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Antiretroviral-based microbicides applied topically to the vagina may play an important role in protecting women from HIV
infection. Incorporation of the nucleoside reverse transcriptase inhibitor tenofovir (TFV) into intravaginal rings (IVRs) for sus-
tained mucosal delivery may lead to increased microbicide product adherence and efficacy compared with those of conventional
vaginal formulations. Formulations of a novel “pod IVR” platform spanning a range of IVR drug loadings and daily release rates
of TFV were evaluated in a pig-tailed macaque model. The rings were safe and exhibited sustained release at controlled rates over
28 days. Vaginal secretion TFV levels were independent of IVR drug loading and were able to be varied over 1.5 log units by
changing the ring configuration. Mean TFV levels in vaginal secretions were 72.4 � 109 �g ml�1 (slow releasing) and 1.84 � 1.97
mg ml�1 (fast releasing). The mean TFV vaginal tissue concentration from the slow-releasing IVRs was 76.4 � 54.8 �g g�1 and
remained at steady state 7 days after IVR removal, consistent with the long intracellular half-life of TFV. Intracellular tenofovir
diphosphate (TFV-DP), the active moiety in defining efficacy, was measured in vaginal lymphocytes collected in the study using
the fast-releasing IVR formulation. Mean intracellular TFV-DP levels of 446 � 150 fmol/106 cells fall within a range that may be
protective of simian-human immunodeficiency virus strain SF162p3 (SHIVSF162p3) infection in nonhuman primates. These data
suggest that TFV-releasing IVRs based on the pod design have potential for the prevention of transmission of human immuno-
deficiency virus type 1 (HIV-1) and merit further clinical investigation.

As the global human immunodeficiency virus (HIV)/AIDS
pandemic enters its fourth decade, infection rates remain

alarmingly high. The global incidence of HIV was estimated at 2.6
million in 2009, and 22 million more people are predicted to ac-
quire HIV by 2031 (16, 42). Campaigns aimed at encouraging
monogamy and condom use have had limited success in areas
where marriage has been identified as the major risk factor for HIV
acquisition in women (2, 7, 9, 14, 26). For decades, all attempts to
develop a preexposure prophylaxis (PrEP) strategy for the prevention
of HIV transmission have failed (5, 42). Recently, two large-scale clin-
ical trials, iPrEx (12) and CAPRISA 004 (20), have shown that PrEP
using antiretroviral-based microbicides can prevent infection in a sig-
nificant proportion of individuals (16, 42).

In CAPRISA 004, participants who were instructed to use a
pericoital vaginal gel containing 1% tenofovir (TFV) showed a
39% reduction in HIV transmission compared to those receiving
placebo gel (20). In late November 2011, the Data and Safety
Monitoring Board of the VOICE trial, a major HIV prevention
study in women that included a TFV vaginal gel component (http:
//www.mtnstopshiv.org/node/3909), issued a statement on the
decision to discontinue the use of the TFV gel due to lack of effi-
cacy. While the reasons underlying these different outcomes re-
main to be elucidated, they highlight the pressing need for an
improved understanding of the fundamental processes affecting
efficacy.

Adherence remains a critical component in the development of
effective PrEP for HIV prevention. High adherers in the CAPRISA
004 trial (gel adherence � 80%) showed a 54% lower HIV inci-
dence than the control arm (20). Since intravaginal rings (IVRs)
likely increase adherence, the development of IVR formulations of
antiretroviral-based microbicides is an urgent global priority (11,

38, 40, 41, 43). Administration of pharmaceutical agents via IVRs
represents a coitally independent approach for local or systemic
delivery (46), thereby increasing efficacy and adherence to therapy
while potentially decreasing toxic side effects compared to daily
oral administration. IVRs have been shown to be well tolerated by
women and are used extensively in contraception and in estrogen
replacement therapy (49), with several products available com-
mercially (27). Sustained vaginal delivery of antiviral agents from
IVRs constitutes an attractive route to HIV PrEP in women, par-
ticularly in the developing world (32, 41).

Nonhuman primates are considered the most appropriate
model for screening microbicide candidates (48). Many believe
that rigorous safety and pharmacokinetic (PK) testing in nonhu-
man primates should be a key factor for advancing microbicide
candidates to clinical trials (47, 48). The pig-tailed macaque
model is particularly relevant because of its similarities with the
human vaginal anatomy and physiology (47). Like humans, pig-
tailed macaques generally have a 28-day menstrual cycle (36). Pro-
gesterone administration to synchronize their menstrual cycle
during PK, safety, and efficacy studies is not required, providing a
significant advantage, as this treatment has been shown to thin the
vaginal epithelium, leading to an increase in permeability to
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chemical agents and viral particles (35). Culture-dependent (36)
and independent (44, 50) studies on the pig-tailed macaque vag-
inal microbiota have shown that it is an excellent model for the
human vaginal microbiome. Pig-tailed macaques have therefore
been used extensively in the evaluation of vaginal products (36),
including gel-based microbicide studies (37), prior to widespread
use in women.

