, in vitro investigation provides evidence of the utility of Bac7 to transport large
polymeric NPs (approximately 40-60 nm) into Caco-2 cells and across a model epithelial cell
barrier. This highlights its potential as an mPrEP strategy considering the importance of the
lamina propria (anatomical site beneath the epithelium) in HIV infection. The lamina propria is
the site within which majority of HIV target cells are found. These include the majority of the
body’s CD4+ T cells, dendritic cells, macrophages and other members of the innate immune

system [2, 3].

Although promising results were seen in vitro, in vitro-in vivo data correlations are often poor for
NP delivery systems, making it difficult to predict in vivo outcomes [35]. One of the major
limitations of in vitro Caco-2 cell studies is the lack of a mucus barrier, a daunting hurdle for NP
delivery to the gastrointestinal tract and other mucosal tissues. Mucin fibers, secreted by goblet
cells, are cross-linked and entangled to form a mesh-like system. These fibers are highly flexible
and coated with a complex and diverse arrangement of proteoglycans mostly tipped with a
carboxyl or sulfate group creating a net negative charge. The flexible array of alternating regions
in polarity allows for a variety of low-affinity hydrophilic and hydrophobic bonds to occur
between the mucus gel and incoming particles. Additionally, spacing within the mesh range

between 30-100 nm and may physically trap materials larger than the lower size cut-off.
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Cationic termini are likely to adhere to mucus slowing or even preventing NP diffusion. On the
other hand, neutral NPs may be highly hydrophobic, causing hydrophobic interactions resulting in
reductions in diffusion as well. This highlights the intricacy of engineering nanocarriers to
successfully traverse the mucus and epithelial cell barriers in series to deliver therapeutics when
these two barriers are so vastly different in their physical properties [36]. Therefore, carrier
surface chemistry plays a major role in NP interactions with mucus and its ability to traverse it.
To determine the ability of Bac7 NPs to translocate across the mucus layer to reach the epithelial
surface, a ligated intestinal loop model was utilized to measure the absorption of NPs with 0%,
1%, 5% and 10% Bac7 ligand surface densities in both the colon and the duodenum of mice. In
both the colon and duodenum 1% and 5% Bac7 NPs showed significant tissue association
compared with plain NPs showing the ability of Bac7 NPs to traverse mucus to penetrate the
mucosal tissue. NPs with 10% Bac7 showed no significant differences compared with plain NPs
indicating potential charge interactions along the way, or physical entrapment by peptide
entanglement with the mesh. This suggests there is an optimal Bac7 ligand density rage within
which NPs are still able to travel across both layers. Similar results are shown in the duodenum,
supporting previously reported non-cell specificity of Bac7 [28, 32]. The effect of net surface
charge on NP translocation across the intestinal mucus barrier in vivo was also investigated, to
determine if charge neutralization could help increase NP transport across mucus. PCLg skpa-
PEGskp,-COOH was incorporated into NPs for charge dependent studies. NPs labeled with 0, 1%,
5% Bac7 and 5% Bac7-10% COOH showed no significant differences in surface zeta potentials.
Zeta potential reading reported near neutral voltages. Zeta potential, while commonly reported as
a means of measuring surface charge, is only indicative of the nature of surface charge and the
level of electrostatic stabilization. These results suggest that NPs were stabilized by electrostatic
interactions with a near neutral surface potential comparing NP surface ionization with bulk ions
present from the electric double layer to the slipping plane[37]. NPs with 5% Bac7 and 10%

COOH resulted in the smallest size, which may indicate potential surface interactions and tighter
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packing of molecules. NPs with 5% Bac7, showed similar levels of mucus translocation and
tissue association in situ for groups with and without 10% COOH surface coverage. This suggests
that a 5% Bac7 surface ligand density is not significantly impeded by electrostatic interaction

with mucus.

To further evaluate the factors affecting NP absorption, the effect of feces on NP absorption
within the colon was assessed. For 1% Bac7 NPs we found a significant decrease in measured NP
absorption in the colon of animals that had stool present at the time of treatment. This finding is
important to note since an ideal mPrEP will not require an individual to fast before use and will
need to be effectively delivered in the presence of feces. Therefore, the selection of an
appropriate delivery vehicle is critical. This also suggests that 1% Bac7 NPs result in greater

effective tissue association than shown in situ.

These new findings differ from previous work showing 4-fold increase in Bac7-guided transport
of a small PEG;4p, nanoconjugate after two hours in Caco-2 cells [3]. No signs of delayed
cellular internalization were seen due to peptide aggregation at the cell surface. The hypothesis is
that this is due to the heavier burden large NPs impose on cell uptake. NP internalization appears
to be more significantly guided by endocytic pathways that may result in slower uptake than the
hypothesized direct penetration of Bac7-PEG nanoconjugates. Future research on Bac7 and Arg-
rich CPPs may benefit from investigating the rate of cellular internalization and fate for various
cargo sizes and shapes. NP tissue retention in colorectal mucosa should also be explored and
optimized to identify the potential of this drug delivery strategy to be used in a long-acting PrEP

application.

In summary, a NP drug delivery system to evade biological barriers and transport across

colorectal monolayer as a mPrEP platform was designed and evaluated. The objective of this



80

work was to investigate the ability of Bac7 to transport large polymeric NPs across the mucus
lining and cell barrier. While Truvada, an oral drug product and the only current FDA-approved
PrEP, has substantiated the efficacy of PrEP, clinical trial effectiveness is dependent on patient
compliance with a strict daily regimen and success rates have been variable. Mucosal strategies
are needed to deliver, and maintain, effective concentrations of anti-HIV agents within colorectal
mucosa, while limiting the dosage frequency and systemic toxicity to increase patient adherence.
The current work aimed to evaluate a Bac7 NP strategy to penetrate the mucus lining and
translocate across the colonic epithelial barrier. Bac7 was able to assist in the cellular uptake, and
transport, of PCL-PEG NPs across a cell layer. This suggests the ability of Bac7 to transport NPs
past the epithelium to the lamina propria, a highly vulnerable anatomical region for HIV
infection, and therefore a critical site for prevention strategies. Bac7 is also capable of
transporting NPs across mucus in vivo at optimal ligand densities. This work demonstrates the
feasibility of Bac7-labeled NPs to be used as a mPrEP approach. Further work will need to be
completed to determine its potential as a long-acting PrEP platform. This will include future work

to investigate anti-HIV drug loading potentials and mucosal tissue retention in vivo.
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4.7. Figures
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Scheme 1. Bac7 peptide synthesized in solid phase peptide synthesis. Molecular structure (N-
Ac-Cys-Gly-Pro;s-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly,4-NH,) depicted in Chem Draw
Professional 16.0 software. Molecular properties were computed using pre-programmed software
algorithms. Calculated molecular weight, molecular mass, computational LogP, and

Topographical Polar Surface Area are shown.
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miLogP 2 Topographical Polar Molecular Weight
Surface Area (TPSA) b (MW) ¢
-5.21 466.33 1335.60

Table 1. Molecular properties of Bac7 computed using pre-programmed Molinspiration
software algorithms. Computational LogP, Topographical Polar Surface Area, and Molecular

Weight are shown.
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Figure 1. Predicted 3-D structure of Bac7 peptide recapitulated in TASSER Software. Bac7
molecular structure (N-Ac-Cys-Gly-Pro;s-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly,4-NH,)  is

shown. Figure shows the predicted coiled molecular structure.



84

Figure 2. Characterization of Bac7 peptide by High Performance Liquid Chromatography
(HPLC). Analytical HPLC chromatogram of purified peptide by ultraviolet (UV) detection. The

compound had a retention time of 2.92 minutes.
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Figure 3. Characterization of Bac7 peptide by electrospray ionization-mass spectrometry

(ESI-MS). ESI-MS spectrum of purified Bac7. The peak represents the [m/z], [

M+2H
2

|* = 668.2,

corresponding to the molecular ion of 1333.71 calculated by Chem Draw Professional 16.0.
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Scheme 2. Schematic of PCL-PEG-Bac7 conjugation. Amino-functionalized polymer
(PCL¢ 5kpa-PEGskpa-NH, ) was reacted with maleic acid anhydride to form a PCL-PEG-Maleimide
(Mal) functional polymer. The Mal-functionalized peptide was reacted with the n-acetyl-cysteine
at the n-terminal end of Bac7 to form a final product of PCL-PEG-Bac7 via maleimide-thiol

reaction (Michael’s addition).
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Scheme 3. Flash nanoprecipitation to fabricate NPs. Amphiphilic diblock copolymers form
self-assembled NPs when exposed to aqueous environments. The addition of encapsulation agents
(stabilizers) to the organic stream help to stabilize the structure. Polymers align themselves with
the hydrophobic/lypophilic tails oriented within the core interacting directly with stabilizer and the
hydrophilic tail surrounds the particle forming a protective corona shell to shield the non-polar
additives. Additional lypophilic materials (drug, imagine agents, etc) may be easily encapsulated
when of sufficient lipophilic nature. NPs, or polymeric building blocks, may be labeled with
imaging agents, targeting ligands through chemical conjugation, after or prior to FNP,

respectively.
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Figure 4. Confocal microscopy of plain and Bac7- labeled NPs. A. Plain NPs. B. Bac7 (1%
surface coverage) NPs. Caco-2 cells were grown until about 50% confluence. Plain and Bac7
samples were prepared in serum-free phenol-red free DMEM. Sampled were normalized by
fluorescence for plain and Bac7 NP concentrations (6 nM and 3 nM, respectively). NPs are
labeled with FITC to display a green fluorescence. DAPI nuclear stain shows cell nuclei in blue.
Z-stacked images are shown for each. A significantly greater presence of green fluorescence can
be seen for Bac7 labeled NPs showing greater presence of NPs with cell-penetrating ligand
conjugation. Bottom images show Lysotracker staining for acidic compartments (ie. endosomes

and lysosomes) indicating endosomal entrapment of a portion of both plain and 1% Bac7 NPs.
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Figure 5. Cell internalization of NPs in Caco-2 cells after 2 hours incubation. Cell uptake and
internalization for plain NPs, 1% Bac7, 5% Bac7 and 5% Bac7 with 10% COOH NPs was
determined by FACS. Caco-2 cells were treated with samples of each NP in phenol red-free
serum-free DMEM. Mean relative fluorescence intensity and standard deviation is reported for
each NP group. Results show a decrease in internalization at 2 hours with increasing surface
coverage of Bac7. An increase can be seen for NPs with 5% Bac7 and 10% COOH showing no
significant difference in uptake compared with plain NPs (n=4) (p<0.05, ANOVA) (*p<0.05,
compared with plain NPs by Student’s t-test).



90

N
()]
1

N
T

-
()]
1

NP Transport
Across Monolayer (%)
=

o
(9}
1

Figure 6. Translocation of NPs across Caco-2 intestinal monolayers. Caco-2 cells (passage
number = 40) were grown for 28 days to form a monolayer as a model intestinal epithelium.
Graph shows the transport of a series of Bac7-labeled NPs (0%, 0.25%, 0.5%, 1%, 3%, 5% and
10% Bac7 ligand density) across a model intestinal monolayer over 18 hours. Data shows NP
transport presented as percent transport. Results show plain NPs result in a basal level of
migration across the monolayer (0.42%). A significant increase in transport is shown for all Bac7
labeled ligand densities. The greatest transport was shown for 0.25%, 0.5%, 5% and 10% surface
coverage with an approximately 4-fold increase in transport when compared to plain NPs. Ligand
densities 0f1% and 3% showed about a 2-fold increase in transport compared with plain NPs. Cell
monolayer integrity was determined by transepithelial electrical resistance (TEER). TEER values
for all experiments presented > 500 Qecm’. Data shows the combination of two independent
transport studies (n>6). Mean and standard error of the mean is presented for each group

(*p<0.05, ***p<0.0005, ****<0.0001).
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Figure 7. NP mucosal tissue association in vivo in Sprague-Dawley rats. Intestinal ligated loop
model was used to investigate NP translocation through colorectal mucus to penetrate and
associate with the mucosal tissue layer. NPs with 0%, 1%, 5%, and 10% Bac7 surface ligand
densities were injected into 3-5 cm ligated sacs in the colon and duodenum and treated for 2
hours prior to tissue collection and analysis. NPs were fluorescently labeled with FITC. Mucosal
tissue was scraped and fluorescence analysis was performed on processed samples. In the colon,
there was an approximately 8-fold increase in NP tissue association for 1% Bac7 NPs compared
with plain NPs. 5% Bac7 NPs also showed a significant increase of approximately 5 fold greater
NP presence in the colon compared to plain NPs. Similar results are shown in the duodenum with
a nearly 3-fold increase in NP association with mucosal tissue for 1%, and 5%, Bac7-labeled NPs.
10% Bac7 NPs showed no significant differences compared with plain NPs. Mean and standard

error of the mean is presented for each group (n>6) , ***p<0.0005).
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Plain NPs 1% Bac7 5% Bac7 5% Bac7

10% COOH
Size (d.nm) 56.7+3.7 50.542.1 48.434+3.4 42.1+1.9
Polydispersity Index 0.13+0.01 0.14+0.06 0.17+0.03 0.20+0.05
Zeta Potential (mV) -2.6+0.09 -3.8+0.37 -3.36x1.5 -2.34+1.9

Table 2. Effect of ligand type and density on NP properties. Size, polydispersity index (PDI)
and zeta potential was determined for each group using a Zeiss Nano ZS90. NPs shown were
labeled with 0, 1%, 5% Bac7. 5% Bac7 NPs were labeled with an additional 10% COOH
functional group to counterbalance Bac7 cationic charges and determine the effect of NP net
charge on translocation across a mucus barrier in vivo. Surface zeta potentials show no significant
differences between groups. Data is presented in mean and standard deviation (N = 2) for each
NP type. For most groups, no statistically significant differences were seen in size or
polydispersity with the addition of Bac7, although a slight trend can be noticed suggesting a
minor change in size as a result of increasing Bac7 surface density. NPs with 5% Bac7 and 10%
COOH resulted in the smallest size and a significant decrease in size compared with plain NPs
indicating potential surface interactions and tighter packing of fabrication materials. Experiment

was repeated twice.
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Figure 8. The effect of feces presence on NP tissue-interaction in the colon in vivo in
Sprague-Dawley rats. NP tissue association was quantitated in the presence of stool to determine
fecal interference of NP delivery to colonic mucosal tissue layer. Ligated sacs were treated with
NPs with 1% and 10% Bac7 surface coverage (N>2) for 2 hours prior to tissue collection and
analysis. Mucosal tissue was scraped and fluorescence analysis was performed on processed
samples to quantify NP tissue association. Significant differences were found for 1% Bac7 NP
absorption in an empty colon vs colon with stool present (*p<0.05). No significant differences

were found for 10% Bac7 NPs.
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Figure 9. NP mucosal tissue association after NP ligand-charge balance

Dawley rats. NPs with 5% Bac7 surface coverage, with and without, 10% COOH were injected

into 3-5 cm ligated sacs in the colon and treated for 2 hours prior to tissue collection and analysis.

COOH functional groups were added to NPs to counterbalance the net cationic charge (+2)

associated with Bac7. Mucosal tissue was scraped and fluorescence analysis was performed on

processed samples to determine NP presence. No significant differences were found between

=6).

groups (N
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CHAPTER 5

Note: Sections of this chapter will be reproduced from this thesis for the following publication:
Nelson, AG; Wang, H; Myers, DR; Holloway, J; Shike, Li; Szekely, Z; Sinko; P J. Formulation,
Characterization and Evaluation of Rilpivirine-Loaded Bac7 Nanoparticles as a Long-Acting

Platform for Colorectal HIV PrEP. In preparation.

Formulation, Characterization and Evaluation of Rilpivirine-Loaded Bac7 Nanoparticles as

a Long-Acting Platform for Colorectal HIV PrEP

5.1. Abstract

Rilpivirine (RPV) is a highly potent non-nucleoside reverse transcriptase inhibitor (NNRTTI) that
has shown promising pre-clinical results when formulated as a long-acting nanosuspension.
However, these suspensions require parenteral injections and may result in low patient adherence.
A long-acting mucosal PrEP (mPrEP) drug delivery system (DDS) would provide a viable
alternative to injectable options. Poly(e-caprolactone) (PCL)-poly(ethylene glycol) (PEG)
nanoparticles (NPs) fabricated by flash nanoprecipitation (FNP) successfully encapsulated the
highly insoluble antiretroviral, RPV, resulting in high encapsulation efficiencies (85% to 98%)
and moderate to high drug loadings (10.9 % to 17.7%). Extent of RPV release was modulated, by
adjusting copolymer block sizes, to achieve 20% to 40% total cumulative release over 24 hours in
vitro. Poly(lactide)e skp.-PEGskpa (PLA-PEG) NPs resulted in a greater extent of release of 58%
compared to 40% for PCLkpa-PEGskp,. However, PLAg 3xp.-PEGsipa achieved an approximately
10% lower encapsulation efficiency and 1% decrease in drug loading compared with
PCLpPEGskpa.. In the colon, the inverso (I) Bac7 analog resulted in the greatest increase (142%)
in tissue association compared with plain NPs. RPV concentrations, after 2-hour administration in

an in situ rat model, were quantified and no significant differences were found between plain NPs
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and Bac7 I NPs. A decreasing trend in free RPV, associated with the addition of Bac7, suggests
strong tissue adsorption preventing total RPV quantitation of in vivo samples. Similar trends were
shown in mouse intra-rectal studies. 24 hour RPV concentrations were below the limit of
detection and unable to be quantified. Bac7 I NPs showed 3-fold greater mucosal tissue
association compared with plain NPs (~1.7% and ~0.45%, respectively). Plain and Bac7 I NPs
appear to be largely cleared from tissue after 24 hours. However, NPs are present past 48 hours at
low levels. This work shows the feasibility of an RPV-loaded Bac7 NP platform to be used in an
mPrEP. However, significant optimization is needed to further consider the feasibility of a

polymeric NP DDS in a long-acting PrEP approach.

