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Abstract

The year 2016 will mark an important milestone - the 3sth 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
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.
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1. Introduction 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

The year 2016 will mark an important milestone -
the 35th anniversary of the first reported cases of

HIV/AIDS. Aantiretroviral 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
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(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 is
comparable to the plague (Yersinia pestis infection,
over 75 million deaths) [1]. Second, the only
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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
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
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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.

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
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-
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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 CCRS, 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
CDA4+ 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 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].
CDA4+ T-cells are scattered throughout the colorectal
and vaginal submucosa in small numbers. Innate
immunity suppresses initial infection, resulting in a
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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 wviral 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 acrophage
inflammatory protein-3a cytokine, plasmacytoid
dendritic cells (pDC) and pDC-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
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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.

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 (CCRS) [25, 26] on host cells or
gp41, 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
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
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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.

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]. 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
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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 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
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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.

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 vagina. 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 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
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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 1s 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 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.

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
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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
(EC50) 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].
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 2204 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 IC99 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
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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].

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.

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
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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].

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
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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 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].

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
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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 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].
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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].

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
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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 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
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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 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
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formulations that were not designed for the purpose
of rectal microbicides is a critical issue facing the
DD field.

Drug Delivery Systems for HIV Treatment

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.

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 (viremiat/HIV IgG™)
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
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human epithelia (reviewed in [99]), the Sinko group
demonstrated  size dependence of particle
translocation  through  mucus  [101, 102].
Mucoadhesive NPs can be used in HIV topical PrEP
while mucopenetrating NPs are more suitable for
oral DD. In the Ilatter 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 ug 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
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generation of

lipid-drug formulation, they 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.

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 ligandshave been peptides as the peptidyl
nature makes it amenable to conjugation to a NC.
DV3 is a 10-mer, D peptide derived from a natural
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CXCR7 ligand vMIP-II. It has been shown to be able
to bind to CXCR4 and to exhibit an anti-HIV
activity of EC50 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-EC50 4 nM, which is more potent
than the natural CXCR4 ligand SDF-1a. T140 is a
14-mer peptide derived from a horseshoe crab
protein named polyphemusin that is a CXCR4
antagonist with anti-HIV activity of EC50 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 EC50 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].

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 LNs or other RES tissue.

In a feline immunodeficiency virus (FIV) model
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[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 pg/kg of siRNA
directed against tumor necrosis factor alpha (TNF-a)
depleted 1its messenger RNA in macrophages
recovered from the peritoneum, spleen, liver and
lung, and lowered serum TNF-a 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
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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 CCRS 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.

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
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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].

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
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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 1C9( 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. 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
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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 IC9( 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 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
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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 Aantiretroviral 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.

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 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
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manufacture. Translation at all stages represents the
biggest hurdle for large-scale fabrication, testing and
manufacture of DDS. For many technologies, there
1s 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
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
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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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