Female pig-tailed macaques receiving intravaginal application
of 1% TFV gel 30 min prior to challenge with simian-human im-
munodeficiency virus strain SF162p3 (SHIVSF162p3) on a twice-
weekly dose-and-challenge schedule were completely protected
from infection, even after 20 exposures to virus (35). Topical de-
livery of TFV from IVRs in macaques has not been reported. A
macaque model using a range of appropriately sized, unmedi-
cated, silicone elastomer IVRs has been developed recently (38).
We have developed IVRs that deliver TFV at controlled rates for
up to 3 months (4, 28) and have evaluated these devices in the
ovine model (29, 30). The IVRs were found to be safe, and they
maintained steady-state TFV levels in vaginal secretions and tissue
over the 28-day trial. The present study examines the PK and
safety profiles of appropriately sized TFV-releasing IVRs in female
pig-tailed macaques and is the first report demonstrating sus-
tained vaginal TFV release from long-acting IVR devices in the
macaque model.

MATERIALS AND METHODS
Study background. The characteristics of the TFV IVR formulations used
in the three studies, PK1 to PK3, are provided in Table 1. In the first study,
PK1, IVRs were formulated to release TFV at twice the rate of human-
sized rings from previous sheep studies (29, 30), simply by doubling the
number of TFV pods. In PK2, the impact on release rate of increasing the
drug load by 5-fold while maintaining the same IVR configuration (i.e.,
four PLA-coated pods, 0.79-mm2 delivery channels) (Table 1) was inves-
tigated. In the only terminal study, PK3, the IVR configuration was mod-
ified to increase the TFV release rate with the goal of attaining detectable
intracellular tenofovir diphosphate (TFV-DP) levels in the pharmacolog-
ical compartments of relevance for HIV PrEP efficacy (6). This was
achieved by formulating the IVRs to release most of their TFV payload
over the first 7 days of the study.

Manufacture of silicone intravaginal rings. Silicone IVRs were pre-
pared in a multistep process that has been described in detail elsewhere
(4, 30). The torus-shaped devices were fabricated according to the
dimensions (outer diameter [o.d.], 25 mm; inner diameter [i.d.], 15
mm; cross-sectional diameter, 5 mm) recommended by Promadej-
Lanier et al. (38). The IVR device specifications are provided in Table
1. Ring blanks containing empty, evenly spaced cavities were fabri-
cated by injection molding, and delivery channels were fashioned me-
chanically. Drug cores of ({[(2R)-1-(6-amino-9H-purin-9-yl)propan-
2-yl]oxy}methyl)phosphonic acid (tenofovir [TFV]; Sinoway
International, China) were polymer coated to afford so-called “pods.”

Pods were placed in the cavities that subsequently were back-filled
with room temperature cure silicone. An image of the medicated ma-
caque IVR is shown in Fig. 1. Control rings contained silicone plugs of
the same dimensions as the drug pods.

In vitro studies. The IVR formulations shown in Table 1 were evalu-
ated in vitro as part of the quality control procedures prior to conducting
in vivo studies and to establish an in vitro-in vivo correlation (IVIVC), as
described below. All in vitro release studies were designed to mimic sink
conditions, and detailed procedures are presented elsewhere (4). Briefly,
the IVRs were placed in dissolution medium so that the delivery windows
were facing up and not in contact with the jar surface. The medium con-
sisted of a simplified vaginal fluid simulant (VFS) (34) consisting of 25
mM acetate buffer (pH 4.2) with NaCl added to achieve 220 mOs. The
vessels were agitated in an orbital shaker at 25 � 2°C and 60 rpm. Aliquots
(200 �l) were removed at predetermined time points and were replaced
with an equal volume of dissolution medium. This dilution of the in vitro
release solution was taken into account in the concentration determina-
tions for each absorption measurement. The concentration of TFV was
measured as a function of time by UV-visible absorption spectroscopy.
Concentrations were calculated from absorbance values at 260 nm using
Beer’s Law (18), and a linear concentration-absorbance dependence was
observed over the measurement range.