5.2. Introduction

HIV infection remains a major global health concern despite significant improvements in
antiretroviral therapy (ART) and access to treatment. Without the prospect of an effective cure or
vaccine in the clinical pipeline, prevention is considered the cornerstone of ending the HIV
pandemic [1-3]. For high-risk populations, oral pre-exposure prophylaxis (PrEP) has shown to be
highly effective at preventing HIV infection [4, 5]. Mathematical modeling of clinical trial data
estimates up to 99% risk-reduction when optimal PrEP adherence is met. However, the real-world
success of oral PrEP hinges on patient compliance with a strict daily regimen that has proven to
be variable over a number of randomized clinical trials [5-7]. Therefore, PrEP alternatives to
circumvent the need for less frequent dosing are starting to be explored. Long-acting and
extended release formulations may improve adherence and confer longer durations of protection,
avoiding the daily pressure and responsibility placed on individuals to remember to take a pill[5,
7, 8]. Parsons et al [6] conducted a study surveying 1071 MSM participants to determine
preference in forms of PrEP. Nearly half of participants (46.0%) stated a strong preference for

long-acting injectable PrEP over daily oral PrEP[4, 7].
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Until recently, majority of clinical trial studies have involved regimens including tenofovir
disoproxil fumarate. Alternative PrEP formulations are currently being explored incorporating
new promising anti-HIV agents. RPV is a highly potent NNRTI that has shown promising pre-
clinical results as a long-acting nanosuspension and is now currently undergoing clinical trial
evaluation [9]. Rilpivirine-based approaches for rectal and vaginal HIV prophylaxis have reached
efficacy levels of 75% to 100% in animal models following intramuscular administration [5, 10].
These approaches show promising extended release profiles with the potential to require
infrequent dosing once every two to three months. However, these long-acting agents require
parenteral injections via intravenous, intramuscular, or subcutaneous routes of administration.
This raises novel adherence and safety challenges. Literature on injectable contraception reports
high rates of nonadherence after the initial injection event. This suggests that even the availability
of long-acting injectable PrEP formulations will not eliminate nonadherence concerns. A long-
acting mPrEP, where antiretrovirals are delivered directly to the mucosal tissue would provide a
viable alternative to injectable options. Although it is highly unlikely one strategy will result in
universal acceptability, studies over a long history of contraceptive method development have
shown that having a diverse array of options, to suit a range of user needs and preferences, can

effectively enhance adherence [4, 7].

In the development of long-acting PrEP approaches, new delivery strategies to achieve target
drug concentrations in mucosal tissues, while simultaneously avoiding cellular efflux and
metabolism, are critical [11]. Previously, a proof-of-concept for a nano-based HIV mPrEP DDS
showed the successful colorectal delivery, and retention, of a PEG;4p, model nanoconjugate
delivery system. This delivery system involved the conjugation of a modified fragment of the cell
penetrating peptide, Bactenicin 7 (Bac7), to PEG conjugates. Bac7 was shown to increase cell

uptake and be retained for 5 days after rectal administration in mice. The average epithelial cell
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turnover rate in the colon is 2-3 days in rodents. [12]. Therefore retention that exceeds 2-3 days in
a murine model indicates NP delivery to the lamina propria. However, these conjugates are
incapable of achieving therapeutically relevant drug concentrations. The development of a Bac7
NP delivery system with higher drug loading, and the potential to achieve and sustain effective

mucosal drug concentrations, would be a promising technology for use in a long-acting PrEP.

The benefits of NPs in drug delivery have been well-explored [13-15]. Their large surface areas
significantly improve the dissolution and absorption of poorly soluble drugs, and allow for
optimization. Surface properties may be modulated by functionalization or adjusting formulation
parameters. However, the equipment required to formulate NPs is often costly and further
increases drug product costs [16]. FNP is a simple, rapid, one-step and low-energy technique to
prepare polymeric NPs within a controlled size range [17, 18]. Stable polymeric NPs with high
loadings of hydrophobic compounds are easily achieved making FNP a convenient and cost-

effective assembly method [19, 20].

In the current study, polymeric NPs, fabricated by FNP and capable of encapsulating the highly
insoluble drug, RPV, are reported. It is hypothesized that drug loading and release can be tuned to
sustain RPV release for a minimum of 24 hours, by modifying copolymer properties. /n vivo, we
assessed the delivery of RPV to colorectal tissue after in situ, or intra-rectal administration, in
murine models. Our aim was to maintain NP levels for three days in mice, to surpass rodent
epithelial turnover times [11, 21]. Finally, we assessed in vitro and in vivo results to determine the

feasibility of this delivery platform to be applied to long-active applications for rectal HIV PrEP.

5.3. Materials and Methods

5.3.1. Materials
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Amino acids were obtained from Anaspec Inc. (Fremont, CA). Poly(ethylene oxide-b- e-
caprolactone) (referred to as PCL-PEG in thesis) Mn:PEO(5000)-b-PCL(6000) (Sample# P3130-
EOCL), Mn:PEO(5000)-b-PCL(3000) (Sample# P9737-EOCL), Mn:PEO(5000)-b-PCL(1600)
(Sample# P7599-EOCL), Mn:PEO(2000)-b-PCL(8500) (Sample# P8849-EOCL),
Mn:PEO(2000)-b-PCL(6000) (Sample# P9706-EOCL), Mn:PEO(2000)-b-PCL(2800) (Sample#
P9820-EOCL), Poly(ethylene oxide-b- Lactide(DL form) (referred to as PLA-PEG in thesis)
Mn:PEO(5000)-b-PLA(6300) (Sample# P10901-EOLA) and functionalized-amino-w-hydroxy
terminated poly(ethylene glycol-b-e-caprolactone) (referred to as PCL-PEG-NH, in thesis)
(Sample# P10288B-NH2EGCL) were all purchased from Polymer Source (Montreal, Quebec,
Canada). DL-alpha-Tocopherol (Vitamin E) (Lot# Q22B012) was purchased from Alfa Aesar
(Tewksbury, MA). Tetrahydrofuran was purchased from Millipore Sigma (Lot# 56020).
Fluorescein isothiocyanate isomer 1 (FITC) (Lot# 001521-2014-03) was acquired from Chem-
Impex Int’l Inc. DL-alpha-Tocopherol succinate (Vitamin E succinate) (Lot# SLBH6145V),
Anhydrous N,N-Dimethylformamide (Lot# SHBB8337V), N,N-Diisopropylethylamine: (Lot#
111K3081) and Pur-A-Lyzer™ Mini Dialysis Kits were all received from Sigma Aldrich (St.
Louis, MO). Rilpivirine (Batch# FR158451601) was purchased from Carbosynth (San Diego,
CA). Sieber TentaGel (Lot# BR151022) resin was obtained from EMD Millipore (Billerica, MA).
Polysorbate 80 (Lot # 7086F) was obtained from ICN Biomedicals, Inc (Aurora, Ohio). Microcon
Ultracel YM-10 ultrafiltration tubes (10,000 MWCO) (Lot # RBIN03841) were acquired from
Millipore. Dialysis tubing (MWCO 6000-8000) (Lot# 21-152-5) was obtained from Fisher
Scientific (Waltham, MA). Dulbecco’s Modified Eagle Medium (DMEM) (1X): w/o phenol red
(Lot # 1687980), DMEM (1X) w/ phenol red (Lot# 1860148), penicilin streptomycin (Lot
#1546518), Glutamax (100X) (Lot # 1646069), and 0.05% trypsin-EDTA (1X) (Lot#1656932)
were all ordered from Gibco (Waltham, MA) and Minimum Essential Medium (MEM) Non-
Essential Amino Acids (100X) (Lot # 719461) was purchased from Quality biological

(Gaithersburg, MD). For molecular analysis, a Waters 2695 Alliance System (Milford, MA)
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high performance liquid chromatography (HPLC) was used complete with a photodiode array
detector measuring ultraviolet absorption from 200-600 nm. The two part mobile phase gradient
was one part (A) diH,O with 0.05% TFA (v/v) and the remaining part (B) ACN with 0.05% TFA
(v/v). A Waters Symmetry C18 column (Milford, MA) was used as the stationary phase.
Additionally electronspray ionization mass spectrometry (ESI-MS) was performed on a Finnegan

LCQDuo (Thermo Finnegan, San Jose, CA).

5.3.2. NP Preparation

Placebo NPs fabricated from a series of hydrophilic and hydrophobic block lengths (hydrophilic-
hydrophobic MW block ratios) were formed. PCL-PEG amphiphilic diblock copolymers were
dissolved in THF at a constant mass (7.5 mg/ml). A hydrophilic PEG block of 5kDa was matched
with a 1.6 kDa, 3 kDa or 6 kDa PCL hydrophobic block, resulting in hydrophilic-hydrophobic
block ratios of 3.13, 1.67 and 0.83 respectively (PCL; skpa-PEGskpa >, PCL3xpa-PEGskpa, PCLkpa-
PEGsyp,). Alternatively, a PEG block of 2 kDa was paired with PCL blocks of 2.8 kDa, 6 kDa or
8.5 kDa to form hydrophilic-hydrophobic block ratios of 0.71, 0.33 or 0.24 respectively
(PCL, 8kpa-PEG2kpa, PCLgkpa-PEGokpa, and PCLg skpa-PEGokp,). Vitamin E was incorporated, in a
1:1 mass ratio with polymer, as a core stabilizer. Inmediately following FNP, the outlet stream
was collected in DI water, totaling to 10 ml of NP solution with 10% THF. 50 ul of NP solution
was diluted in 500 pl of DI water and NP sizes were immediately determined on a Zeiss Nano

ZS90 Zetasizer.

5.3.3. Determination of RPV Solubility in Distilled Water, DMEM and 0.1%Tween
80/DMEM.

RPV solubility in distilled water (DI water), DMEM and 0.1% v/v Tween 80/DMEM
(Tween/DMEM) was determined by adding excess RPV (1 mg/ml) in 1 ml of each medium and

sonicating for 10 minutes. Samples were then incubated at 37°C for 1 or 7 days with constant
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agitation on a rotational plate. Samples were filtered using a 0.2 um poly(tetrafluorothene)
filtration unit. The collected filtrate was directly analyzed by high performance liquid

chromatography (HPLC).

5.3.4. RPV Drug Loading and Release from NPs

Drug loading and release characteristics of RPV were tuned and optimized during FNP. The
hydrolysis rate within the NP core is dependent on the intrinsic bond stability, core pH and water
concentration. Thus both drug loading and drug release may be tuned by altering the
hydrophobicity of agents within the NP core. Series of formulations were tested using PCL-PEG
NPs (not shown) resulting in the optimal encapsulation efficiency for RPV with 1:1 molar mass
ratios of Vitamin E and Vitamin E succinate. This formulation was kept standard across all

release studies.

PCL-PEG NPs of various hydrophobic and hydrophilic block ratios were fabricated as previously
described. The only adjustment was a 1:1 molar ratio of Vitamin E (3.75 mg) and Vitamin E
succinate (2.2 mg) was used as a hydrophobic stabilizer to efficiently encapsulate 1.5 mg of RPV
in each batch of NPs. FNP was performed and NPs were immediately transferred to Millipore
ultracentrifuge tubes (10 kDa MWCQO) that were placed inside 1.5 ml microcentrifuge tubes.
Samples were spun at 10,500 RPM for 20 minutes at 25°C. Liquid was collected from the tubes
and diluted with DI water to the original sample volume. Supernatant that was filtered into the
collection tubes was collected and 20 pl of filtered liquid was added to 100 pl of 1:1 ACN:DI
water and analyzed by ESI-MS. Reported ESI-MS values were used to determine the amount of
RPV unencapsulated within NPs. Simultaneously, 200 pl of NP samples was immediately
pipetted into Pur-A-Lyzer dialysis tubes and placed in 8 ml glass vials filled with 4 mls of Tween
80/DMEM as the release medium. Vials were placed to rock in a heated rotational incubator at

37°C. At pre-determined time points, 100 pl of release media was collected and replaced with
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fresh media to maintain sink conditions. Concentrations of RPV in release media were below the
RPV solubility limit determined in Tween 80/DMEM.
Encapsulation efficiency was determined using the following equation:

(Total drug added — Free unentrapped" drug)
Total drug added

% Encapsulation Ef ficiency = 100 *

Drug loading was also calculated as follows:

(Total mass drug encapsulated)

% D Loading = 100
o Urug Loading * Total mass NPs

5.3.5. Bac7 Cell Penetrating Peptide Synthesis

Three analogs of Bac7 were synthesized to compare their penetrative capabilities in the presence
of in vivo proteolytic enzymes. Fmoc solid-phase peptide synthesis was used to complete the
syntheses. A modified 15-24 residue fragment of the sequence was synthesized using a Nautilus
2400 automated peptide synthesizer. Analogs included wild-type (gly-pro;s-arg-pro-leu-pro-phe-
pro-arg-pro-gly»s-NHy) (wt, all l-amino acids), inverso (I, all d-amino acids), and retro-inverso
(RIL, all d-amino acids and reversed ordered) sequences (Scheme 1). The d-amino acid containing
sequences were utilized to increase proteolytic stability. Peptides were conjugated with azide-
PEG, for copper-free click chemistry conjugation. The peptide was cleaved from the NovaSyn®
TG Sieber resin using trifluoroacetic acid (TFA), ethanedithiol, water, and triisopropylsilane in a

94/2.5/2.5/1 vol/vol/vol/vol ratio. The product was analyzed using reverse phase HPLC (RT
. . M+2H]+
=3.14 min) and characterized by ESI-MS. The observed [T] m/z was 732.47 Da (calculated

exact mass =1,462.72 Da).
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5.3.6. Bac7 Peptide Conjugation to PCL-PEG Polymer Prior to FNP, one molar equivalent of
amino-functionalized copolymer (PCLg¢skpa-PEGskp,-NH2) was reacted with 25% excess
dibenzocyclooctyl-poly(ethylene glycol)s-N-hydroxysuccinimide (DBCO-PEG-NHS) in 500ul
dimethylformamide (DMF). Six equivalents of N,N-Diisopropylethylamine (DIEA) was added as
a base. The solution was mixed for four hours. 10 mg of Tentagel-amine resin was added to
remove unreacted DBCO and allowed to stir for one hour. The sample was then filtered to
remove Tentagel. One equivalent of Bac7 peptide was added to the solution in an additional 200

ul of DMF and stirred overnight.

5.3.7. Fluorescence Dye Conjugation to PCL-PEG Polymer

For quantification of NP in situ tissue association, fluorescein isothiocyanate (FITC) was
conjugated to PCL-PEG polymer prior to FNP. FITC-labeled polymer accounted for 7% of NP
polymer to achieve 7% surface ligand density. Briefly, one equivalent of amino-functionalized
copolymer (PCLg¢ skp.-PEGskp.-NH;) was reacted with two equivalents of FITC in 800 ul DMF.
Four equivalents of DIEA were added. The reaction solution was stirred for three hours and

quenched with 50% excess Tentagel-amine resin for one hour, followed by filtration.

5.3.8. Rat Intestinal Sac Ligation Model

PCL¢kpa-PEGskp, Was used to fabricate NPs for all animal studies. Polymers were covalently
conjugated with Bac7 CPP, or a fluorescein for quantification, prior to FNP. FITC labeling was
used primarily for quantitation of placebo NPs (without RPV loaded). FNP was performed as
described previously for placebo and RPV-loaded NPs with minor adjustments. For animal
experiments, NP solutions were vortexed following FNP and then dialyzed (molecular weight
cutoff: 6000-8000 Da) in 4 liters of DI water to remove the remaining THF. For animal studies,
NPs were also fabricated at relative concentrations 2-fold higher than previous batches, to achieve

tissue concentrations above the lower limit of detection by plate reader and LC/MS modalities.
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For all in situ ligated loop studies, male Sprague-Dawley rats were fasted overnight (n > 6 rats per
group). While anesthetized with isoflurane, the abdominal region of each rat was shaved and
aseptically prepped. A longitudinal incision extending from the splenic flexure to the pelvis was
applied to open the cavity. Sacs were prepared in the colon and duodenum. The duodenum was
treated as a feces-free control and to compare NP transport in both the small and large intestines.
Each sac was gently exposed and approximately 5-cm portions were tied off with suture material.
In one study, animals were treated with Bac7-labeled NPs (wt, I, or RI) to determine tissue
association in the presence of proteolytic enzymes, in vivo. All Bac7 NPs had a surface ligand
density of 1% Bac7. Plain NPs were used as a control. Placebo NPs were fluorescently labeled
with FITC. In separate studies, animals were treated with RPV-NP to quantitate RPV tissue
amounts after treatment. NP solutions were prepared in 6.5 pH PBS at 290 mOsm/L. NPs (15
nM, 0.6 mg/ml RPV, 12% drug loading) with plain NPs, or Bac7 I (n=3), or 1.5 mM RPV
nanosuspensions (positive control, n=2) in PEG 400 were injected into ligated sections (0.1ml per
cm or 500 pl). After 2 hours, animals were euthanized by diaphragm puncture and sacs were
excised for analysis. Each sac was flushed with HBSS to remove the loose mucus layer and
unabsorbed NPs. The tissue was then cut open along its longitude and the mucosa layer was
gently scraped and collected in 400 pul of HBSS. For fluorescence quantification, mucosal
samples were mechanically homogenized and then centrifuged at 5500 rpm for 30 minutes at
4°C. The supernatant of each sample was collected and analyzed for fluorescence using a Tecan
plate reader at Ex/Em of 485/535. Samples with RPV-loaded NPs were homogenized and treated
with 1.4 ml of 5:1 ACN:H,O for tissue precipitation. Samples were centrifuged at 5000 rpm for

10 min at 4°C and then analyzed by HPLC/MS to determine the concentration of RPV extracted.