Nonhuman primate studies. Three pharmacokinetic (PK) studies
were carried out at the Centers for Disease Control and Prevention (CDC)
under approved CDC Institutional Animal Care and Use Committee pro-
tocols and standard guidelines according to the Guide for the Care and
Use of Laboratory Animals (31). In the first study, PK1 (November 2009),
six sexually mature female pig-tailed macaques (Macaca nemestrina) were
used; four received medicated IVRs (Table 1), and two received blank
control IVRs. The second study, PK2 (July 2010), used three sexually
mature female pig-tailed macaques receiving medicated IVRs according
to the characteristics shown in Table 1. The third study, PK3 (July 2011),
consisted of a terminal PK study and used two SHIV-infected, sexually
mature female pig-tailed macaques with medicated IVRs (Table 1). SHIV-
infected macaques released from previous efficacy studies were used in
PK3 since this study needs to be terminal in order to furnish sufficient
vaginal tissue for the detection of intracellular TFV-DP levels in tissue
monocytes. While it is acknowledged that the inclusion of only two ani-

FIG 1 Photograph of a 4-pod macaque IVR. Scale bar, 5 mm.

TABLE 1 Physical characteristics of intravaginal rings used in pig-tailed
macaque studiesa

Physical characteristic

Values in each macaque study

PK1 PK2 PK3

No. of pods 4 4 4
TFV reservoir (mg) 12 64 80
Pod-coating polymer PLA PLA PVA
Delivery channel SA (mm2) 0.79 0.79 1.77b

a PLA, poly-D,L-lactide; PVA, polyvinyl alcohol; SA, surface area.
b Three channels per pod.

Intravaginal Rings Delivering Tenofovir

November 2012 Volume 56 Number 11 aac.asm.org 5953

http://aac.asm.org


mals impacts the statistical significance of the data, it is currently the only
feasible experimental approach, as supported by other reports (6), be-
cause of the low availability of infected macaques. The IVRs were inserted
on day 0 into the posterior vagina and retained for a period of 28 days for
PK1 and PK2 or 14 days for PK3.

Vaginal colposcopy was used to confirm placement and retention of
the vaginal rings. The animals were placed in ventral recumbency while
under general anesthesia. A pediatric speculum was used to open the
vaginal vault to visualize the IVR placement. A Rebel T1i/EOS 500D dig-
ital camera (15 megapixels; Canon, Melville, NY) was used along with a
model number LR66238 colposcope (Carl Zeiss, Dublin, CA).

Study timelines and biological sample collection points are shown in
Fig. 2 and include blood, vaginal secretion (Weck-Cel), cervicovaginal
lavage (CVL) fluid, and tissue sample collection. Vaginal secretions were
collected proximal (ectocervix) and distal (introitus) to the ring place-
ment. For CVL fluid collection, phosphate-buffered saline solution (4 to 5
ml) was gently infused into the vaginal vault via a sterile 10-ml syringe
attached to a sterile gastric feeding tube (size 5 or 8 French) of adjusted
length and CVL fluid was drawn out with the same device. The CVL fluid
was observed for the presence of blood or any other discoloration. In the
nonterminal study (PK1), tissue collection consisted of vaginal biopsies.
In the terminal study (PK3), the animals were necropsied on day 14 and
the vaginal tissue obtained was sectioned into three areas, proximal, me-
dial, and distal vaginal segments relative to the location of the IVR. Ani-
mals were sedated when procedures were performed, and after recovery
from anesthesia, the animals were awake and mobile in their cages. Ani-
mal enrichment procedures are in place to promote the health and well-
being of the animals.

Blood and CVL fluid were obtained up to 3 weeks prior to the insertion

of the ring in order to establish baseline cytokine profiles. Amicon ultra-4
10-kDa concentrators (Millipore, Billerica, MA) were used to concentrate
the CVL fluids for cytokine analysis. Induction of mucosal inflammation
was monitored by measuring vaginal and systemic cytokines as previously
described using fluorescent multiplexed bead-based assays (Invitrogen,
Carlsbad, CA, and Bio-Rad, Hercules, CA) in accordance with the man-
ufacturer’s instructions (38). Tumor necrosis factor alpha (TNF-�), in-
terleukin-1� (IL-1�), interleukin-6 (IL-6), macrophage inflammatory
protein 1� (MIP-1�), regulated-upon-activation, normal T-cell-ex-
pressed, and secreted (RANTES), granulocyte colony-stimulating factor
(G-CSF), macrophage inflammatory protein 1� (MIP-1�), interleukin-8
(IL-8), interleukin-1 receptor antagonist (IL-1Ra), eotaxin, interleu-
kin-15 (IL-15), and interleukin-12 p40 (IL-12p40) were analyzed by the
above-described methods. Although additional cytokines were assayed,
those that were below the level of detection are not reported. Statistical
analysis was performed using the Mann-Whitney U test.