5.3.9. In Vivo NP Retention Studies
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NP retention and free RPV presence for up to 48 hours after intra-rectal dosing were
investigated in male CD-1 mice. Anesthetized male CD-1 mice were dosed intra-rectally with
enemas (200 pl) of FITC-labeled placebo PCL-PEG NPs displaying Bac7 1. Plain NPs were
used as a control. RPV-loaded (12 wt% drug loading) plain (control) NPs, or Bac7 I NPs
(without FITC-labeling) was administered in a separate study to determine free RPV
concentrations present in tissue. Following 2 hours, 24 hours, and 48 hours, mice were
sacrificed by CO; euthanasia and necropsies were performed to remove intestinal tissue.
Colorectal tissue was cut from below the ascending colon to the anus. The tissue was then
flushed with 9 mLs of HBSS. The colon was then sliced longitudinally and the mucosal layer
was gently scraped and collected. The uptake of placebo NPs into the colon after indicated
time points was quantified by a fluorescence analysis. The uptake of RPV from RPV-
containing NPs into the colon was measured using a Micromass ZQ-4000 mass

spectrometer.

5.3.10. Validation of NP Surface Interactions and Fluorescence in Reaction Media

Potential surface interaction between FITC and FBS was investigated as an assessment of non-
specific binding. Each NP was labeled with 7% FITC surface coverage as previously described.
Bac7 ligand densities studied included 0% (plain), 1%, 5% and 10%. Placebo NPs were
assembled by FNP and a mixture of 5:1 mass equivalent methyl-B-cyclodextrin: NP mass was
made. Methyl-pB-cyclodextrin was added to NP suspension as a lyoprotectant to assist NP
resuspension following lyophilization. Liquid was flash frozen with liquid nitrogen and
lyophilized for a minimum of 24 hours until a completely dry powder was formed. NP powders
were weighted to acquire 2 nM NP samples that were transferred to microcentrifuge tubes. NP
fluorescence was examined in pH-standardized culture media as described above. A range of pH

values were tested (4.0. 5.0, 6.0, 7.0 and 8.0) using 1N HCl and 1N NaOH to make adjustments to
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media. Samples were prepared by dissolving NPs in serum-treated, or serum-free, cell culture
media and vortexing at high intensities for 30 seconds. This was followed by probe sonication
Branson Sonifier 450 (Fischer Scientific, Pittsburgh, PA) (80% duty cycle and level 3 output) for
a maximum of 60 seconds to disrupt aggregates and re-dissolve NPs. Fluorescein intensity was

detected at excitation 485 and emission 535 in a Tecan plate reader.

5.3.11. Statistical Analysis

Graphpad Prism version 6.0 (GraphPad Software, Inc., San Diego, CA) was used to perform all
statistical analysis for experiments. Results are represented by the mean and standard error of the
mean (SEM). Statistical significance was determined by a 95% confidence interval (p < 0.05).
Linear regression analysis was also performed using the GraphPad Prism Software for statistical
analysis of curves and curve parameters. One tailed, unpaired Student’s t-test assuming equal
variances was used to compare individual groups. A two-way analysis of variance (ANOVA) test
was run on multiple group analysis. Tukey or Bonferroni post-hoc tests were applied to compare
multiple groups following ANOVA, to further assess inter group significances. F-tests were also

applied sparingly for inter group analyses.

5.4. Results
5.4.1.0ptimization of NP Hydrodynamic Diameter By Polymer Size Modifications

Copolymer hydrophilic and hydrophobic block lengths can be altered to fabricate a wide range of
NP sizes. NP diameters, as measured by dynamic light scattering, ranged from 60-245 nm (Table
1). The effect of core:polymer ratio was consistent across all block copolymers, with a higher
ratio of Vitamin E providing larger NPs, and a lower ratio of Vitamin E providing smaller NPs
(data not shown). PCLgp,-PEGskp, with a 45% w/w PEG content and 0.83 hydrophilic-

hydrophobic molecular block ratio resulted in the smallest NPs. PCLg skpa-PEGoxp, produced the
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largest NPs with a 19% w/w PEG content and 0.24 hydrophilic-hydrophobic molecular block
ratio. Hydrophilic-hydrophobic effect on NP size was determined by regression analysis for
polymers with 2kDa and 5kDa PEG chains. A linear regression is shown for both data sets
(Figure 1). PEGyp, polymers showed a negative regression with a correlation (R* value) of 0.99.

PEGskp, polymers showed positive regression with a correlation of 0.98.

5.4.2. Rilpivirine Solubility in Release Media

Previously reported values for RPV solubility show it is practically insoluble in deionized (DI)
water (< 0.1 mg/ml). More specifically, its solubility in water has ranged from 9.4 x 10” mg/ml to
20 x 10° mg/ml [22, 23]. We determined the solubility in DI water, DMEM (serum-free), and
DMEM with 0.1% v/v Tween 80 (DMEM/Tween) (Figure 2). LC/MS values for RPV in water
and DMEM were 5.7 x 10° mg/ml and 2.7 x 10”° mg/ml, similar to previously reported data.
Tween 80 significantly increased the dissolution of RPV resulting in approximately 4 x 10°
mg/ml solubilized in DMEM/Tween. DMEM/Tween was chosen as the release medium for
subsequent studies. RPV release studies were conducted at concentrations below the critical

solubility and sink conditions were maintained throughout experiments.

5.4.3. Rilpivirine-NP Drug Loading and Characterization

Successful encapsulation of RPV within PCL-PEG NPs, of a range of molecular weight block
combinations, was achieved by FNP. Salt formation with vitamin E succinate was found to
control NP formation and increase stability compared with the vitamin E (non-salt) form. The
non-salt form resulted in multiple peaks during dynamic light scattering showing inefficient drug
encapsulation (data not reported). Size, polydispersity index, drug loadings and encapsulation
efficiency is presented for each NP type in Table 1. Mean encapsulation efficiencies ranged from

85% to 98% with drug loadings about 10.9% to 17.7% of total NP mass (Table 2).
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PLAG 5kp.PEGskp. NPs resulted in the lowest encapsulation efficiency of 74% with drug loading of

9.8% (Figure 6).

5.4.4. Rilpivirine Release Kinetics

The release profile of RPV from NPs was studied for a series of polymers by dynamic dialysis.
RPV release was quantified by measuring samples of release media over 24 hours by HPLC-MS.
Maximum cumulative release was 32%, 23% and 41% for PCL ¢xpa-PEGskpa, PCL3kpa-PEGskpa
and PCLgp.-PEGskpa NPs respectively (Figure 3). For the respective polymers, mean release rates
were 0.5 pg/hr, 0.625 pg/hr and 0.56 pg/hr, over the first 8 hours. Samples of release media were
acquired for up to 168 hours (7 days) with no significant changes in extent release after 24 hours.
The maximum release for PCL; gipa-PEGoxpa, PCLgkpa-PEGowpa, and PCLg sipa-PEGowpa NPs was
43%, 24% and 20%, respectively, with mean release rates of 1.1 pg/hr, 0.55 pg/hr and 0.56 pg/hr
over the beginning 8 hour duration (Figure 4). Average release rate for PLAgp,-PEGsip, NPs was
1.6 pg/hr for the first 8§ hours and then a plateau in release at 58% is also seen (Figure 5).
PLAgkp.-PEGskp, resulted in a significantly lower, drug loading than comparable PCL-PEG NPs
(Figure 6). First order release was observed for all NPs as shown by a linear regression in log %
RPV remaining. A significant increase in release extent is shown as PCL block size decreases
(p<0.05), for polymers with 2 kDa MW PEG blocks. Modifying PCL block size from 8.5 kDa to
2.8 kDa, while PEG mass remained consistent, resulted in a greater than 2-fold increase in total
percent cumulative release of RPV from formulated NPs. Inverted correlations between relative
PCL block mass and release extent was shown for NPs with 5 kDa PEG chains. For these NPs, a
3 kDa PCL block resulted in lower total percent cumulative RPV release than that of a 6 kDa
PCL block. Further decreasing the PCL block size to 1.6 kDa, resulted in intermediate levels of

cumulative RPV release, between the previous two NP groups.

5.4.5. Ligated Loop Model-Analog Comparisons
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An intestinal ligated loop model was used to investigate NP translocation through colorectal
mucus to penetrate and associate with the mucosal tissue layer. Sacs were treated with plain NPs
NPs labeled with wt, I or RI Bac7 (Figure 7). In the colon, Bac7 I was found to result in the most
significant increase (142%) in tissue association compared with plain NPs. However, in the
duodenum, wt and RI Bac7 analogs showed significant increases in tissue association compared
with plain NPs (81% and 93%, respectively). Plain NPs were used as a control. Bac7 I was
chosen as the lead candidate to complete the remaining studies since colorectal delivery is the

focus of this work.

5.4.6. Rilpivirine Tissue Extraction

For RPV-loaded NP studies, MS was used to measure RPV levels after tissue extraction. 4 priori
validation tests confirmed our single-quadrupole, Micromass ZQ-4000 was sufficiently sensitive
to determine RPV tissue concentrations as low as a single digit ng/mL level. Greater than 13%
and 26% RPYV tissue association is reported for Bac7 NPs and plain NPs, respectively, after 2
hours in situ. No significant differences were found in extracted RPV between plain NPs and
Bac7 NPs (Figure 8). However, a trend is shown in which concentrations of extracted RPV
decrease with the addition of Bac7. The decrease is likely due to strong association of Bac7 with
tissue resulting in less RPV to extract after tissue precipitation for bioanalytical analysis. A
similar trend is seen after analysis of mouse intra-rectal samples (Figure 9). The lowest amount of
extracted RPV is shown for NPs labeled with both Bac7 and FITC. This can also be attributed to
strong protein adsorption and unavailability of RPV bound within NPs, in the precipitated pellet.
Intra-rectal RPV concentrations at the 24 hour time point were below our system’s limit of
detection and unable to be quantified. To investigate FITC non-specific binding potential with
tissue protein, fluorescence intensity of FITC-labeled NPs for a group of representative Bac7 NPs

was evaluated in the presence of FBS (Figure 10). For nearly all groups (plain, 1% Bac7, 5%
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Bac7 or 10% Bac7 NPs), a significant decrease in fluorescence is seen when exposed to 10% FBS
compared with serum-free control medium at pH values of 6, 7 and 8. At pH 4 and 5, after FITC

is expected to become deionized, fluorescence is found to increase in the presence of FBS.

5.4.7. In Vivo NP Retention Studies

For NP retention studies after intra-rectal dosing of placebo NPs, Bac7 I NPs showed a greater
than 3-fold increase in mucosal tissue association (~1.7% compared with ~0.45%) (p <0.05) after
two hours (Figure 11). NPs appear to be largely cleared from tissue by 24 hours. However, both
plain and Bac7 NP presence is still above background up to 48 hours post administration
indicating prolonged NP tissue concentrations. No significant differences were found between

plain NPs and Bac7 NPs at 24- or 48-hour time points.

5.5. Discussion

An RPV-loaded NP platform was designed, characterized and assessed as a potential delivery
system for a long-acting rectal mPrEP. Modeling of clinical trial data estimates up to 99% risk-
reduction for the currently available oral PrEP, Truvada, when optimal adherence is met.
However, efficacy hinges on patient compliance with a strict daily regimen and has proven to be
variable over a number of randomized clinical trials[5-7]. Long-acting and extended release
formulations may confer longer durations of protection, and improve adherence by avoiding the
daily pressure and responsibility placed on the individual to remember to take a pill[5, 7, 8]. The
development of a Bac7 NP delivery system with high drug loading, and the capability to achieve,
and sustain, effective mucosal drug concentrations would be a promising technology to advance

the long-acting PrEP field.

FNP was used as a simple, cost-effective technique to prepare placebo and RPV-loaded NPs with

high loadings. Hydrophobic macromolecules are often used in FNP to reduce the activation
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energy for nucleation and particle growth. They also have an effect on the nuclei number and
thereby affect particle size. PCL homopolymers have been reported to drive nucleation in water
[24]. The molecular weight was found to have a direct effect on NP size. Therefore, maintaining
constant mass, higher molecular weight PCL chains were expected to produce larger NPs as a
result of fewer nuclei available. In this study, placebo NPs resulted in similar trends for PCL-PEG
copolymers with 2 kDa PEG chains. For this group of NPs, larger PCL chains imparted size
increases. Glavas, et al. [25] previously investigated the effect of polymer block ratios, on NP
size. They reported a similar hydrophilic-hydrophobic ratio range, as presented here, with
copolymers comprised of 2 kDa MW PEG blocks. However, they reported that an increase in
hydrophobic ratio resulted in a decrease in NP size. Therefore trends seen in our work are not
uniform for all NP fabrication techniques or formulations. Glavas and collegues prepared NPs by
dissolution/evaporation method by which NPs are formed under different kinetic conditions than
FNP. NPs formed by FNP result in uniform sizes caused by nonequilibrium quenching of
unimers, which depends on the dimensions of the solvated amphiphilic block. Compared with
traditional nucleation and growth of crystals, where NP size is dependent on initial
concentrations, this is a fundamentally different process[26]. Additionally, we report an inverse
correlation for PCL-PEG polymers with 5 kDa PEG compared with the 2 kDa PEG group. This
makes it clear that correlations between hydrophilic-hydrophobic ratio and NP size may differ
based on hydrophilic block size. We hypothesize that the hydrophobic core of placebo NPs
expands at low PEG content (2kDa) due to relatively long PCL chains that dominate. This results
in hydrodynamic expansion as the size of the PCL block is increased. When PEG content is
relatively high (5kDa) and PEG chains dominate, PEG chains can extend outward increasing the
space occupied by the corona. Future work should also be performed with a more extensive range

of polymer block variations to see if linear correlations are seen at other ratios.
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PCL¢kpa-PEGskp, was chosen as the model candidate to complete all subsequent in vivo studies
due to ease of formulating NPs within the optimal size range (~40-60 nm) to achieve uninhibited
diffusion across a mucus matrix. Saltzman et al. reported particles 30-60 nm were able to diffuse
rapidly across samples of unstirred human cervical mucus [27, 28]. Mathematical modeling of
solute behavior through hydrogel-like matrices exhibited the inhibition of mucus diffusion for
particulates above 100nm[27, 29, 30]. Particles above 100 nm (200-500nm) with dense PEG
coatings have been shown to avoid mesh entanglement and traverse the mucus barrier [27, 31].
However, Bac7 cationic charges may impose electrostatic interactions with surrounding mucus
matrix. Therefore, it was important to keep particle sizes within a smaller range to avoid mucus

interactions.

In precipitation processes such as FNP, the crystallinity and solubility of the active
pharmaceutical ingredient (API) affect the formation and stability of nanostructures. Hydrophobic
materials with logP values greater than 3.5 are generally formulated successfully into NPs, during
FNP, because they are able to achieve sufficient supersaturation states and produce high
nucleation rates, to control particle size. However, weakly hydrophobic or crystalline compounds
form systems with low energy states that are inefficient to drive nucleation and lead to NP
instability[19, 24]. RPV is classified as hydrophobic (experimental logP = 4.86, predicted value =
3.8)[23, 32] and crystalline[33], therefore in sifu hydrophobic salt formation was implemented to
successfully improve RPV stabilization [19]. This is a commonly used method for stabilizing
drug loaded NPs. Previous Pinkerton, et al.[19] investigated, and substantiated, an assortment of
salt formers capable of effectively encapsulating crystalline or weakly hydrophobic APIs. Salt
formation is ideal for drug property modifications because it involves ionic interactions and

therefore circumvents the need for FDA reapproval like conjugate prodrugs[19].



115

RPV-loaded NP size correlations with hydrophilic-hydrophobic block ratios are inconsistent with
placebo trends showing the complexity of NP formation that is highly dependent upon
formulation excipients. Encapsulation efficiency across PCL-PEG NPs ranged from 85% to 98%
with high drug loadings between ~11% to 22%. All reported encapsulation efficiencies and drug
loadings are considered moderate to high (EEs above 67% and DLs above 5%)[34] showing the

ability of FNP to produce relatively high-loaded RPV NPs for drug delivery.

RPV release studies were performed in 0.1% v/v Tween 80/DMEM solution to model biological
fluids and increase RPV dissolution. Tween 80 is frequently used in drug release studies for
highly lipophilic drugs to maintain sink conditions[35, 36]. Studies were performed at pH 6.5 to
model the environment of the lower gastrointestinal tract. The pH of the lumen in the proximal
and distal colon ranges between 6-6.7 in healthy humans[37]. The results support our hypothesis
that degree of drug release may be controlled by varying polymer block lengths and therefore can
allow for modulation of drug delivery from PCL-PEG NPs. This was expected due to the
common principles of drug release that state high molecular weight polymers have a low elastic
moduli and are nondeformable[38]. However, only about a 20% increase in total cumulative
release was shown by block modifications. PCL is a semi crystalline polymer. Polymer
crystallinity is an important factor in drug release. Only amorphous regions are permeable and
thereby provide access to water molecules and easy diffusion. A high degree of crystallinity
results in slower drug release[38]. As an amorphous polymer alternative, we compared the release
state of PLAg 5kpa(DL Form)-PEGsyp, NPs. While these NPs resulted in a greater total cumulative
RPV release, we now faced alternative challenges with lower encapsulation efficiency and drug
loading. Additionally, PLA-PEG NPs resulted in a more rapid burst release and even shorter

release profiles was seen in comparison to PCL-PEG NPs.
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For in vivo animal studies, Bac7 conjugation to polymer chains was performed using copper-free
click chemistry instead of previously reported maleimide-thiol click linkage[39]. Thioether
exchange with metabolites and proteins may potentially compromise linker stability and in vivo
efficacy[40, 41]. For long-term PrEP, this would raise a critical concern. To mitigate this
problem, we investigated the use of a DBCO-azido based click chemistry method as a potentially

more stable alternative.

RPV tissue presence after RPV-loaded NP treatment was investigated in an in situ ligated loop
study and intra-rectal mouse study. However, we were unsuccessful in quantifying the total RPV
presence in mucosal tissue. For HPLC-MS, RPV must be isolated from tissue proteins to prevent
contamination of the HPLC separation column. The quantified data suggest trapping of NPs, with
Bac7 and FITC labeling, within tissue pellets during the protein precipitation step. The binding of
charged surface moieties to tissue proteins likely causes this. Similar quantitation challenges,
attributed to CPPs adhering to plasma proteins, have been reported by others[42-44]. Therefore,
this highlights the need for future work in the development of new and simple bioanalytical

methods to assess delivery system efficacy in vivo.

Theoretical calculations based on experimental results for percent in situ uptake predict the
maximum RPV delivered from tissue-associated NPs to be approximately 0.5 nmol for plain NPs
and approximately 1.1 nmol for Bac7 I NPs (values based on placebo tissue association). Our
reported values for RPV extraction are unable to show complete RPV presence, however, they
suggest a significant amount of RPV release from non-tissue associated NPs present within the
sac lumen. These results support the potential of NP-based RPV delivery. RPV is classified by
the biopharmaceutics class system as a class II drug having low aqueous solubility and high
permeability[32]. Therefore delivery of RPV to epithelial tissue is still efficient if RPV is release

from NP premature to tissue penetration. However, RPV loading in these polymeric NPs is still a
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major concern. Similar trends in RPV extraction were seen for RPV-NP tissue association mouse
studies and can also be attributed to ionic interactions between NPs and tissue proteins. In this
study we also compared NPs with FITC surface labeling. Results suggest that even greater tissue
association occurs for these NPs. This is also expected based on well-known non-specific binding
between fluorescein and sera proteins[45, 46]. We investigated the interaction between FITC
labeling and FBS by measuring the arbitrary fluorescence of NPs, with and without the presence
of serum, to assess FITC binding. For all pH values where FITC is ionized, a significant decrease
in fluorescence was shown indicating non-specific binding. An unexpected increase in
fluorescence is seen at pH 4 and 5 where FITC is predominantly uncharged. At lower pH, the
molecular confirmation of FITC and serum proteins is expected to be significantly different and
may result in a more fluorescent FITC state. Additionally, as seen with in situ studies, extracted
RPYV values exceeded theoretical calculations of 0.14 nmol for plain NPs and 0.64 nmol for Bac7
I NPs. This suggests that RPV luminal delivery is achievable by intra-rectal dosing and not an
artifact of the enclosed loop environment. Drug extraction complications, during in vivo analyses,
highlight the need to develop more robust assessments of PrEP efficacy during early stages in
development. The field of PrEP research relies heavily on animal models to assess treatment
efficacy and derive preclinical data. Therefore, improving the evaluation of animal model systems
will help ascertain the effectiveness of drug delivery systems for improved clinical outcomes [47,

48].

NP retention studies revealed majority clearance of Bac7 NPs at 24 hours. Both plain and Bac7
NPs were present in colorectal tissue for 48 hours, at low levels, suggesting minimal cellular
internalization and potential transport into lamina propria. However, these low tissue
concentrations show limitations in their potential to maintain therapeutically effective RPV
concentrations within tissue. The cause for early clearance may be mucus shedding. Mucus is a

viscoelastic barrier that is continuously secreted and shed, or digested and recycled. The
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estimated turnover time of gastrointestinal mucus ranges from four to six hours in murine
models[49]. Furthermore, the turnover rate is estimated to be even more rapid (about an hour) for
the inner mucus of the distal colon in rodents[50, 51]. This makes it difficult for drugs and
delivery systems to reach mucosal surfaces since they must travel “upstream” towards the
epithelium and successfully penetrate the mucus lining before shedding occurs. It is common for
mucus to adhere to particles along the way and be removed during shedding[50, 52]. High NP
tissue presence after 2 hours show the level of dynamic transport within the colonic environment
and the robustness of Bac7 NPs to reach the epithelial site. However, NPs may have been cleared

from the epithelial surface before effective cellular internalization.

In summary, a RPV-loaded NP platform was designed, characterized and assessed as a potential
delivery system in a long-acting colorectal mPrEP. This NP platform displayed relatively high
drug loadings for polymeric NPs. Simple modulation of RPV release kinetics was achieved by
adjusting polymer type and block size. However, this system suffers from overall poor RPV
release. Sustained RPV release and NP retention were evaluated in vitro and in vivo showing the
ability to successfully deliver RPV to colorectal tissue in rodent models. Plain NP and Bac7 NP
presence was seen in tissue for over 48 hours at relatively low levels following significant tissue
clearance after 2-hours post-administration. RPV tissue concentrations decreased below the MS
limit of detection and were unable to be assessed at 24 hours. Low RPV tissue concentrations can
be attributed to low cell uptake of NPs and incomplete RPV release from NPs. Additionally,
further bioanalytical assay development is needed to accurately quantitate drug levels for delivery

systems in vivo.

It is important to point out that normal epithelial turnover within the colon is 5-8 days in humans
and 2-3 days in rodents[11, 21]. Thus for our PrEP platform, achieving 3 days in mice was

considered sufficient as a one-week rodent equivalent to indicate extended NP retention. The
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study was terminated after 48 hours due to low levels of NPs with no significant differences
between plain NPs and Bac7 NPs. Compared with previous work successfully showing the 5-day
retention of Bac7-PEG-FITC nanoconjugates, these results suggest that size, structure and
functionalization play significant roles on platform retention. Future work needs to be completed
to enhance NP properties and increase intracellular transport rates following mucus penetration.
Additional drug delivery systems should also be explored to avoid rapid clearance, and to achieve
the drug loading and release kinetics necessary to maintain therapeutically relevant drug

concentrations in mucosal tissue.

5.6. Authors Contributions

Majority of work in this manuscript was completed by Nelson, AG with contributions of the
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Scheme 1. Wild-type (wt), inverso (I) and retroinverso (RI) analogs of azido-PEG-linked

Bac7 peptides synthesized by solid phase peptide synthesis. Molecular structure depicted in

Chem Draw Professional 16.0 software. Molecular properties were computed using pre-

programmed software algorithms. Calculated molecular weight, molecular mass, computational

LogP, and Topographical Polar Surface Area are shown.
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Figure 1. Left. NP size correlation with polymer hydrophilic-hydrophobic molecular weight
block ratios for polymers with 5 kDa PEG. Placebo NPs were fabricated with 1:1 polymer:
vitamin E mass ratio in FNP. Three different copolymers and hydrophilic-hydrophobic block
ratios were used: PEGsypa-PCL1 gkpa (3.13), PEGsipa-PCL3kp, (1.66) , and PEGsyp,-PCL¢kpa (0.83)
(n=3). Right. NP size correlation with PCL-PEG hydrophilic-hydrophobic molecular weight
block ratios for polymers with 2 kDa PEG. Placebo NPs were fabricated with 1:1 polymer:
vitamin E mass ratio in FNP. Three different copolymers and hydrophilic-hydrophobic block
ratios were used: PEGyp,-PCL; gkpa (0.71), PEGokpa-PCLgkpa (.33), and PEGoxp.-PCLg 5kpa (0.24)

Mean NP sizes and standard error of the means are shown (n>3).
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Diameter Poly
(nm) Dispersity
Index (PDI)

PCL, ¢kpa-PEGskpa | 156.7£6.9 | 0.09+0.01

PCL3kpa-PEGsyp, 90.7+6.8 | 0.25+0.02

PCL¢kpa-PEGsgpa 68.6+7.0 | 0.31+0.21

PCL; skpa-PEGokp, | 84.0£2.2 0.13+0.00

PCL¢kpa-PEGokpa 196+10.4 | 0.17+0.01

PCLg skpa-PEGokpa | 239.7£5.7 | 0.13+0.01

Table 1. NP characterization of placebo NPs. The table shows NP characterization for placebo
particles and RPV-loaded NPs following FNP. Mean and standard deviation shown (n = 4)



123

5x10-3+
—=re
—~  4x10°
£
g 3x10-3+
P 2x10-3-
2 14107
©
n 0+ — e  —e—
-1x10-3 T T T
N > N
o S
Q
<
&
<
&
N
Qo

Figure 2. Measuring RPV solubility in 0.1% v/v Tween 80/DMEM, DMEM, and DI water.
LC/MS values for RPV in water and media were 5.7 x 10°mg/ml and 2.7 x 10” mg/ml. Tween 80
significantly increased the solubility of RPV in DMEM to 4x10~° mg/ml. Experiments were
performed in triplicate. Individual sample solubilities are presented along with the group mean

and standard deviation (n=3).
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Diameter Poly Drug Loading (%) Encapsulation
(nm) Dispersity Efficiency (%)
Index (PDI)

PCL, 6kpa-PEGskpa 105.1£7.5 0.20+0.06 10.94+0.3 85.4+2.6
PCL3pa-PEGskpa 54.3+11.4 0.25+0.06 13.3£2.3 98.0+0.9
PCL¢pa-PEGskpa 57.4+9.4 0.32+0.07 10.740.5 85.9+4.2
PCL; skpa-PEGoxpa 112.3+£0.14 0.19+0.05 22.4+11.7 91.4+4.0
PCL¢pa-PEGakpa 199+31.8 0.19+0.00 17.743.4 90.5+0.9
PCLg skpa-PEGoxpa 165.4+45.3 0.16+0.01 13.0+£3.9 92.3£2.5

Table 2. NP characterization of RPV-loaded NPs. The table shows NP characterization for

placebo particles and RPV-loaded NPs following FNP. Mean and standard deviation shown (n =

3).
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Figure 3. RPV release from PCL-PEG NPs with 5 kDa PEG coronas. Cumulative release of
RPV in 0.1 v/v Tween 80 in serum-free DMEM. A first order release is shown for all NPs.
Maximum cumulative release was 32%, 23% and 41% for PCL ¢xpa-PEGskpa, PCL3kpa-PEGskpa
and PCLgpa-PEGskp,, respectively, with average release rates of 0.5ug/hr, 0.625ug/hr and 0.56
pg/hr for the first 8 hours. All release rates plateaued by 24 hours. Samples were acquired for up
to 7 days with no significant differences in release between days 2 and 7. Means and standard

error of the means are shown (n=3).



126

-8 PCL(2.8k)-PEG(2k) -4 PCL(Bk)-PEG(2k) - PCL(8.5k)-PEG(2K)

2.0‘
£ 2
§ £ 1.9
- :
[}
% S 1.8 } ;
o
3 i
© o
S S 1.74
= o
3 o
O |
O T T T T T T L T L] T L] T T T
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Time (h) Time (h)

Figure 4. RPV release from PCL-PEG NPs with 2kDa PEG coronas. Cumulative release of
RPV in 0.1 v/v Tween 80 in serum-free DMEM. Release for all NPs was first order as shown by
a linear regression in log% RPV remaining. The maximum release for PCL;gkpa-PEGokpa,
PCL¢kpa-PEGokpa, and PCLg skpa-PEGokpa, NPs was 43%, 24% and 20% for, respectively with
mean release rates of 1.1 ug/hr, 0.55 pg/hr and 0.56 pg/hr for the first 8 hours. Release rates for
all experiments plateaued by 24 hours. Samples were acquired for up to 7 days with no significant
differences in release between days 2 and 7. A significant decrease in release rate is shown
between groups with an increase in hydrophobic block length (*p<0.05). Means and standard

error of the means are shown (n>2).
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Figure 5. RPV release from PCL-PEG NPs and PLA-PEG NPs with comparable block
weights. Cumulative release of RPV in 0.1 v/v Tween 80 in serum-free DMEM. With
formulations resulting in a maximum release of 58% and 40% for PLApa.-PEGskp, and PCLgp,-
PEGsyp,, respectively. An increase in RPV release is shown at all time points. Average release
rates were 0.56 pg/hr and 1.6 pg/hr for PCLgpa-PEGskp, and PLAp.-PEGsyp,, respectively, for
the first 8 hours. A plateau in release is reached for both polymers at 8 hours. Means and standard

deviations are presented. Experiments were repeated at least twice (n=3) (*p<0.05).
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Figure 6. RPV-NP Characterization for PCL-PEG NPs and PLA-PEG NPs. Left. Percent of
RPV encapsulated. PCL¢pa-PEGskp, NPs and PLAg 3xp.-PEGskp. NPs show a 85.9% and 74.3%
mean encapsulation efficiency, respectively. Right. RPV loadings. PCLgp,-PEGskp. NPs and
PLAG 5kpa-PEGskp, NPs show a 10.7% and 9.8% mean drug loading, respectively. (N>2)
(*p<0.05).



129

< 3-
S * * E3 Plain NPs
_E B2 Bac7 wt NPs
é 2- B3 Bac7 I NPs
S * D Bac7 RINPs
<
g 1-
[72]
A
|_
o
=20
N
Oo\o

Figure 7. NP mucosal tissue association for wild-type (wt), inverso (I), and retroinverso (RI)
Bac7 analogs in vivo in Sprague-Dawley rats. Intestinal ligated loop model was used to
investigate NP translocation through colorectal mucus to associate with the epithelial layer. Plain
NPs or NPs with wt, I or RI Bac7 were injected into 3-5 cm ligated sacs in the colon and
duodenum and treated for 2 hours. NPs were fluorescently labeled with FITC. In the colon, Bac7
I was found to result in a significant increase (141.5%) in tissue association compared with plain
NPs. However, in the duodenum, wt, and RI Bac7 analogs showed significant increases in tissue

association compared with plain NPs (81% and 93% respectively). (n=6, *p<0.05).
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Figure 8. RPV extraction from colorectal tissue after in situ treatment with RPV-loaded
NPs (RPV-NPs) and RPV nanosuspensions in PEG 400 in vivo in male Sprague-Dawley
rats. Intestinal ligated loop model was used to investigate NP translocation through colorectal
mucus to penetrate and associate with the mucosal tissue layer. Plain NPs, Bac7 I NPs (0.6 mg/ml
RPV, 12% drug loading) (n=3) or 1.5 mM RPV nanosuspensions (positive control, n=2) in PEG
400, were injected into 3-5 cm ligated sacs in the colon and duodenum for 2 hours. Tissue drug
concentrations were quantified and no significant differences were found in free RPV between
plain NPs (25.1 nmol) and Bac7 I NPs (11.3 nmol). A trend is shown with a decrease in free RPV
after tissue extraction with the addition of Bac7. The decrease can be attributed to a greater
amount of RPV-NPs strongly associated with tissue thereby not available after tissue precipitation
for bioanalytical analysis. Means and standard error of means are shown. Bar values indicate

mean RPV amounts. Inset: RPV tissue association over 2-hour post dose for nanosuspensions.
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Figure 9. RPV extraction from colorectal tissue after intra-rectal treatment with RPV-
loaded NPs and RPV nanosuspensions in PEG 400 in vivo in male CD-1 mice. Intestinal
ligated loop model was used to investigate NP translocation through colorectal mucus to
penetrate and associate with mucosal tissue layer. NPs (0.6 mg/ml RPV, 12% drug loading) with
plain NPs, Bac7 I NPs or FITC-labeled Bac7 I NPs (n=3) were administered intra-rectally.
Quantification of extracted RPV showed no significant differences between plain and Bac7 I NPs.
A trend is shown with a decrease in free RPV after tissue extraction with the addition of Bac7.
The decrease can be attributed to a greater amount of RPV-NP strongly associated with tissue
thereby not available after tissue precipitation for bioanalytical analysis. Means and standard
error of means are shown. RPV concentrations were below MS limit of detection by 24 hours and

unable to be quantified.



50000+

40000

30000+

20000+

Intensity

100004

Arbitrary Fluorescence

50000+

300004

Intensity

200004

10000+

Arbitrary Fluorescence

0=

40000 &

Plain NPs

Arbitrary Fluorescence

Arbitrary Fluorescence

Intensity

ity

Intensi

132

E3 Serum-Free
@B Serum Treated

50000+ 5% Bac7 NPs
400004 *

300004
20000+

100004

50000+

40000+

300004

20000+

100004

(LB

Figure 10. Interaction of covalently-conjugated FITC dye on NP corona with serum

proteins. Fluorescence intensity of FITC-labeled NPs with 0%, 1%, 3%, 5% or 10% Bac7

surface coverage was measured as an indicator of the interaction of FITC ligand with fetal bovine

serum proteins at pH 4, 5, 6, 7, and 8 (n=3). Each NP corona included a 7% FITC ligand density.