Vaginal biopsy specimens were taken according to the timelines
shown in Fig. 2 to assess the integrity of the vaginal tissue and the presence
of mononuclear infiltrates in the mucosal tissue.

Sterile swabs were collected from all macaques to complete a micro-
biological characterization on days �14, 0, 7, 21, 28, and 35 in PK1. Each
swab was placed individually in a Port-a-Cul (Becton, Dickinson) tube
and transported to Magee Women’s Research Institute within 24 h of
collection for microbial analysis. The swabs were characterized for the
presence of aerobic and anaerobic microorganisms. Details on the meth-
ods used to assess vaginal microflora have been provided elsewhere (13).

Used intravaginal implants were analyzed for residual drug content at
Oak Crest Institute using the following methods. The silicone surround-
ing the drug pods was cut with a scalpel, and the excised material was

FIG 2 Macaque study timelines and biological sample collection points. (A) PK1 (4 medicated; 2 placebo). (a) Blood and CVL fluid. (b) CVL fluid collection.
(c) Blood, CVL fluid, and tissue collection. Four predose sample collection points (days �21, �14, �5, and 0) and one postdose sample collection point (day 35).
(B) PK2 (3 medicated). (a) Blood, CVL fluid, and vaginal secretion (Weck-Cel) collection. Two predose sample collection points (days �8 and 0) and one
postdose sample collection point (day 35). (C) PK3 (2 medicated). (a) Blood collection. (b) Blood, CVL fluid, and vaginal secretion (Weck-Cel) collection. (c)
Blood, CVL fluid, vaginal secretion (Weck-Cel), and tissue collection. Two predose sample collection points (days �14 and 0).
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dissolved in deionized water with sonication. The resulting solution was
analyzed by high-performance liquid chromatography (HPLC), and these
data were used to back-calculate the residual drug content according to
published methods (29, 30).

A published method for plasma TFV (24) was adapted to analyze TFV
in CVL fluid, vaginal secretions from Weck-Cel spears, plasma, and tissue
samples. Biopsy samples were incubated with tenofovir-d6 as the internal
standard in 100% methanol for 30 min and then sonicated for 30 min. The
supernatant was transferred to a microtiter plate and evaporated to near
dryness. A volume of 100 �l of buffer A (20 mM formic acid, 20 mM acetic
acid; pH 3.2) was added to all samples and evaporated again to near
dryness. Another 100 �l of buffer A was then added to all samples, and the
plate was sealed and stored at �20°C until used. For CVL and biopsy
samples, known negative samples were spiked to provide quality control
samples. The method of detection was based on the procedures previously
described (24), with the following changes. In this study, no column
switching was performed, and a 150- by 2-mm Synergi Polar-RP column
(Phenomenex) was used. Samples were analyzed using a 3200QTrap (Ap-
plied Biosystems) mass spectrometer equipped with a Prominence HPLC
system (Shimadzu). The vaginal lymphocytes were processed from the
tissue sections obtained in PK3, and the intracellular concentration of
tenofovir diphosphate (TFV-DP) was determined as described previously
(6). In addition, TFV-DP concentrations were measured in peripheral
blood mononuclear cells (PBMCs) and mononuclear cells isolated from
rectal tissue and the draining inguinal lymph nodes.

The TFV lower limits of quantitation (LLOQs) for CVL fluid and
plasma were 5 and 7 ng ml�1, respectively, and the LLOQ was 15 ng g�1 in
tissue samples. The intracellular TFV-DP LLOQ was 10 ng ml�1 (6, 25),
which corresponds to 13 fmol/106 cells (25). All calibration curves had R2

values greater than 0.99.

RESULTS
In vitro studies. In vitro cumulative release profiles for the three
IVR formulations exhibited linear (R2 � 0.95) sustained release of
TFV over the course of the studies, as is typical for pod IVRs (4, 29,
30). The cumulative release rates over these time periods are
shown in Table 2.

Nonhuman primate studies: safety profiles. No ring expul-
sions or behavioral changes were noted throughout all studies,
and adverse effects were not observed by colposcopy. Cytokine
profiles, both locally and systemically, were stable when samples
collected before and after ring removal were compared to those
from when the ring was in place and releasing drug (Fig. 3). The
proinflammatory cytokines TNF-�, IL-1�, MIP-1�, IL-8, and
MIP-1� were all unchanged in the local mucosal environment,
and no increases were observed systemically in the plasma.