FITC ionization profile shows ionization at above neutral pH (pH 7) and a loss of charge at lower

pH (~pH 4). For all NP groups, a significant decrease in fluorescence is seen when exposed to

10% FBS compared with serum-free medium at pH 6, 7 and 8. At pH 4 and 5, after deionization

of FITC, fluorescence increases in the presence of FBS. n=3, (*p<0.05). Inset: enlarged graph of

pH 4 data.
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Figure 11. NP Tissue association of plain NPs and Bac7 I NPs over 48 hours in vivo in CD-1
mice. Mice were anesthetized and rectally treated with 200 pl enemas containing 6.4 mg/ml plain
or Bac7 I NPs for up to 48 hours. After 2 hours, Bac7 I NPs show 3-fold greater mucosal tissue
association (~1.7% compared with ~0.45%). NPs appear to be largely cleared from tissue after 24
hours (n>3). However, NP presence is still above background values at 48 hours indicating
prolonged NP persistence. Values are present as the mean and SEM (*p<0.05). Solid lines

represent significance bars for Bac7 I NPs. Dotted lines show significance for plain NPs.
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CHAPTER 6

Summary of the Dissertation and Future Directions

6.1. Summary

The FDA approved drug product, Truvada, has substantiated the postulation of HIV pre-exposure
prophylaxis (PrEP). However, although mathematically modeled to be 99% effective, real-world
efficacy is highly dependent on patient adherence, which remains a critical challenge to address.
Alternative PrEP options are being explored, with widespread focus on long-acting formulations
to improve adherence, by offering longer durations of protection, and relinquishing users from the
daily responsibility of adhering to medication. A long-acting colorectal mucosal PrEP (mPrEP)
that would require only once-a-week dosing would be a promising option. To be successful, a
drug delivery system (DDS) for mPrEP would need to deliver anti-HIV agents to the colorectal
mucosa (a prime target of early HIV infection), lower the necessary dose and frequency, and
minimize systemic exposure. Therefore a Bac7-labeled nanoparticle (NP) platform capable of

transport across biological barriers (mucus lining and cell monolayer) was evaluated.

Bac7 increases NP transport across cells. Flow cytometry and confocal microscopy revealed
cytosolic delivery of plain NPs and Bac7 NPs with a significant portion of uptake occurring
through endosomal pathways. Bac7 labeled NPs with varied ligand densities (0.25% to 10%)
resulted in a 163.2% to 384.6% increase in NP transport across a Caco-2 epithelial cell monolayer
compared with plain NPs in vitro. This indicates that ligand density, within the indicated range is
not a major factor in the extent of NP transport. Due to lower internalization of Bac7 NPs at 2
hours, results indicate a delay in uptake for Bac7 NPs likely due to initial electrostatic interactions

and hydrogen bonding at the external cell surface. Bac7 NPs successfully traverse colorectal
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mucus in vivo to reach the epithelial layer. 1% and 5% Bac7 ligand densities produced a nearly 8-
fold and 5-fold increase in NP tissue association compared to plain NPs, respectively. NPs with a
higher ligand density (10% Bac7) showed no significant differences in tissue association when
compared with plain NPs. We attribute this to increased physicochemical interactions between
Bac7 and the mucus mesh, hindering NP translocation. 1% Bac7 NPs were chosen as the lead
candidate for further testing. This study established the feasibility of Bac7-labeled NPs to be used

as a potential mPrEP approach.

Flash nanoprecipitation can achieve moderate to high drug loading of RPV in polymeric
NPs and drug release can be modified. Flash nanoprecipitation encapsulation of rilpivirine
(RPV), a crystalline and BCS Class II drug was assessed. Rilpirivine has shown promising pre-
clinical results as a long-acting nanoparticle suspension. However, current formulations require
parenteral injections and present a high-risk of patient nonadherence. Thus, an RPV-loaded NP
mPrEP drug delivery system (DDS) would provide a viable alternative to currently explored
injectable options. Successful RPV encapsulation, via salt formation, within PCL-PEG NPs
resulted in high encapsulation efficiencies (85% to 98%), and moderate to high drug loadings
(10.9% to 17.7%). Varying copolymer block sizes allowed for modification of RPV release rates.
However, cumulative release over 24 hours was only modulated to achieve between 20% and
40% total release. Adjusting polymer block molecular weight ratios resulted in RPV-loaded NP
size ranges from ~40 to 240 nm. PLAg 3xp.-PEGskp, NPs resulted in a greater maximum release of
58% compared with 40% for PCLgpa-PEGskp.. However, PLAg3p.-PEGskp, achieved an
approximately 10% lower encapsulation efficiency and 1% decrease in drug loading compared
with PCLgpa-PEGsipa. PCLgpa-PEGsipa NPs resulted in the most ideal sizes, for further in vivo

evaluation, based on previously reported NP parameters needed to avoid mucus mesh entrapment.
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PCL-PEG NPs successfully deliver RPV to colorectal tissue in vivo. The functionality of three
Bac7 analogs (wild-type (wt), inverso (I), and retroinverso (RI) sequences) was evaluated in vivo
in the presence of proteolytic enzymes. In the colon, the I Bac7 analog resulted in a 142%
increase in tissue association compared with plain NPs. Therefore, the I Bac7 form was used for
all remaining studies. NPs were evaluated in vivo to determine platform translocation across
mucus and cells, to maintain prolonged tissue retention. Plain and Bac7 NPs resulted in 26% and
13% RPV tissue association in an in situ rat model, respectively, after 2 hours. No significant
differences were found between plain NPs and Bac7 I NPs. However, similar trends were shown
in mouse intra-rectal studies with a decreasing trend in extracted RPV, associated with the
addition of Bac7. This suggests strong tissue adsorption of NPs preventing complete RPV
quantitation. 24 hour RPV concentrations were below the limit of detection and unable to be
quantified. Drug extraction complications, highlight the need for more robust bioanalytical
assays, that are effective in separating both drug and nanoparticles from precipitated proteins, for

HPLC analysis.

Bac7 NPs significantly cleared from tissue by 24-hours. NP retention, 2-hours after intra-rectal
administration in mice, was also investigated. Bac7 I NPs showed 3-fold increase in mucosal
tissue association compared with plain NPs (~1.7% and ~0.45%, respectively), similar to in situ
study outcomes. Bac7 NPs appear to be largely cleared from tissue after 24 hours, although both
plain NPs and Bac7 NPs are present in tissue past 48 hours at low levels. Therefore, this work
shows the potential of an RPV-loaded Bac7 NP platform to be used in an mPrEP. Bac7
effectively increased NP and RPV residence time within the colon at 2 hours. However, cellular
internalization of Bac7 labeled NPs appears to occur slowly, resulting in rapid clearance likely
due to mucus shedding. The average epithelial cell turnover rate in the colon is 2-3 days in

rodents. Therefore retention that exceeded 2-3 days in a murine model indicates NP delivery to
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the lamina propria and is considered the rodent equivalent of a one-week duration. Significant
mechanistic studies and kinetic optimization is still needed to further assess, and achieve,

feasibility as a long-acting PrEP approach.

Dissertation Contribution to Science

The herein thesis, provided a framework to better understand NP transport across cells and mucus
barriers guided by cell-penetrating peptides. It presents the development of rilpivirine-loaded NPs
made by a simple NP fabrication process, FNP. The thesis demonstrates easy modulation of drug
release through the systematic adjustment of polymer physical properties. It also highlights the
challenges to data interpretation imposed by NP interactions with internal and external factors

including the loaded drug, tissue of interest, and mucus.

6.2. Recommendations of future directions for this project include:

1. To investigate Bac7 internalization kinetics for NPs, nanoconjugates (branched), and
novel nanostructures.

2. To develop more robust bioanalytical assays for nanoparticle extraction, along with drug
extraction, during sample preparation. Special focus is needed for delivery systems with
charged functionalized entities, which may form strong adhesion to sample proteins.

3. To determine RPV release kinetics at acidic (~4.5-5.0) pH ranges to evaluate release
potential during endosomal entrapment.

4. To assess Bac7 mechanism of uptake in vitro by inhibiting various known transport

pathways.
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S1. SUPPLEMENTAL MATERIALS

Note: This section was reproduced for this dissertation from the following publication:
Samizadeh, M; Zhang, X; Gunaseelan, S; Nelson, A; Palombo, M; Myers, D; Singh, Y;
Ganapathi, U; Szekely, Z; Sinko, P. Colorectal Delivery and Retention of PEG-Amprenavir-
Bac7 Nanoconjugates-Proof of Concept for HIV Mucosal Pre-Exposure Prophylaxis (mPrEP).

Drug Delivery and Translational Research. 6(1). 1-16. 2016 [1]

Colorectal Delivery and Retention of PEG-Amprenavir-Bac7 Nanoconjugates

- Proof of Concept for HIV Mucosal Pre-Exposure Prophylaxis

S1.1. Abstract

Local delivery of anti-HIV drugs to the colorectal mucosa, a major site of HIV replication,
and their retention within mucosal tissue would allow for a reduction in dose administered,
reduced dosing frequency and minimal systemic exposure. The current report describes a
mucosal Pre-Exposure Prophylaxis (mPrEP) strategy that utilizes nanocarrier conjugates
(NC) consisting of poly(ethylene glycol) (PEG), amprenavir (APV) and a cell penetrating
peptide (CPP; namely Bac7, a fragment derived from bactenecin 7). APV-PEG NCs with
linear PEGs (2, 5, 10, and 30 kDa) exhibited reduced (52 - 21%) anti-HIV-1 protease (PR)
activity as compared to free APV in an enzyme-based FRET assay. In MT-2 T-cells, APV-
PEG; 4kp.-FITC (APF) anti-HIV-1 activity was significantly reduced (160-fold, ICs,= 8.064
mM) due to poor cell uptake whereas it was restored (ICso= 78.29 nM) and similar to APV
(ICs0 = 50.29 nM) with the addition of Bac7 to the NC (i.e., APV-PEGs;4p.-Bac7, APB).
Flow cytometry and confocal microscopy demonstrated Bac7-PEG3; 4p.-FITC (BPF) uptake

was two- and four-fold higher than APF in MT-2 T-cells and Caco-2 intestinal epithelial



142

cells, respectively. There was no detectable punctate fluorescence in either cell line
suggesting that BPF directly enters the cytosol thus avoiding endosomal entrapment. After
colorectal administration in mice, BPF mucosal concentrations were 21-fold higher than
APF concentrations. BPF concentrations also remained constant for the 5 days of the study
suggesting that (1) the NC’s structural characteristics (i.e., the size of the PEG carrier and
the presence of a CPP) significantly influenced tissue persistence and (2) the NCs were
probably lodged in the lamina propria since the average rodent colon mucosal cell turnover
time is 2-3 days. These encouraging results suggest that Bac7 functionalized NCs delivered
locally to the colorectal mucosa may form drug delivery depots that are capable of
sustaining colorectal drug concentrations. Although the exact mechanisms for tissue
persistence are unclear and will require further study, these results provide proof-of-concept

feasibility for mPrEP.

S1.2. Introduction

Eradicating HIV and preventing new infections remain formidable challenges despite
enormous progress made during the past three decades in combating the HIV pandemic.
There were more than 35 million people living with HIV in 2014, of whom 2.1 million were
newly infected. This includes 50,000 new cases in the United States alone [2]. The majority
of new HIV infections in the US each year occur in men who have sex with men (MSM)
(63%) [3]. In the absence of an effective vaccine, multiple other prevention strategies
including the use of condoms, microbicides and oral Pre-Exposure Prophylaxis (PrEP) and
microbicide strategies have been evaluated but have had limited success [4]. CAPRISA 004,
the first clinical trial to evaluate topical administration of the ARV drug tenofovir to the
vaginal mucosa in a gel formulation, was somewhat effective (39%) in preventing HIV
transmission [5],[6]. Since then, numerous microbicide or mixed microbicide/PrEP clinical

trials (e.g., VOICE) have been conducted without success. Most of the focus has been
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directed in the area of vaginal microbicides, some of which have advanced to phase 3
clinical trials before termination. To our knowledge, there have only been eight phase 1
clinical trials completed for rectal ARV microbicides; none of which have progressed to
late-stage clinical testing according to clinicaltrials.gov. Unfortunately, technologies
developed for vaginal delivery cannot be directly translated for rectal administration due to
anatomical and luminal differences between the colorectum and vagina[7]. Whether
considering rectal or vaginal prevention approaches, dosing and formulation acceptability
remain significant concerns to patient adherence and clinical trial success[8]. Truvada®, the
first approved orally administered PrEP regimen, is a 300mg tenofovir disoproxil fumarate
(TDF) and 200 mg emtricitabine (FTC) fixed dose combination product that demonstrated
75-90% effectiveness but requires strict patient adherence to the regimen. Since Truvada is
administered orally every day, chronic systemic exposure to TDF/FTC increases the
potential for toxicity and side effects. Treating HIV soon after mucosal transmission is
likely to be more effective than treating at later stages due to viral vulnerability at the early
stages of infection [9]. Dissemination of HIV to the secondary lymphatic tissues occurs once
local viral expansion reaches a critical threshold level. This results in the establishment of
chronic systemic HIV infection. Thus early intervention can limit viral expansion so the
critical threshold for systemic viral dissemination is not reached. The window of opportunity
to successfully intervene lasts about a week from the time of initial sexual exposure to HIV
[9]. The vaginal and colorectal mucosae are considered early prevention sites for drug
delivery due to their direct exposure to HIV. However, approaches for eliminating HIV at
the early stages of infection should also consider the gut since, immediately post
colorectal/vaginal transmission, massive viral replication and CD4" T cell depletion occurs
in the gut mucosa establishing it as a major reservoir site [10], [11]. The pivotal role of the
gut in HIV replication and CD4" T cell depletion persists thereafter at all subsequent stages

of infection making it a prime target for eradication as well.
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Clinical trial data suggests that topical application of ARV drugs by the vaginal and rectal routes
is superior to the oral route in preventing sexual transmission of HIV-1 since the concentrations
achieved in local tissues are significantly higher [12]. For example, tenofovir concentrations in
vaginal tissue when administered as a vaginal gel (1%) are over 1000-fold higher than when
administered orally [13],[14]. Drug concentrations after oral administration were found to be
below what is believed to be the threshold of efficacy in clinical trials [15], [16], [12]. Although
the ARV threshold concentrations in mucosal tissues for infection prevention have yet to be
established, suboptimal concentrations of tenofovir, the main agent used in clinical trials, may
have been achieved. An analysis of phase 1 trial results suggests that the concentration of
tenofovir diphosphate, the metabolite of TDF, should be greater than 1000 fmol/mg.
Unfortunately, vaginal concentrations in tissue after daily gel administration were about 1000
fmol/mg or just at the effective limit suggesting that current topical formulations operate within a
thin margin of safety and missing one daily dose could result in the failure of protection [12]. It
should be noted that TDF has a relatively long half-life (about 17 hours in serum), and this
situation becomes further complicated when considering other ARVs, most of which are small
molecule drugs and even more rapidly cleared from mucosal tissues[17]. More frequent
administration may result in higher and more sustained mucosal drug concentrations but this
regimen is likely to be too frequent to achieve sufficient patient adherence. Pre-clinical and
clinical studies have established that polymer-drug conjugates that increase drug retention in the
body result in reduced dosing frequency and improved patient adherence may offer a solution

[18].

ARVs and drug carriers encounter multiple biological barriers in series as they attempt to reach
their mucosal targets in the colon, gut, rectum and vagina. The first is the mucus layer, a

viscoelastic gel consisting of interwoven glycoprotein fibers with water-filled spaces that is
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tightly associated with the mucosal surface [19]. Translocation through mucus is size and charge
dependent [20, 21]. Certain polymers such as poly(ethylene glycol) (PEG) and
polyvinylpyrrolidone (PVP) as well as nanoparticles (NP) displaying short (~ 2 kDa) PEG
polymers can penetrate the mucus layer [22, 23]. In addition to being a mechanical barrier, mucus
can act as a carrier itself and deliver drugs and drug carriers past absorption sites since adherent
mucus begins to flow distally under its own weight as additional mucus is secreted into the
intestine [24, 25]. After crossing the mucus layer, a drug carrier must also penetrate the epithelial
mucosal barrier to reach the lamina propria (LP) where HIV replication occurs. Cell penetrating
peptides (CPP) conjugated to drug carriers have shown utility in enhancing cell uptake [26].
However, the commonly used Arg-rich family of CPPs is not a good choice as its prototype Tat
CPP enters cells by endocytosis becoming trapped inside endosomes [27, 28]. On the other hand,
the Pro-rich family of CPPs penetrate directly into the cytosol thus avoiding endosomal
entrapment altogether [29]. One such example is a 10 residue CPP derived from the bactenecin 7
protein  (Pro"’-Arg-Pro-Leu-Pro-Phe-Pro-Arg-Pro-Gly*-COOH). In fact, the membrane
penetrating properties of this Pro-rich CPP are superior to Tat CPP [30]. A 12-residue derivative

of this CPP, defined later as Bac7, is used in the current study.