Details on the impact of the IVRs in PK1 on vaginal microflora

have been presented elsewhere (13), and only a brief discussion is
included below. The ring surfaces were covered with monolayers of
epithelial cells. Two bacterial biofilm phenotypes were found to de-
velop on these monolayers, and both had a broad diversity of bacterial
cells closely associated with the extracellular material (13). These
structures did not appear to impact the IVR release rates significantly.

IVIVC. The in vitro-in vivo correlation (IVIVC) was analyzed
to describe a framework that minimizes in vivo studies required in
future research. In vitro experiments therefore may guide param-
eter selection in the development of sustained-release formula-
tions. The calculated IVIVC for PK1 and PK2 is given in Table 2
and indicates that release rates in vivo are ca. 5 times as fast as those
measured in vitro. Note that the in vivo release rate for PK1 is
biased low because the complete 12-mg drug payload was deliv-
ered in less than 28 days according to residual drug measurements
on the used IVRs. No IVIVC is presented for PK3, as this study was
designed to have most of the drug delivered in the first 7 days of
the study (see Discussion).

Nonhuman primate studies: pharmacokinetics. Drug distri-
butions and concentrations across key pharmacokinetic compart-

FIG 3 Cytokine levels (means and standard deviations) in vaginal lavage fluid
(A) and plasma (B) from macaques (n � 6) in PK1. The � and � symbols
denote time points when the samples were collected, with the IVR either absent
(5 time points) or present (4 time points).

TABLE 2 In vitro and in vivo daily release rates and IVIVC of TFV IVRs

Macaque study
(no. of macaques)

Release rate (mg day�1)a

IVIVCbIn vitro In vivo

PK1 (4) 0.23 � 0.033 0.37 � 0.048c 1.6c

PK2 (3) 0.23 � 0.040 1.08 � 0.038 4.7
PK3 (2) 14.1 NMd NM
a Values are means and SDs.
b Defined as the in vivo release rate divided by the in vitro release rate.
c The in vivo release rate biased low because the complete 12-mg drug payload was
delivered in less than 28 days according to residual drug measurements on the used
IVRs.
d Not measured, as the IVRs delivered most of their TFV payload within the first week
of the 14-day study (Fig. 5) so that an accurate release rate, and hence the IVIVC, was
not able to be determined by residual drug analysis.
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ments are summarized in Table 3. Cervicovaginal lavage (CVL)
fluid TFV levels for all three studies are shown in Fig. 4, and vag-
inal secretion TFV concentrations are shown in Fig. 5. While TFV
levels in CVL fluid and vaginal secretion samples were poorly cor-
related (R2 values of 0.079 and 0.007 for secretions collected prox-
imally and distally to the IVRs, respectively), the mean values in
PK2 suggest that, on average, a 22-fold dilution of the vaginal fluid
results from the lavage procedure: mean secretion levels over the
vaginal tract in PK2, 72.4 � 109 �g ml�1; mean CVL fluid levels in
PK2, 3.31 � 2.59 �g ml�1 (Table 3). Due to the poor correlation
between CVL fluid and vaginal fluid analyses, all TFV measure-
ments in CVL fluid are uncorrected. Macaque plasma levels were
below the LLOQ (7 ng ml�1) for all samples. TFV tissue levels in
vaginal biopsy specimens (PK1) are shown in Fig. 6. Tissue
TFV-DP levels were measured in all four compartments (PBMCs,
mononuclear cells isolated from vaginal and rectal tissue, and
draining inguinal lymph nodes) in PK3, as shown in Fig. 7.

DISCUSSION

Three TFV pod IVR formulations were evaluated for safety and
PK in female pig-tailed macaques (Table 1). TFV is a nucleotide

analog inhibitor of reverse transcriptase, an essential enzyme that
transcribes the viral single-stranded RNA genome into double-
stranded viral DNA prior to incorporation into the host cell DNA,
and has been used in many recent clinical PrEP trials. The pod IVR
design consists of polymer-coated solid TFV cores, referred to as
pods, positioned in an unmedicated ring, with delivery channels
in the impermeable IVR structure exposing the TFV pod to vagi-
nal fluids (4).