A mucosal PrEP (mPrEP) strategy (i.e., where drug is administered and retained locally in
mucosal tissues) could result in reductions in ARV doses administered and the resulting systemic
exposure. In the current study, a mucosal PrEP strategy is proposed to achieve, sustain and retain
effective mucosal ARV drug concentrations in colorectal tissues after local rather than systemic
ARYV exposure. The proposed delivery approach aims to sustain effective ARV concentrations by
increasing ARV residence time in the LP after administration directly to the colorectal mucosa. In
the current design, the PEG moiety of the CPP-drug-polymer nanocarrier conjugate (NC) enables
mucosal retention while the Bac7 moiety enables mucosal penetration. The HIV-1 PR inhibitor

amprenavir (APV, MW 505.6) was selected as a model ARV since it could be conjugated to the
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NC via the amino functionality of the benzenesulfonamide moiety allowing it to retain its anti-
HIV activity similar to enamino oxindole derivatives functionalized at the same amino group
[31]. In addition to structural analogs of APV, the conjugation approach can also be applied to
any ARV possessing an aromatic amino functional group such as tenofovir or emtricitabine. In
the current study an mPrEP strategy employing CPP-drug-polymer conjugate is described and

evaluated in vitro and in vivo.

S1.3. Materials and Methods

S1.3.1. Materials. Agenerase® capsules were obtained from GlaxoSmithKline (Research
Triangle Park, NC). The mPEGx—NHS derivatives (x= 2, 5, 10, and 30 kDa) were purchased
from NOF America (White Plains, NY'), FITC-PEGs; 4xp,-COOH and maleimide-PEGg; 4xp,.-COOH
from NANOCS (Burlington, MA), amino acids and Fluoresceine isothiocyanate (FITC) from
AnaSpec Inc. (Fremont, CA), NovaSyn® TG Sieber resin from EMD Millipore (Billerica, MA)
and 1-hydroxy-7-azabenzotriazole (HOAt) and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) from GenScript (Piscataway, NJ).
All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Sephadex beads (LH-
20 and LH-60) were obtained from Amersham Biosciences (Uppsala, Sweden). Dialysis
membranes (MWCO, 1000 and 3000) and Microcon centrifugal filters (MWCO, 3000) were
purchased from Cole-Parmer (Rancho Domingues, CA). Sensolyte 490 HIV-1 PR assay kit was
purchased from Anaspec Inc. (Fremont, CA). The MT-2 cells were obtained from the NIH AIDS
Research and Reference Reagent Program. Fetal bovine serum (FBS), phenol red-free RPMI
Medium, penicillin/streptomycin 100x solution, tetramethylrhodamine dextran, diamidino-2-
phenylindole dihydrochloride (DAPI) were purchased from Life Technologies Corp (Carlsbad,
CA). Chambered coverglass (Lab-Tek™ II) was purchased from Thermo Scientific (Waltman,

MA).
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Electrospray ionization mass spectrometry (ESI-MS) was performed on a Finnigan MAT TSQ
7000 and a Waters ZQ-4000. Mass spectrometry using matrix-assisted-laser-desorption-
ionization time-of-flight (MALDI-TOF-MS) was carried out on ABI-MDS SCIEX 4800. UV and
fluorescence were measured using a Tecan GENios multifunction microplate reader (MTX Lab
Systems, Vienna, VA). Confocal imaging of MT2 cells was performed on a Leica TSC SP5
confocal microscope (Leica Microsystems CMS GmbH, Germany). HPLC analysis was carried
on a Waters system (Milford, MA) equipped with UV and fluorescence detectors. The following
reverse-phase (RP) Cis HPLC columns were used: A - Waters (symmetry, 5 um, 4.6 x 150 mm,
Milford, MA) or B - Agilent Technologies (3.5 mm, 4.6 x 50 mm, Santa Clara, CA).
Ultrahydrogel 250 (7.8 x 300 mm, 6 mm) was used for size exclusion chromatography (Waters

Corp., Milford, MA).

$1.3.2. Extraction of APV from Agenerase” capsules. The capsule shells were cut open with a
sharp blade and contents containing APV and excipients, were mixed with distilled water
resulting in crude APV as a white precipitate. The crude APV was purified on a silica column
using an ethyl acetate/methanol gradient. The extracted APV was characterized using RP-HPLC
(column A) and ESI-MS. Retention time (R;) = 18 min; m/z was (calculated) 506.6 Da; observed,

506.74 Da for [M+H]".

S1.3.3. Preparation of APV-O-acetyl. APV (0.17 g, 0.34 mmol) was dissolved in N,N-dimethyl
formamide (DMF, 3 mL) containing N,N-diisopropyl ethylamine (DIPEA, 2%). Acetic anhydride
(0.125 mL, 1.32 mmol) was added drop wise into the solution. The reaction mixture was stirred at
room temperature for 12 h. The crude product was purified on a silica column using a gradient of
ethyl acetate/methanol. The pure product was obtained as off-white solid after evaporation on a

rotary evaporator. The product was characterized using RP-HPLC (column B) and ESI-MS. R, =
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15 min; m/z values (calculated) were 570.2 Da and 1,117.5 Da, m/z values (observed) were

570.5 Da and 1117.4 Da for [M+Na]" and [2M+Na]" respectively.

S1.3.4. PEGx-APV-0O-acetyl and PEGx-APV-OH. The mPEGx-NHS (x = 2, 5, 10 or 30 kDa)
polymers (0.01lmmol) were reacted with APV-O-acetyl (0.03 mmol, 3 equiv) in DMF (4 mL)
containing DIPEA (2%). The reaction mixtures were stirred at room temperature for 24 hr. The
products were purified on Sephadex LH-20 (2 and 5 kDa conjugates) or Sephadex LH-60 column
(10 and 30 kDa conjugates). The O-acetyl groups in PEGx-APV-O-acetyl derivatives were
removed by treating with HCI (0.1 N) at room temperature for 6 hr. The HCI was then neutralized
with sodium bicarbonate and the solutions were lyophilized to obtain crude conjugates as white
flakes. The conjugates were purified by size exclusion chromatography (SEC) on Waters
Ultrahydrogel 250 column using water as mobile phase (flow rate: 0.8 ml/min) and characterized
using MALDI-TOF-MS. The reaction yields were ~50% for all PEG conjugates. The retention
times were: for the 2 kDa: R; = 24 min, m/z observed 2,505.6 Da; 5 kDa: R; = 23 min, m/z
observed 5,625.6 Da; 10 kDa: R; = 20 min, m/z observed 10,700.1 Da; 30 kDa: R, = 17 min, m/z

observed 31,098.7 Da.

S1.3.5. APV-PEG; 4p.-FITC (APF). An active ester of FITC-PEGj; 4p,-COOH (0.03 mmol)
was formed using 1-Ethyl-3-(3'-dimethylaminopropyl)carbodiimide (EDCI, 4 equiv., 0.12 mmol)
and 1-hydroxy-7-azabenzotriazole (HOAt, 3 equiv., 0.09 mmol) in DMF (3 ml). After 2 min of
activation, APV (2 equiv., 0.06 mmol) was added to the solution and the reaction mixture was
stirred in dark at room temperature for 16 h. The conjugate was purified by dialysis (MWCO
3,000 Da) against water (3 x 2 L for 24 h) and lyophilized to obtain APF as yellow fakes. APF
was quantified using a FITC standard curve and characterized by MALDI-TOF-MS. The m/z

(calculated) was 4,705.6 Da and m/z (observed) was 4,800.9 Da for [M+H]".
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$1.3.6. Bac7 Cell Penetrating Peptide. Bac7 (N-Ac-Cys-Gly-Pro"’-Arg-Pro-Leu-Pro-Phe-Pro-
Arg-Pro-Gly**-COOH) is a modified Pro-rich CPP derived from bactenecin 7 protein (residue 15-
24) as described previously. Bac7 was synthesized on NovaSyn® TG Sieber resin using a Nautilus
2400 automated peptide synthesizer. Fmoc chemistry for solid-phase peptide synthesis (SPPS)
was used to assemble the resin-bound Bac7. The peptide was cleaved from the resin using
trifluoroacetic acid (TFA), ethanedithiol, water, and triisopropylsilane (94/2.5/2.5/1, vol/vol). The
product was analyzed using RP-HPLC (Agilent 3.5 mm, 4.6 x 50 mm column, R; = 4 min) and
characterized by MALDI-TOF-MS. The m/z (calculated) was 1,333.71 Da and m/z (observed)

was 1,334.6 Da for [M+H]".

S1.3.7. APV-PEGg;pa.-Bac7 (APB). The Bac7 peptide (0.01 mmol) was reacted with
maleimide-PEG; 4kp,-COOH (0.01 mmol, 1 equiv.) in DMF (0.5 mL). The reaction was
monitored by measuring the reduction in free thiol groups using Ellman’s assay at 0, 0.5, 1.0, 1.5,
2, and 4 h [32]. The reaction was ~85% complete in 4 h. The product was purified by dialysis
(MWCO = 3000 Da) against water (3 x 2 L for 24 h). The Bac7-PEG;p,-COOH was
characterized by MALDI-TOF-MS. The m/z (calculated) was 4,733.6 Da and m/z (observed) was
4,732.7 Da for [M+H]". In the next step, Bac7-PEG; 4p,-COOH (0.02 mmol) was reacted with
APV (0.04 mmol, 2 equiv.) by a method similar to one described earlier. The product was
purified by dialysis (MWCO, 3000 Da) and then lyophilized to obtain pure APB as white flakes.
The conjugate was characterized by MALDI-TOF-MS. The m/z (calculated) was 5,219.9 Da and

m/z was (observed) was 5,459.5 Da for [M+H]".

S1.3.8. Bac7-PEG; 4xp.-FITC (BPF). The maleimide-PEGs; 4p,-FITC (0.01 mmol) was reacted
with Bac7 (0.03 mmol, 3 equiv.) in dry DMF (0.5 mL). The reaction mixture was stirred in dark

at room temperature. The product was purified by dialysis (MWCO, 3000 Da) and then
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lyophilized to obtain BPF as yellow flakes. The product was characterized by MALDI-TOF/TOF

MS. The m/z was (calculated) 4,710.6 Da and m/z was (observed) 4,806.3 Da for [M+H]".

S1.3.9. Preparation of Stable Fluorescein Isothiocyanate Analog. Due to the reactive nature of
FITC, especially toward lysine side chains presented in proteins, a stable analogue fluoresceine
thiourea (FTU), was synthesized and used as a negative fluorophore control for uptake
experiments throughout the in vitro and in vivo experiments. FTU was prepared by reacting FITC
with ammonium hydroxide in DMF-water (1/1, vol/vol) mixture. After evaporating the solvents
and triturating the residue with cold ether, the desired product was obtained in 90% yield and
over 95% purity. FTU was not used on APF and BPF since they were proven to be stable during

the experiments.

$1.3.10. Stability of Amide Bonds in MT-2 CD4" T-Cell Culture Medium Containing 10%
Fetal Bovine Serum (FBS). MT-2 cells were maintained in RPMI medium supplemented with
FBS (10%) and penicillin/streptomycin at 50 units/ml in a CO, incubator. APF and APB
conjugates at 12- and 4-fold higher concentrations than their respective ICs, values (96 uM and
350 nM) were exposed to serum-containing medium and the MT2 cells at 5 x 10" cells/ml under
culture conditions for 5 days. The MT-2 cells were then removed by centrifugation. Each cell-free
supernatant was filtered (Microcon, MWCO 3000 Da) to separate the cleaved APV from its

conjugate. The filtrates were analyzed using MALDI-TOF MS.

S1.3.11. Cytotoxicity of NCs.

Cytotoxicities of the NCs were determined using a cell viability (MTT) assay [33]. MT-2 cells
were plated in 96-well plates at 5 x 10° cells/well in triplicate in medium containing APB (0-350
nM), APF (0-11,000 nM) or APV (0-280 nM). The plates were cultured for 5 days. MTT was

added to each well and the plates were incubated at 37 °C for 3 hr and absorbance was read at
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570 nm. Cell viability (%) is reported as the absorbance ratio of NC-treated cells to untreated

cells. The assays were performed at least three times.

S1.3.12. PR Inhibition Activity of PEGx-APV-OH (x = 2, 5, 10, and 30 Da) in buffer. The PR
inhibition activities of the NCs were measured using Sensolyte 490 HIV-1 PR assay kit (Anaspec
Inc.) based on fluorescence resonance energy transfer (FRET) [34]. In a 96-well microplate, the
HIV-1 PR FRET substrate (50 uL) was pre-incubated with various concentrations (0, 0.5, 1.0,
2.0, 3.5 and 5.0 uM) of unmodified APV (10 uL) at 37 °C for 10 min, following the kit’s
protocol. HIV-1 PR solution (40 uL) was then added to the wells (final volume 100 uL/well, final
APV concentration at 0 - 5 uM). Fluorescence intensities were immediately measured on a Tecan
microplate reader (lgy/lgm = 360 nm/465 nm) at 2 min intervals until the readout was constant
(~40 min). Identical experiments were performed for PEGx-APV-OH NCs at an APV-equivalent
concentration of 3.5 uM. APV-O-acetyl and PEGop,-APV-O-acetyl were used as negative

controls.

S1.3.13. Anti-HIV-1 Activity of APB and APF in MT-2 CD4" T Cells. The anti-HIV-1 activity
was quantitatively determined in vitro using a syncytium count assay based on inhibition of HIV-
l-induced cell syncytium formation [35]. Serial dilutions of APV, APF and APB in serum-
containing RPMI medium (100 uL/well) were prepared in 96-well tissue culture plates. MT-2
cells (5 x 10" cells/well) with or without the X-4 HIV-1 strain III5 at 0.03 multiplicity of infection
(MOI) were added to the wells. Final concentrations were: APV, 0 - 560 nM; APF, 0 — 22,000
nM, and APB, 0 - 700 nM. After incubating the plates for 5 days at 37 °C, the viral-induced
syncytia in each well were counted under a microscope. Each experiment was performed at least

three times.
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S1.3.14. Flow Cytometry. NC uptake was assessed using Caco-2 cells (American Type Culture
Collection, ATCC). The cells were cultured in Dulbecco’s Modified Eagle Medium
supplemented with FBS (10%), non-essential amino acids at 1 x concentration (100 x stock
solution from Invitrogen) and penicillin/streptomycin at 50 units/ml (the DMEM medium) until
confluence was reached. The cells were then incubated with DMEM medium (control), DMEM
medium containing 10 uM APF, or DMEM medium containing 10 uM BPF for 2hr. The cells
were then trypsinized and washed with Hank’s Balanced Salt Solution (HBSS) using
centrifugation. The procedure was repeated without trypsinization in suspended MT-2 cells using
serum-containing RPMI medium. NC uptake was quantified using flow cytometry (Gallios,
Beckman Coulter). Fluorescence intensity was recorded for 5000 cell events for each NC. Each

experiment was performed at least three times.

S1.3.15. Confocal Microscopy. MT-2 cells were incubated for 4 hr in RPMI medium containing
the fluid phase endocytosis marker, tetramethyl rhodamine dextran (Rho Dex, 10 kDa, 30
pug/mL), the nuclear marker diamidino-2-phenylindole (DAPI, 5 ng/mL) and 10 pM APF or BPF.
The cells were then washed with PBS by centrifugation and were re-suspended in HBSS. The
cells were transferred to a chambered coverglass pre-coated with poly-D-lysine hydrobromide
and washed with PBS. A similar procedure was used for Caco-2 cells except that the cells were
grown on chambered coverglass for three days after confluence was reached and a monolayer had
formed. To compare fluorescence localization and intensity of the NCs within cells, imaging was
performed using a Leica TSC SP5 confocal microscope (Leica Microsystems CMS GmbH,
Germany). Z stack images were acquired in the XYZ mode with a 40 x objective. Cell surface
fluorescence was not observed in the X-Y plane. Quantification of intracellular fluorescence was
carried out using LAS AF Lite (Leica Software) on each confluent Caco-2 cell monolayer or un-
zoomed Z-stack image of densely packed MT-2 cells. The Z-stack images were not subject to any

editing and contained over 500 cells to ensure objectivity and statistical power.
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S1.3.16. APF and BPF penetration into mouse colorectal mucosa

Male CD-1 mice were fasted overnight. Three dosing solutions consisting of 30 uM APF, BPF or
FTU (the stable form of the FITC-moiety in APF and BPF serving as a control) in HBSS were
prepared and 200 ul was administered rectally using a 1 ml syringe. The syringe was kept in
place to serve as a rectal plug to prevent leakage of the dosed solution. The syringe was removed
after 2 hr. At 2, 24, 48, 72 and 120 hr after dosing, mice were euthanized using CO,, the
colorectal segment was excised, washed and the mucosa scraped. The mucosal tissue from each
mouse was placed into HBSS and homogenized by passing through a 20G needle 25 times
followed by centrifugation at 4000 g for 30 min. The clear supernatant was collected for
measurement of fluorescence. Mucosal tissue retention was represented as the amount of APF,

BPF or FTU (fmol)/ tissue weight (mg).

S1.3.17. Statistical Analysis

Results are represented as the mean # standard deviation (SD). Statistical analyses were
performed using GraphPad Prism Software, version 4.0.1 (GraphPad Software, Inc., San Diego,
CA). One-way analysis of variance (One-way ANOVA) followed by Tukey’s post hoc test was
performed. Non-linear curve-fitting was performed by GraphPad Prism Software using the dose-

response equation. Statistical significance was determined when p < 0.05.