Practical benefits of the pod IVR design. Conventional IVR
designs consist of devices that contain the solid drug homoge-
neously dispersed throughout the polymeric matrix, so-called
“matrix IVRs,” and IVRs with a drug-loaded polymer layer below
the surface of the ring, positioned between nonmedicated poly-
mer layers, so-called “sandwich” or “reservoir rings” (27). The
pod IVR design described here is novel (27) because it consists of
polymer-coated drug cores, referred to as pods, that are embedded
in an unmedicated ring. This approach leads to a number of im-
portant benefits, which have been discussed in detail elsewhere
(4). The drug release rates from the pod IVRs are determined by

TABLE 3 Drug distributions and concentrations across key pharmacokinetic compartments in macaques following administration from TFV IVRsa

Study (no. of
macaques)

TFV concn Intracellular TFV-DP concn (fmol/106 cells)

CVL fluid
(�g ml�1) Secretions (�g ml�1) Tissue (�g g�1)

D14
PBMCs Vagina

Inguinal
lymph node Rectum

PK1 (4) 3.98 � 3.02 NM 97.8 � 61.3,b 55.0 � 39.7,c

76.4 � 54.8
NM NM NM NM

PK2 (3) 3.31 � 2.59 50.3 � 42.3,b 94.6 � 146,c

72.4 � 109
NM NM NM NM NM

PK3 (2) 22.8 � 17.9d 2.44 	 103 � 2.37 	 103,b,d

1.24 	 103 � 1.59 	
103,c,d 1.84 � 103 �
1.97 � 103

NM 7 446 � 150 18 22

a Values are means and SDs, where applicable. Values in bold font are means and SDs of samples collected proximally and distally to the IVR. NM, not measured. Plasma TFV levels
were below the 7 ng ml�1 lower limit of quantitation (LLOQ).
b Ectocervix (proximal to the IVR).
c Introitus (distal to the IVR).
d Only day 7 data were used in these calculations, as the IVRs delivered most of their TFV payload within the first week of the 14-day study (Fig. 5).

FIG 4 Tenofovir levels (means and standard deviations) in vaginal lavage fluid
from macaque in vivo studies. Solid circles, PK1 (n � 4); open circles, PK2 (n �
3); open triangles, PK3 (n � 2); solid arrow, IVRs removed in PK1 and PK2;
open arrow, IVRs removed in PK3.

FIG 5 Tenofovir levels (means and standard deviations) in vaginal secretions
from macaque in vivo studies. Solid circles, ectocervix (proximal to IVR) in
PK2 (n � 3); open circles, introitus (distal to IVR) in PK2 (n � 3); solid
triangles, ectocervix (proximal to IVR) in PK3 (n � 2); open triangles, introi-
tus (distal to IVR) in PK3 (n � 2); solid arrow, IVRs removed in PK2; open
arrow, IVRs removed in PK3.
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the pod’s biocompatible polymer membrane(s) and by the char-
acteristics (e.g., number, geometry, and cross-sectional area) of
the delivery channels in the impermeable IVR structure (4, 28)
and not by the drug loading, as with conventional IVR designs.
This was demonstrated in PK1 and PK2, in which a 5-fold increase
in drug loading, but an otherwise identical IVR configuration,
resulted in statistically equivalent drug levels in CVL fluid over the
28-day studies. Constant daily release rates (i.e., no initial burst)
were observed with pod IVRs, as opposed to those observed with
matrix IVRs (27). The release rate from each pod can be titrated to
the requirements of the application over a wide dynamic range by
changing the IVR configuration (4), as demonstrated here for
TFV, for which in vitro release rates spanning a factor of 60 were
achieved (Table 2). Finally, controlled and sustained release is
independent of the ring material, which acts as a scaffold to hold
the pods, offering flexibility in drug and polymer choice that may
be important for future large-scale production.

The development of IVR formulations to deliver antiretroviral
active pharmaceutical ingredients (APIs) for HIV prevention will
have to follow the guiding principles of microbicide design in
being effective, well tolerated, user-friendly, and affordable (17,
23). In a recent review on IVR technology for topical HIV prophy-
laxis, Kiser and colleagues stated that “the academic drug-delivery
community often overlooks practical issues such as API chemical
and physical stability, cost and reproducibility, and manufactur-
ability, all of which should be seriously considered when designing
drug-delivery devices for use in the developing world” (22). The
modular design of the pod IVR is key to enabling cost-effective
manufacturability, which is accomplished in three major steps: (i)
injection molding of an empty ring using established and inexpen-
sive injection molding processes with no API present, unlike con-
ventional technologies in which the API is dispersed in the ring
polymer (27); (ii) core tableting and polymer coating, identical to
the production method for tablet-based oral dosage forms, a ma-
ture technology; (iii) IVR assembly, which can be accomplished
manually at first and using automation at higher production vol-
umes. The only API-dependent manufacturing step in this three-
stage process is the initial tableting to form the API cores. Once

cores are fabricated, the procedures for coating to produce pods
and assembly of the final IVR are identical, regardless of the API.

Local safety of the IVRs. Local inflammation is a concern
when devices are inserted in a body compartment for extended
periods of time. Mucosal levels of the proinflammatory cytokines
TNF-�, IL-1�, MIP-1�, IL-8, and MIP-1� remained stable
throughout the study period in all animals, with no significant
increases observed as a result of the IVRs (Fig. 3). The only statis-
tically significant changes observed were slight decreases in IL-6,
RANTES, and IL-1Ra. In addition, there were no changes ob-
served in systemic cytokine patterns. This is typical and has been
observed previously in pig-tailed macaques with IVRs (38). The
vaginal microflora was undisturbed as a result of the IVRs during
the course of the study (13). One of the control animals developed
bacterial vaginosis (BV)-like flora following insertion of the IVR,
evidenced by a drop in H2O2-producing bacterial populations and
a concomitant infection by Gardnerella vaginalis which subsided
after the IVR was removed. The microbial biofilm communities
that developed on the IVR surfaces did not lead to any observable,
negative local toxicity outcomes (13).

FIG 6 Tissue TFV levels (means and standard deviations) in vaginal biopsy
specimens from macaque in vivo study PK1 (n � 4). Solid circles, ectocervix
(proximal to IVR); open circles, introitus (distal to IVR); solid arrow, IVRs
removed.

FIG 7 Intracellular TFV-DP concentrations in macaque in vivo study PK3
(n � 2) in mononuclear cells obtained from the proximal, medial, and distal
vaginal compartments relative to the location of the IVR (A) and from rectal
tissue, inguinal lymph node, and blood (B). The TFV pod IVR was inserted on
day 0 and left in place for 14 days. Solid circles, animal identification (ID)
PVC2; open circles, animal ID PIF2.
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Drug distribution and concentration. Figures 4 and 5 dem-
onstrate that sustained release of TFV, exemplified by steady-state
drug levels, was achieved over the course of both studies. The CVL
fluid TFV levels from PK1 (mean and standard deviation [SD],
3.98 � 3.02 �g ml�1) and PK2 (mean and SD, 3.31 � 2.59 �g
ml�1) were statistically similar based upon a naïve analysis com-
paring means and standard deviations on the means despite the
fact that the second set of IVRs contained five times as much drug
but were designed to have the same release profiles. Steady-state
TFV concentrations in vaginal secretions (Table 3), means of mea-
surements from both sampling locations, were 25 times higher in
the fast-releasing formulation used in PK3 (1,840 � 1,970 �g
ml�1) than in the slower-releasing IVRs used in PK2 (72.4 � 109
�g ml�1), reflective of the 30-fold difference in release rate ob-
served in vitro (Table 2). Mean TFV levels in vaginal secretions and
tissue were not correlated with the sampling location, i.e., proxi-
mal and distal to the IVR (Table 3). These observations differ from
previous reports in which drug levels in the sampled compart-
ments at the ectocervix (proximal to the IVR) were approximately
an order of magnitude higher than those at the introitus (distal to
the IVR) (19, 40). The higher water solubility of TFV compared
to that of the more-insoluble drugs used in previous studies
(19, 40) is a possible explanation for the difference. The ab-
sence of a TFV concentration gradient in the vaginal tract,
along with the steady-state drug levels observed in biological
fluids from day 3 onwards, is consistent with results from two-
dimensional compartmental modeling of IVR drug delivery
indicating that vaginal fluid flow and production are key deter-
minants of drug distribution (11).

Mean TFV levels in vaginal secretions and tissue were equal
(Table 3, PK1 and PK2), based on the assumption that vaginal
tissue has a density of 1 g ml�1 (33). The results differ significantly
from measurements in vaginal compartments of sheep receiving
TFV from IVRs (30), for which drug levels in vaginal secretions
were two orders of magnitude higher than those in tissue biopsy
specimens. This observation can be attributed to different ratios of
fluid volume to epithelial cell surface area in the vaginal tract of
both animal models along with differences in TFV release rates
from both formulations. Mean, steady-state TFV levels from the
slow-releasing IVR formulation in vaginal tissue at the ectocervix
and introitus were 97.8 � 61.3 �g g�1 and 55.0 � 39.7 �g g�1,
respectively, five times as high as TFV concentrations measured in
cervical (19.3 �g g�1) and vaginal (18.3 �g g�1) tissue 24 h after
intravaginal administration of 1% TFV gel in rhesus macaques
(33). Intravaginal administration of TFV from IVRs resulted in
distribution of the drug to rectal tissue lymphocytes, with a 20-
fold decrease in intracellular TFV-DP levels relative to that in vag-
inal tissue lymphocytes (Table 3). Similar results were obtained by
Nuttall et al. using TFV gel formulations in rhesus macaques, al-
though these investigators were unable to detect the intracellular
phosphorylated moiety (33). These data suggest that a TFV-based
microbicide applied vaginally may hold potential for protecting
against rectal exposure to HIV-1. Systemic TFV levels were below
the 7-ng ml�1 LLOQ in all studies, a benefit of the topical, sus-
tained-release delivery system as it avoids the large peaks and
troughs characteristic of oral- and gel-based formulations.