S1.4. Results

S1.4.1. Synthesis and Characterization Studies. The free aliphatic hydroxyl moiety of APV
was acetylated to obtain APV-O-acetyl. mPEG,-NHS polymers (x = 2, 5, 10, 30 kDa, Scheme 1)
were conjugated to APV-O-acetyl. APF was prepared as depicted in Scheme 2A. The APV-PEG

NC containing Bac7 was also prepared and characterized (Scheme 3). Bac7 was synthesized
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using Fmoc-based solid-phase peptide synthesis (SPPS) protocols (Scheme 2B). To obtain APV-
PEGs; 4pa-Bac7 (APB) NC, the maleimide-PEGs; 4p,-COOH was coupled to the cysteine residue
present on Bac7 via a stable thioether linkage. In the next step, Bac7-PEG; 4p,-COOH was
coupled to APV via an amide bond using a procedure similar to one described for the synthesis of
FITC-PEGs; 4kpa-APV. Bac7-PEG; 4p,-FITC (BPF) was obtained by coupling maleimide-PEG-

FITC to the N-Ac-cysteine residue of Bac7 peptide via a thioether linkage (Scheme 2C).

All NCs were obtained in high purity (290%, estimated using gel permeation chromatography).
The NCs were characterized using MALDI-TOF mass spectrometry, and observed molecular
weights were found to be in agreement with calculated values. The NCs exhibited significantly

higher solubility in water than free APV.

S1.4.2. Stability of Amide Linkage. The goal of the current study was to develop a non-
releasable APV-PEG NC with high anti-HIV-1 activity. Initially, the stability of the amide bond
linking APV to PEG was assessed. The APV-PEG,-OH (x = 2, 5, 10, and 30 kDa) NCs (1 uM)
were incubated at 37 °C in PBS (pH 7.4) for 24 h, and the released APV was monitored using RP-
HPLC. All APV-PEG NCs were found to be stable with less than 2% degradation in PBS over
the time course of the study. The stability of the amide bonds in the APF and APB NCs was also
assessed in the presence of MT-2 cells and serum at ~12- and 4-fold higher concentrations than
their respective ICso values (96 uM and 350 nM). The two NCs were incubated at 37°C for 5
days. The cells were then removed by centrifugation and cell-free supernatants were centrifuged
using a Microcon filter (MWCO 3000) to separate the released APV from the intact NC. The
filtrates were analyzed in triplicate (n=3) for APV using an anti-HIV-1 functional assay (i.e.,
inhibition of syncytium formation of HIV-1 infected MT-2 cells). Less than 0.08% free APV was

found in the filtrates suggesting that a negligible amount of APV was released. No trace of free
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APV was found when the filtrate samples were subjected to MALDI TOF-MS. Thus, the amide

bonds were stable during the period of exposure to MT-2 cells and serum in this study.

S1.4.3. Cytotoxicity Studies. The cytotoxicities of APF and APB NCs were assessed using the
MTT cell viability assay. MT-2 cells were incubated with various concentrations of APF, APB,
and APV at 37 °C for 5 days, and the untreated MT-2 cells were used as controls. Viability in
cells treated with APF, APB, and APV exhibited no statistical difference in comparison to
untreated cells, at the concentrations tested (data not shown). No significant cytotoxicity was
observed for APF up to 96 uM and for APB up to 350 nM, which is 12- and 4-fold higher than

their respective 1Cs values.

S1.4.4. Anti-HIV-1 PR activity of APV-PEG,-OH NCs in buffer. The anti-HIV-1 PR activity
of APV-PEG,-OH NCs (x = 2, 5, 10, and 30 kDa) were measured in buffer using a FRET-based
HIV-1 PR inhibition assay [34]. The method utilizes a quenched fluorogenic substrate, a HIV PR
FRET peptide with the sequence: DABCYL-GABA-Ser-GIn-Asn-Tyr-Pro-Ile-Val-GIn-EDANS,
where EDANS is the fluorophore and DABCYL is the quencher. In the absence of HIV-1 PR, the
fluorescence of EDANS in the FRET peptide remains quenched, but when incubated with the
recombinant HIV-1 PR at 37 °C, the peptide is cleaved leading to the recovery of fluorescence
(lgx/lgm = 340nm/490 nm) (Scheme 4). However, in the presence of a PR inhibitor, like APV, the
cleavage of the fluorogenic HIV-1 peptide substrate by HIV-1 PR is inhibited, leading to a

decrease in fluorescence signal in a concentration-dependent manner.

APV activity was determined at various concentrations (0 — 5 uM) and is shown in Figs. 1 & 2.
Fig. 1 shows the time course of the fluorescence (F) from the FRET enzymatic reactions in the

presence of various APV concentrations. Fig. 2 shows plots of In (F. — F;) against time, where F.
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is the maximum fluorescence intensity (0 pM of APV), F, is fluorescence intensity at time t (min)
and In (F, — Fy) is the natural logarithm of F reduction at a given APV concentration and time.
The plots of In (F., — F,) values against time yielded straight lines (linear regression R* =0.9711
for all concentrations). The slope of each line represents the rate of F reduction (i.e., the rate
constant, ko, in min™') of a FRET substrate cleavage reaction. Linear regression yielded kops
values (mean +/- s.d.) for 0 — 5 pM concentrations of APV as follows: -0.3027 (= 0.0234) for 0
uM, -0.2239 (+ 0.0146) for 0.5 uM, -0.1638 (+ 0.0080) for 1.0 uM, -0.0890 (+ 0.0049) for 2.0

uM, -0.05704 (+ 0.0014) for 3.5 uM and -0.03766 (+ 0.0019) for 5.0 uM.

Since APV loses some activity after being linked to PEG, pilot experiments were carried out to
determine a concentration that was optimal for comparing APV activity to PEG,-APV-OH NCs
(x =2, 5, 10, and 30 kDa) and the respective negative controls (APV-O-acetyl and PEGp,-
APV-O-acetyl). The free -OH group on APV, which is necessary for anti-HIV activity, was
blocked using acetylation for the two negative controls. The largest decrease in F (Fig. 1) was
observed in the presence of 3.5 and 5 mM APV even though there was no significant difference
between the two concentrations (p>0.05). Therefore, the comparison was made at 3.5 mM APV.
HIV-1 PR inhibition activity is defined as the negative reciprocal of the rate constant [— (1/kqps)].
In Fig. 3, plots of [— (1/kos)] derived from Fig. 2 versus APV concentrations are shown. APV
activity increases linearly with increasing concentration. Regression analysis of the data indicates
a straight line (R* = 0.9858). Therefore, Fig. 3 was used as a standard curve to determine the
apparent APV concentration (APV,,,) for NCs. The APV, value is derived for an APV NC at
3.5 uM by referring to a concentration of APV in Fig. 3 that has the same - (1/kqs) value as the

APV conjugate.
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Fig. 4 shows the natural log of fluorescence reduction (In(F,, — F,)) versus time (R2 values =
0.9773) for 3.5 pM APV and 3.5 uM-equivalent concentrations of various PEG NCs, applying
the same mathematical treatment to the experimental data as described previously. The kobs
values were then converted to [- (1/kops)] and the latter values were converted to their APV,
values using Fig. 3 (cf. Table 1). Fig. 5 shows the relative HIV-1 PR inhibition activity
represented by the APV,,, values relative to the activity of APV. The APV reference value is
taken as being 100% potent. The figure shows that the PEG,-APV-OH NCs prepared using 2- and
5-kDa PEGs exhibited 53% and 51% of APV potency, whereas NCs prepared using 10- and 30-
kDa PEGs exhibited 34 and 24% of APV potency, respectively. The two negative controls were
nearly inactive (9% and 8% of free APV potency). Thus, NCs prepared using smaller-sized PEGs
retained half of APV potency compared to the reference, whereas the larger-sized PEG NCs
suffered a greater loss in potency. Therefore, for the initial evaluation of the PrEP strategy (i.e.,

mucosal retention) the PEG size selected for PEG,-APV-OH NCs was 2 - 5 kDa.

S1.4.5. PEG conjugation ablated anti-HIV-1 activity in T-cells while further conjugation
with Bac7 restored activity. As indicated in Fig. 5, PEG,-APV-OH (x = 2 - 5 kDa) NCs retained
half of APV’s ability to inhibit HIV-1 PR when tested with the FRET-based assay in buffer.
However, their activity in suppressing HIV-1 replication in MT-2 T-cells was very low,
suggesting that the PEG-APV-OH was unable to enter cells efficiently. To address the issue of
low cell penetration, another NC, APV-PEGs; 4p,-Bac7 (APB) was synthesized by conjugating

PEG; 4pa-APV to Bac7, as described earlier (Scheme 3).

The anti-HIV-1 activity of APF and APB NCs were investigated in human CD4" MT-2 T-cells
infected with an HIV-1 X-4 strain, Illg. Infection of the cells with enveloped HIV-1 virus leads to
the formation of syncytia (cells fusing together to form large multinuclear cells). The anti-HIV-1

activities were assessed by scoring the reduction in syncytia formation in infected cells in the
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presence of the NCs. Other anti-HIV-1 assays such as reducing in viral p24 capsid protein
production and cell viability were performed, but the well-to-well variability in the results was
greater than the syncytium assay. Therefore, the syncytium assay was adopted for these studies.
Statistical analysis was conducted after normalization of treatment groups to untreated wells (Fig.
6). The APF NC exhibited greater than a 160-fold decrease in activity (ICso = 8064 nM)
compared to APV (ICso= 50.29 nM) suggesting that PEG; 4p.-APV-OH was unable to access
HIV-1 PR located in the cytosol. APV-PEG; 4p,-Bac7 exhibited anti-HIV-1 activity (ICso= 78.29
nM) that was similar to free APV (p>0.05). Incorporation of Bac7 in the NC, therefore,
effectively overcame the lack of cell permeability observed with PEG;4p,-APV-OH. Since
current results demonstrate that the amide bonds linking APV to PEG are stable under the

conditions used in these studies, the observed anti-HIV-1 activity was due to intact APB.

S1.4.6. Flow Cytometry and confocal microscopy. To study the intracellular fate of APB, a
fluorescein-labeled analog, FITC-PEG; 4p,-Bac7 (BPF) was synthesized by replacing APV with
a surrogate fluorescent molecule, FITC. While APB contained 10.5% (w/w) APV, BPF contained
8.1% (w/w) FITC. Thus, both have the same PEG;p,-Bac7 component that constitutes a
comparable ~ 90% of total weight. (Scheme 2C). Flow cytometry and confocal microscopy were
performed in human Caco-2 and MT-2 cells to compare the extent of uptake of APF and BPF into

representative mucosal epithelial cells and target T cells, respectively.

For flow cytometry, Caco-2 cells or MT-2 cells were incubated with the culture medium
containing no NC (control), 10 uM APF or 10 uM BPF. Fig. 7 shows the total cell-associated
BPF fluorescence intensity in Caco-2 cells was 4.1 fold higher than APF and 2.0 fold higher in
MT-2 cells, which is consistent with the superior anti-HIV-1 activity of APB over APF in MT-2
cells. The intracellular uptake of the APF and BPF was also investigated using confocal

microscopy (Fig. 8 and 9). Significantly less intracellular fluorescence was observed in MT-2
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cells as compared to Caco-2 cells (image not shown) consistent with the flow cytometry data. The
observed fluorescence was exclusively intracellular since no cell surface fluorescence was
observed in the XY-plane. Fig. 8 shows that the intracellular fluorescence intensity of BPF in
Caco-2 cells was 3.5-fold higher than APF and 2.0-fold higher in MT-2 cells, consistent with the
flow cytometry and in vitro anti-HIV-1 activity results. Note that the absolute total cell-associated
fluorescent intensities of APF and BPF were 3- and 6-fold higher in Caco-2 cells than in MT-2
cells, respectively, suggesting Caco-2 cells have higher uptake capacity than MT-2 cells. Because
of the low absolute fluorescence levels of APF and BPF in MT-2 cells, clear ascertainment of
punctate (vesicular) vs. diffuse (cytosolic/nuclear) localization was not possible. In Fig. 9, a
2.47x-zoomed, blue/green/red merged image of Caco-2 cells from a middle section of its Z-stack
is shown. No punctate orange color resulting from co-localization of FITC and Rho-Dex (the
fluid endocytosis marker) was observed. The undetectable BPF in intracellular
endosomes/lysosomes (no orange color) and detectable BPF as the intracellular green
fluorescence are mostly due to the cytosolic localization of the NC. Combined with the anti-HIV-
1 activities of APF and APB in MT-2 cells, confocal microscopy suggests that APF did not
efficiently enter the cells, while APB entered the cytosol efficiently without being trapped in
endosomes. The results also suggest that the main mechanism responsible for Bac7-assisted cell
entry of the PEG-APV NC is either direct translocation across the plasma membrane, or

endocytosis followed by very efficient endosomal escape.

S1.4.7. NC penetration and retention in mouse colorectal mucosa. The FTU mucosal tissue
concentration was negligible at 2 h and 1 d suggesting that no uptake occurred or possibly that
systemic absorption was rapid and FTU was completely cleared from the tissue (Fig. 10). APF
(i.e., the NC without the Bac7) concentrations were low during the entire study. BPF tissue
concentrations were significantly higher and also persisted for the 5 days of the study. This time

period exceeded the typical epithelial turnover time in mice (2-3 days) suggesting BPF transport
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and retention in the lamina propria of the colorectal mucosa. The average BPF tissue
concentration on Day 5 was 124 fmol/mg, or 2.1% of the initial dose. On Day 5, the BPF tissue
concentration was 21-fold higher than APF demonstrating the importance of Bac7 in promoting

colorectal mucosal uptake.

S1.5. Discussion

A drug delivery strategy incorporating CPP-ARV drug-polymer nanocarrier conjugates was
designed and evaluated in the current study. The goal was to sustain ARV drug concentrations in
the colorectal mucosa by increasing ARV residence time in the submucosa. Oral or parenteral
PrEP dose forms are at various stages of development with Truvada representing the only PrEP
drug product approved to date. While there are distinct advantages to maintaining constant
plasma ARV drug concentrations, there are also significant limitations such as patient adherence
to chronic dosage regimens and therapy-limiting side effects due to constant systemic ARV
exposure. In order to address this, long acting/extended release (LA/ER) treatments for PrEP are
being proposed and evaluated that will result in infrequent dosing with long dosing intervals
making administration convenient for patients resulting in improved adherence. Two
formulations, a LA/ER injectable Non-nucleoside Reverse Transcriptase Inhibitor (NNRTI)
rilpivirine (LA-RPV) and an HIV Integrase Strand Transfer Inhibitor (InSTI), LA/ER injectable
cabotegravir (LA-744), have been developed and are currently undergoing clinical testing [36-
38]. Although these and similar technologies will address patient adherence issues, the clinical
implications of chronic systemic ARV exposure remain unknown. Progress has been made in
local/topical delivery of ARVs to the vaginal and colorectal mucosae [39, 40]. These topical
products, also known as microbicides, deliver ARVs through the rectum or vagina and act in the
lumen or in the respective mucosal tissues. However, given the nature of ARVs they are rapidly
cleared from tissue and require frequent dosing. Intravaginal films and rings have demonstrated

the ability to deliver ARVs vaginally for prolonged periods but require the chronic presence of
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the dose form in the vagina [41, 42]. In the current study, a colorectal mucosal approach is
proposed that we refer to as mucosal PrEP (mPrEP) since the site of retention (i.e., depot) is not
located in the rectal or vaginal lumen and the ARV does not enter the tissue from the systemic

circulation.

In the current study, the concept of prolonging tissue ARV exposure by reducing ARV
elimination rather than sustaining its release is evaluated. However, the approach can be applied
to other nanocarriers such as nanoparticles that could deliver drug for prolonged periods. The
HIV-1 PR inhibitor APV was selected as a model ARV since it could be conjugated to the NC via
the amino functionality of the benzenesulfonamide moiety allowing it to retain anti-HIV activity
[31]. APV inhibits the vast majority of clinical HIV mutants by binding to the more conservative
protein (enzyme) backbone than the variable amino acid side-chains. Although APV is no longer
a first line treatment for HIV infection, it serves well as a model ARV since the approach can also
be applied to darunavir (DRV, Prezista), a widely used potent analog that has the same amino and
hydroxyl functional groups, as well [43]. The set of APV derivatives studied includes controls
such as APV-OAc (an O-acetylated compound with the hydroxyl function blocked preventing
binding to HIV PR) and PEGup.,~APV-OAc (a N-conjugated and O-acetylated analog to study
the PEG-conjugation effect with a blocked hydroxyl function). Conjugation of PEG polymers to
drugs has been extensively investigated with the objective of increasing drug retention in the
body. In each of these cases; however, the conjugate is inactive and the drug must be released in
order to exert its therapeutic effect [18]. In essence, the PEG polymer conjugate forms a blood
circulating depot that slowly releases drug thus prolonging body exposure to the drug and
dramatically reducing dosing frequency. The influence of PEG size on the anti-HIV-1 activity of
APV was investigated first. The PEG,-APV-OH NCs were prepared using 2, 5, 10 and 30 kDa
PEGs and anti-HIV-1 PR activity was measured in buffer using FRET-based PR inhibition assay.

It was observed that APV retained about half of its original anti-HIV PR activity for PEGs up to 5
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kDa in size. In another experiment, fluorescently labeled 3.4 kDa PEG APF NC exhibited a 160-
fold reduction in anti-HIV-1 activity in human CD4" MT-2 T-cells (ICso = 8.064 uM) compared
to free APV (ICso = 50.29 nM), suggesting that poor cell penetration may be responsible as the
PEG-conjugated APV needs to enter cells to exert its anti-HIV-1 activity. Therefore the PEG size
suitable for the proposed mPrEP strategy was found to be relatively small (2 — 5 kDa) as opposed
to the large size (~ 30 kDa) of PEG used for current FDA-approved, intravenously administered
drugs based on the following rationale. First, the size is far above the ~ 0.4 kDa threshold below
which acute PEG toxicity has been observed [44], but much smaller than the size (> 30 kDa) at
which PEG ends up accumulating in lysosomes [45],[46], reminiscent of a “lysosomal storage
disease” [47]. Second, PEG-conjugation has been reported to make a P-glycoprotein (P-gp)-
substrate circumvent P-gp-mediated efflux [48], [49], [50],[51]. Third, NPs densely coated with
lower molecular weight PEGs (2 - 5 kDa) have been reported to traverse the human
cervicovaginal mucus barrier [52] since it appears to mimic the surface of viruses that can easily
pass through human mucus linings. The surface of these viruses feature charge neutrality and lack

a hydrophobic patch [53].