While TFV concentrations in vaginal secretions decreased
sharply after the removal of the IVR (Fig. 5), tissue levels remained
at steady state (Fig. 6), consistent with the long intracellular
plasma TFV half-life of 0.6 days in humans (3) and macaques (8,

10). It is widely believed (1, 17) that vaginal tissue is the key phar-
macological compartment in determining the efficacy of HIV pre-
vention by TFV (see additional discussion below). Our observa-
tion that high TFV levels in whole vaginal tissues were sustained in
spite of decreasing lumenal concentrations following IVR removal
therefore suggests that the IVR may potentially be removed for
extended periods of time without loss of efficacy.

Implications for pharmacodynamic outcomes. The pivotal
role of multicompartmental pharmacokinetic-pharmacodynamic
(PK-PD) modeling in microbicide development has been de-
scribed by Hendrix et al. (17). In general terms, such a model is
fundamentally important in understanding the relationships be-
tween active drug concentrations in the relevant compartments
(PK) and preventive effects (PD), such as the efficacy in prevent-
ing infection following vaginal exposure to SHIVSF162p3. Our re-
sults feed back into the model and identify concentration targets
for in vitro and animal model studies that should be revised based
on human biomarker outcomes. Clinically, biomarkers predict
seroconversion outcomes as the PD efficacy endpoint, and deter-
mined concentrations in active-site targets combined with multi-
compartment PK modeling allow rational selection of dose and
frequency, informing future clinical study design. A recent PK-PD
analysis of data from the CAPRISA 004 trial suggests that women
with TFV cervicovaginal fluid concentrations greater than 1,000
ng ml�1 were significantly protected from HIV infection (21).
Mean TFV vaginal secretion concentrations in pig-tailed ma-
caques were 100- and 2,000-fold higher than this protective level
from slow- and fast-releasing IVRs, respectively (Table 3), sug-
gesting a potential for favorable PD and efficacy outcomes with
these formulations.

To demonstrate antiviral activity against HIV, TFV must un-
dergo in vivo phosphorylation by intracellular kinases to produce
the active moiety, TFV-DP (1, 39, 45). Measurement of TFV-DP
within susceptible CD4� cells is critical in relating drug exposure
to drug efficacy. Because TFV-DP is ionized and trapped intracel-
lularly, it persists with a longer half-life than the parent drug in
plasma (1). In HIV-infected patients receiving TFV, Hawkins et al.
reported intracellular TFV-DP kinetics in peripheral blood
mononuclear cells (PBMCs) to be highly variable, with intracel-
lular half-lives ranging from 60 to more than 175 h (15). Intracel-
lular TFV-DP concentrations resulting from the fast-releasing
TFV in the terminal pig-tailed macaque study (PK3) are presented
in Fig. 7 and Table 3 and are compared with those measured in
PBMCs. These cells have traditionally been the reference tissue for
nucleoside reverse transcriptase inhibitor (NRTI) studies in vivo
(45) because they are accessible and present in high number, in
addition to being clinically relevant because they contain CD4� T
lymphocytes, the main HIV target (1). The findings presented
here agree with previous studies (1), suggesting that TFV-DP ac-
cumulates in tissues relevant for HIV prevention—i.e., the vaginal
tract in the case of topical delivery from IVRs—and that concen-
trations according to cell or tissue type may be different from
those in the reference PBMC compartment. The correlation of
intracellular TFV-DP levels in vaginal tissue lymphocytes at the
time of vaginal exposure to SHIVSF162p3 and the associated efficacy
in protecting pig-tailed macaques was described recently (6). Vag-
inal application of a 1% TFV gel 30 min prior to each virus expo-
sure was 100% efficacious, whereas the efficacy dropped to 74%
when animals were dosed with the same gel once weekly on day 0
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and exposed to virus twice weekly on days 0 and 3 when the intra-
cellular TFV-DP levels were substantially lower (35).

Conclusion. The administration of TFV from pod IVRs to
pig-tailed macaques demonstrated preliminary safety and exhib-
ited sustained and controllable drug release over 28 days. Relating
the PK data to PD outcomes from studies in humans and ma-
caques suggests that TFV-releasing IVRs based on the pod design
have potential in the prevention of transmission of HIV-1 and
merit further investigation in a clinical setting.
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