CPPs have been widely used to facilitate intracellular drug delivery and hundreds have been
investigated to date [26, 54]. The most frequently studied class of CPPs is the Arg-rich category,
of which Tat CPP is the prototype. However, Arg-rich CPPs tend to enter cells by endocytosis
becoming trapped endosomes especially when they are conjugated to polymers such as PEG [55-
57]. Few endosomal escape schemes have been developed [57] and some even require radical
changes such as the introduction of primary amino groups in the polymer moiety. There are other
CPPs, such as the Pro-rich CPPs, which includes Bac7, that apparently enter cells in an
endocytosis-independent manner [29, 30]. It is noteworthy that in a side-by-side comparison with
the Arg-rich prototypic Tat CPP, Bac7 was found in the cytosol while Tat CPP was trapped in

endosomes [30]. Intracellular delivery to the cytosol/nucleus compartment is important for the
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proposed mPrEP strategy as most current ARV drugs target the intracellular compartment as
opposed to the vesicular (endosome/lysosome/endoplasmic-reticulum) compartment that is

topologically equivalent to the extracellular space.

BPF intracellular fluorescence intensity in Caco-2 cells, a human in vifro intestinal mucosal
epithelial model, was significantly greater than APF, which lacked Bac7, and was diffuse as well
indicating direct cellular entry of BPF (Fig. 7-9). This in direct contrast to a study that reported
after conjugation to a 1.3 kDa linear PEG, PEG-TAT entered CHO-K1 cells by endocytosis, was
trapped in endosomes and was unable to reach the cytosol [55]. It is remarkable that Bac7, a short
10 amino acid peptide, is able to deliver a polymeric cargo into the cytosol with almost the same
efficiency as a 29-residue chimeric CPP that consisted of a 11-residue TAT CPP and a 18-residue
membrane disrupting peptide [56]. In that study, the membrane-disrupting peptide was apparently

used to facilitate endosomal escape.

Further supporting the observation of direct cell entry were the current HIV results. Bac7
covalently linked to PEG;4p,-APV (i.e., APB NC) showed anti-HIV-1 potency (ICso = 78.29
nM) close to free APV (ICso = 50.29 nM) in MT-2 T-cells, a model representative of HIV target
T cells. These results also suggest very efficient cellular (cytosolic) entry of APB. Since APB
differs from APF mainly by the presence of covalently attached Bac7, the promising outcomes
with this NC suggest that Bac7 is able to completely negate the inability of PEG to penetrate the

plasma cell membrane.

In colorectal mPrEP, the most important anatomic site is the lamina propria located beneath the
epithelium in the submucosa. This is because the majority of HIV target CD4+ cells required for
HIV transmission (e.g., T cells, dendritic cells and macrophages) are found in the LP. In addition,

the establishment of infected founder cells and their expansion and subsequent spreading to
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systemic sites takes place in the LP [9]. Another reason for establishing persistent drug
concentrations inn the LP rather than the epithelial cells is the relatively short turnover time of
colonic epithelial cells in rodents (2-3 days) and humans (3-8 days) [58]. Once the cells slough
off, the drug would have to be administered once again to re-establish effective anti-HIV local
concentrations. On the other hand, if the NCs are retained in the LP, it would not be subjected to
clearance by epithelial cell removal. As seen in Fig. 10, the BPF signal is significantly higher
than APF and persists for the entire 5-day study. BPF residence significantly exceeded mouse
epithelial turnover suggesting that the NC translocated across the epithelial cell layer and was
retained in the LP. This is especially suitable for HIV drug delivery to the intestinal mucosa,
which is the critical anatomic site for CD4" T cell depletion, viral replication and persistence [59,
60]. Although not yet evaluated, this technology could be applied to particulate carriers such as
NPs whereby they form a traditional sustained release drug delivery depot. Even though the
diffusion of particulate carriers across intestinal mucus barriers is known to be size and charge
dependent, the NC evaluated in the current study is relatively small and was able to traverse the
mucus barrier [20, 21]. Interestingly, the PEG size utilized for the current NC was also found to

be optimal for facilitating NP translocation across the mucus layer [52].

The current approach can be applied to structurally similar compounds of APV such as DRV. In
addition, several other ARVs have amino groups that are compatible with the chemical
derivatization process presented in this study. Examples include the active pharmaceutical
ingredients (APIs) of Truvada, tenofovir and emtricitabine, which are widely used in HIV PreP.
Although these APIs are completely structurally different from APV or DRV, their aromatic
amino functional groups can be used to make peptide or carbamate linked conjugates as shown in
patents describing prodrugs for TNF and FTC[61, 62]. The single or multivalent drug conjugation

strategy will allow us to develop combination treatments using several ARVs for mPreP.
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In summary, a colorectal mPrEP drug delivery strategy incorporating CPP-ARV-polymer NCs
was designed and evaluated in the current study. The goal was to attain and prolong ARV
concentrations in the colorectal mucosa by increasing ARV residence time in the submucosa after
rectal administration. Current ARVs like APV are small molecule drugs that, after entering the
submucosa, are quickly cleared from the tissue into the blood circulation. To overcome rapid drug
clearance from the tissue, frequent administration is required. Truvada, the only currently FDA-
approved product for PrEP, is given orally every day resulting in chronic systemic drug
concentrations into order to maintain effective TDF and FTC concentrations at strategic sites.
While Truvada is considered a major breakthrough in the field since it firmly establishes the
concept of PrEP, improvements are needed to reduce dosing frequency to increase patient
adherence and reduce systemic exposure in order to reduce the potential for therapy limiting side-
effects. The current mPrEP strategy aimed to increase APV colorectal mucosal tissue residence
time thereby effectively retaining ARVs locally in the tissues resulting in lower systemic
exposure. APV was covalently conjugated to PEG to slow its removal from cells, which
significantly reduced its uptake into cells. Further conjugation to Bac7 enabled cell uptake and a
near complete restoration of anti-HIV activity. For this study the readily available ARV
amprenavir was utilized as a model drug. However, the approach can be applied to the newer and
much more potent close structural analog darunavir as well as tenofovir and emtricitabine.
Applying the technology to vaginal delivery would require a modification of the approach to
accommodate the thicker vaginal mucosa as well as the different luminal environment. While
colorectal mPrEP proof-of-concept/feasibility was established in this study, several challenges
remain including the development of suitable and patient friendly rectal dose forms to deliver the

NCs to the colorectal mucosa.
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$1.7. Figures

WOH

NH, NH, O NH
PEG PEG
Amprenavir (APV) APV-O-Acetyl PEG,-APV-O-Acetyl PEG,-APV

Scheme 1. Synthesis of PEGx-APV-O-acetyl and PEGx-APV-OH nanocarrier conjugates.
Reagents and conditions: (i) DMF, DIPEA, acetic anhydride, room temperature, 12 h; (ii)
DMEF, DIPEA, mPEG4-NHS (x = 2, 5, 10, 30 kDa), room temperature, 24 h; and (iii) 0.1 N HC],
neutralized with NaHCOs.
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Scheme 2. Synthesis of fluorescein-labeled APV-PEG (APF) and Bac7 CPP-PEG NCs (BPF):
(A) APV-PEGs34kpa-FITC; (B) Structure of Bac7 analog; and (C) Bac7 CPP-PEGs.akpa-FITC.
Reagents and conditions: (i) DMF containing EDCI and HOAt, room temperature, 16 h; and
(ii) DMF, room temperature, 4 h. PEG-fluorescein is linked to APV via an amide bond and to
Bac?7 via a thioether bond.
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Scheme 3. Synthesis of APV-PEGz.4kpa-Bac7 CPP (APB). The cell penetrating peptide, Bac7,
was linked to maleimide-PEGz.4kpa-COOH via a thioether bond. APV was linked to Bac7 CPP-
PEG3.4kpa-COOH via an amide bond. Reagents and conditions: (i) DMF, room temperature, 4
h. (ii) DMF containing WSC and HOAt, room temperature, 16 h.



170

Resonance Energy Transfer
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DABSYL
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Scheme 4. FRET-based PR activity inhibition assay. Fluorescence of EDANS fluorophore is
quenched by distance-dependent fluorescence resonance energy transfer (FRET) to the
DABCYL quencher group, which results in an increase in fluorescence signal. In the
presence of an inhibitor such as APV the cleavage of the fluorescent substrate by PR is
inhibited in a dose-dependent manner, which is observed as a decrease in fluorescence
intensity.
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Figure 1. Cleavage kinetics of HIV-1 PR FRET peptide substrate (5.0 uM) by
recombinant HIV-1 PR (35.2 nM) at 37 °C in the assay buffer in the presence of
different APV concentrations (0-5.0 uM). All measurements were performed in triplicate
and reported as mean = SD (n =3). The effect of APV 3.5 uM and 5.0 uM was not
significantly different (p>0.05).
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Figure 2. Plots of In(F. —Fy) vs. time for APV (0-5 uM). The plots were prepared using the data
obtained from Figure 1. F is the maximum fluorescence intensity (0 uM of APV) and F; is
fluorescence intensity at time t (min). Linear regression analysis yielded straight lines (R?
=0.9711) and the slope of each line yields the rate constant (Kops, min™). keys values: -0.3027 (+
0.02341) for 0 uM, -0.2239 (+ 0.01459) for 0.5 pM, -0.1638 (+ 0.007995) for 1.0 uM, -0.0890 (+
0.004938) for 2.0 uM, -0.05704 (+ 0.00144) for 3.5 uM, and -0.03766 (+ 0.00191) for 5.0 pM.
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Figure 3. Plot of negative reciprocal of observed rate constant (-1/koys) vs. APV
concentrations. The -1/kos value increased with APV concentration in a linear manner (R2
= 0.9858), which reflects the anti-HIV-1 PR activity of APV or an APV-PEG NC. This figure
was used to derive the apparent APV concentration (APV,p,) values for APV and each APV-
PEG NG, all at 3.5 uM. The APV, value was used as an indicator of anti-HIV-1 PR potency to
compare APV with different APV-NCs (cf. Table 1).



174

4 O APV
A PEGyups-APV-OH
Y PEGgp.-APV-OH
3 ¢  PEGiypsAPV-OH

PEG, e APV-OH
APV-O-Ac
PEG, gpa-APV-O-Ac

15
Time (min)

Figure 4. Plots of In (F. -F;) vs. time for APV, PEG-APV NCs and the two negative
controls, all at 3.5 uM APV-equivalent concentrations. Linear regression analysis
yielded straight lines (R2 =0.9655) and the slope of each line yields the rate constant (kobs,
min-1). The kobs values are: -0.05704( + 0.001439) for APV, -0.09743 (+ 0.004131) for
PEG2kpa-APV-OH, -0.1011 (+ 0.003616) for PEGskp.-APV-OH, -0.1358 (+ 0.005545) for
PEG1okpa-APV-OH, -0.1695 (+ 0.008027) for PEGsokpa-APV-OH, -0.2886 (+ 0.01815) for APV-
0-Ac, and -0.3013 (+ 0.02051) for PEG1okpa-APV-0-Ac. The kops values were converted to [-
1/(kobs * s.d.)] that were fitted into the linear regression equation derived from Fig. 3 to
yield the apparent APV concentration (APVgy,) values for APV and APV-PEG NCs. APV
values (mM): 3.288 (+ 0.095) for APV, 1.737 (+ 0.093) for PEGzkp.-APV-OH, 1.678 (+ 0.109)
for PEGskpa-APV-OH, 1.117 (+ 0.064) for PEG1okpa-APV-OH, 0.804 (+ 0.060) for PEG3okpa-APV-
OH, 0.285 (* 0.047) for APV-0-Ac, and 0.254 (+ 0.049) for PEG1okpa-APV-0-Ac.
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Figure 5. Effect of PEG size on the HIV-1 PR inhibition potency of APV-PEG NCs. All NCs
were tested at APV-equivalent concentration of 3.5 uM. The potencies expressed as the
apparent APV concentrations (APV,p,) derived from Fig. 3 and 4 were referenced to the
potency of APV (the APV reference being 100% potent). One-way ANOVA analysis followed
by Tukey multiple comparison test were performed. Except for the comparison between
PEG2kpa-APV-OH and PEGskpa-APV-OH and between the two negative controls (APV-0-Ac
and PEGiokpa-APV-0-Ac) (p>0.05), all other pair-wise comparisons were highly statistically
different (p<0.01). Specifically, each NC’s potency differed from that of either the positive
control or either one of the two negative controls (p<0.01) and the potency of PEG2kpa-APV-
OH/PEGskpa-APV-OH differed from either that of PEG1okpa-APV-OH or that of PEG3zokpa-APV-
OH (p<0.01).
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Figure 6. Anti-HIV-1 activity of APV-PEGz.4xpa- Bac7 CPP (APB), APV-PEGs3.4kpa-FITC
(APF) and free APV. The anti-HIV-1 activity was determined by the inhibition of syncytium
formation in HIV-1 infected MT-2 T-cells and expressed as % of syncytium count of no
treatment. Non-linear curve-fitting using the dose-response equation was used to
determine the ICso values. The R2 values of the curve fitting are 0.9672 for APV, 0.9067 for
APF and 0.9511 for APB. APF activity (ICso = 8064 nM) was significantly lower than APV
(ICso = 50.29 nM) (p<0.001). Further conjugation with Bac7 CPP (i.e., the APB NC, ICso =
78.29 nM) almost completely restored APV activity with no significant difference in ICso
values (p>0.05). Data are reported as mean =+ SD of three independent experiments.



177

*%

12 1 Blank
T 10 1 == APF
>
> 4 =3 BPF
s
E *%
s 6
& T
3
O
(1S

Caco-2 MT-2

Figure 7. Total cell-associated fluorescence levels of NCs in Caco-2 and MT-2 cells as
measured by flow cytometry. Caco-2 cells and MT2 cells were incubated with medium
(Blank), 10 uM of APF, or 10 uM BPF for 2 h and washed before flow cytometry. The total
cell-associated fluorescence levels are mean # s.d. of at least of two independent
experiments. One-way ANOVA analysis followed by Tukey multiple comparison test were
performed. The symbol “« indicates that the fluorescence level of BPF in both cell types was
significantly higher than that of APF (p < 0.01).
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Figure 8. Intracellular levels of NCs in Caco-2 cells and MT-2 T-cells as measured by
confocal microscopy. Caco-2 cells and MT-2 cells were incubated with medium (Blank),
10 uM of APF, or 10 uM BPF for 4 h and washed before confocal microscopy. A 40 x
objective was used for the acquisition of Z-stack of images in the XYZ mode for each
treatment. Quantification of intracellular fluorescence levels used LAS AF Lite (Leica
Software) on non-edited entire stacks of images (sections) that contained more than 500
cells per stack. Each value is the mean # s.d. of fluorescence of an entire stack of 13 to 17
sections. One-way ANOVA analysis followed by Tukey multiple comparison test were
performed. The symbol «+indicates that the fluorescence level of BPF in both cell types was
significantly higher than that of APF (p < 0.0001).
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Figure 9. Confocal microscopic images of Caco-2 cells incubated with APF (left) or BPF
(right) at 2.47 x magnification. Caco-2 cells three days after confluence were treated as
described in Fig. 8. A middle section in a stack is shown. Each image was merged from three
separate blue, green and red images of the same field. Two features are clear. The first is the
sharp contrast between lack of green intracellular fluorescence in APF-treated cells (APF)
and significant green intracellular fluorescence in BPF-treated cells (BPF). The second one
is lack of co-localization of green and red fluorescence in the BPF image, indicating that
most intracellular green fluorescence was located in the cytosol/nucleus compartment.
Note in the APF image there are a few blobs of red fluorescence at the upper-left corner that
are likely to be artifacts of cell debris.
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Figure 10. Retention of PEG-conjugated and Bac7 CPP-conjugated BPF in mouse
colorectal mucosa. Mice treated with 200 ul enema containing 30 uM FTU, APF or BPF for
2h. Colorectal mucosa tissue was scrapped, homogenized, spun and the fluorescence of the
supernatant was quantified, converted to fmole, normalized by mucosa tissue weight.
Tissue retention was examined for up to 5 days, BPF is greater than APF at all time points
(One way ANOVA p < 0.05, n = 4).
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Compound« Mean Rate APVgpp (M) HIV-1 PR Inhibition
Constant* Activity (%)
(Kobs, min-1)
Free APV (positive -0.057 3.30 100
control)
PEG2xpa-APV-OH -0.097 1.73 53
PEGskpa-APV-OH -0.101 1.68 51
PEG1okpa-APV-OH -0.136 1.12 34
PEG3okpa-APV-OH -0.170 0.80 24
APV-0-acetyl (negative -0.289 0.28 9
control)
PEG1okpa-APV-0-acetyl -0.301 0.25 8
(negative control)

Table 1. HIV-1 PR inhibition activity of APV-PEG NCs

a All APV compounds tested in the PR inhibition assay contained 3.5 uM APV equivalents.
*The kobs in absence of any inhibitor is -0.303 min-L.
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