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Microbicidesmay prevent HIV and sexually transmitted infections (STIs) inwomen; however, determining the optimal
means of delivery of active pharmaceutical ingredients remains amajor challenge.Wepreviously demonstrated that a
vaginal gel containing the non-nucleoside reverse transcriptase inhibitor MIV-150 partially protectedmacaques from
SHIV-RT (simian/HIV reverse transcriptase) infection, and the addition of zinc acetate rendered the gel significantly
protective. We test the activity of MIV-150 without the addition of zinc acetate when delivered from either ethylene
vinyl acetate (EVA) or silicone intravaginal rings (IVRs). MIV-150 was successfully delivered, because it was detected in
vaginal fluids and tissues by radioimmunoassay in pharmacokinetic studies. Moreover, EVA IVRs significantly pro-
tected macaques from SHIV-RT infection. Our results demonstrate that MIV-150–containing IVRs have the potential
to prevent HIV infection and highlight the possible use of IVRs for delivering drugs that block HIV and other STIs.
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INTRODUCTION

Products that blockHIV sexual transmission are urgently needed. A 1%
tenofovir gel applied before and after intercourse significantly reduced
HIV and HSV-2 (herpes simplex virus 2) acquisition in women (1), in-
dicating the potential for topical microbicides to curb the AIDS pan-
demic. In contrast, the 1% tenofovir gel arm of the VOICE (Vaginal
andOral Interventions to Control the Epidemic) trial, which used a daily
dosing regimen, was dropped after interim data analysis showed that the
gel was ineffective. The reasons for these different outcomes are unclear,
but the discrepancies underscore the need for continued research into
HIV prevention products.

Adherence remains a critical bottleneck to the success of microbi-
cides (1–4). Intravaginal rings (IVRs) represent a sustained-release ap-
proach to microbicide delivery. They are well tolerated by women, are
efficacious for contraception (5) and hormone replacement therapy (6),
and have been associated with improved adherence over other drug de-
livery systems (7, 8). IVR technology is well suited to the delivery of small
molecules like the hydrophilic nucleoside reverse transcriptase inhibitors
and the hydrophobic non-nucleoside reverse transcriptase inhibitors
(NNRTIs) (9–11). Recent advances in microbicide IVRs have led to
their ability to releasemultiple active pharmaceutical ingredients (APIs)
targetingHIV and other sexually transmitted infections (STIs) (6, 10–13).

We previously reported that repeated application of a carragee-
nan gel containing the potent NNRTI MIV-150 (Fig. 1A, not used in
first-line HIV therapies) provided partial protection against vaginal
SHIV-RT (simian/HIV reverse transcriptase) transmission inmacaques
when the last dose was given 8 hours before challenge (14). Protection
was lost when the last dose was applied 24 hours before challenge; how-
ever, the addition of zinc acetate boosted the gel’s protective potential to
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89% (P < 0.0002) (14). We aim to develop IVRs as an alternative deliv-
ery platform for this promisingAPI combination. Needing to first dem-
onstrate the activity of MIV-150 delivered from IVRs, we hypothesized
that IVRs would provide sustained release of MIV-150 in vivo and im-
prove protection compared toMIV-150 gels. To that end, in this study,
we developed silicone and ethylene vinyl acetate (EVA)MIV-150 IVRs.
Both IVRs released MIV-150 in vitro and in vivo, with EVA IVRs sig-
nificantly protecting macaques from SHIV-RT infection. Our findings
demonstrate that MIV-150–releasing IVRs can protect against immu-
nodeficiency virus challenge and support the development of IVRs that
release MIV-150 and zinc acetate to prevent HIV and other STIs.
RESULTS

Silicone IVRs release active MIV-150 and provide partial
protection against vaginal SHIV-RT infection
Siliconematrix IVRswere formulatedwith 50mg ofMIV-150 (Fig. 1B),
and in vitroMIV-150 releasewas evaluatedwith the nonionic surfactant
Solutol (0.05 weight percent) in 100ml of 25mM sodium acetate buffer
(pH 4.2) (SNaC buffer) as the releasemedium (15). Daily release ranged
from 111 to 33 mg/day, averaging 54 mg/day with a day 15 median of
45 mg/day (Fig. 2A). The cumulative amount of MIV-150 released at
29 days was 1410 mg (mean of the area under the curve of the MIV-150
release curves) or 2.8% of the loading dose (Fig. 2B). The cumulative
percentage of MIV-150 released (Q) over time exhibited partition-
controlled kinetics ofQa time0.90 (Fig. 2B). The IC50 (median inhibitory
concentration) value of MIV-150 released into SNaC buffer on day
1was 2.7 nM(Table 1), whereasMIV-150 released into aqueous ethanol
on day 1 (fig. S1) had an IC50 value of 0.60 nM (Table 1). Thus, ring
formulation conditions did not affect MIV-150’s activity.

To characterize in vivo release, we quantifiedMIV-150 in plasma,
vaginal swabs, and vaginal and cervical tissues of Depo-Provera
(depo)–treated macaques that received silicone IVRs (table S1) for
4 weeks. MIV-150 was below the limit of detection in the plasma 14
and 28 days after IVR insertion [radioimmunoassay (RIA) lower limit
anslationalMedicine.org 5 September 2012 Vol 4 Issue 150 150ra123 1
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of quantification (LLQ) was 1 ng/ml (2.7 nM)] (16) (Fig. 3A). Similar
MIV-150 levels (mean ± SEM) were detected in vaginal swabs 14 days
(28.5 ± 8.5 ng/ml, 77.0 nM) and 28 days after insertion (22.9 ± 5.6
ng/ml, 61.8 nM) (Fig. 3A), which was >60 times the IC50. MIV-150
was detected in cervical (0.027 ± 0.006 ng/mg wet tissue) and vaginal
(0.008 ± 0.004 ng/mg) biopsies 14 days after insertion, increasing sig-
nificantly by 28 days (cervix, 0.169 ± 0.089 ng/mg; vagina, 0.038 ± 0.009
ng/mg) (Fig. 3B). More MIV-150 was detected in the cervix than in the
vagina (significant only 14 days after insertion). MIV-150 released
in vivo was active in vitro. Vaginal swabs collected 2 to 4 weeks after
insertion had a mean ± SD IC50 value of 0.40 ± 0.26 nM (Fig. 3C).

Because silicone IVRs released MIV-150 in vivo, we evaluated their
ability to protect macaques from SHIV-RT. IVRs were present in the
vagina for 2weeks before vaginal challenge (inserted 3weeks after depo)
and 2 weeks after (table S2). Silicone IVRs reduced infection frequency
to 29% (two of seven; 58% reduction in infection compared to three of
five infected in the placebo IVR group) (Fig. 3D). This was not statisti-
cally significant (P = 0.55, Fisher’s exact test) because of the small num-
ber of animals tested. Virus in both infected macaques peaked 3 weeks
after infection before declining to a variable set point (Fig. 3E). Two pla-
cebo animals experienced normal viremia that peaked 2 weeks after in-
fection and declined to a set point; the third had high viremia at week 3
but no detectable virus at every other time point (Fig. 3E and table S2).
There was no difference in average viremia between infected animals
that received placebo or MIV-150 IVRs (Fig. 3F). Plasma viral RNA
from infected animals at peak viremia showed none of the 10 most fre-
quent NNRTI-associated resistance mutations (table S3). Only infected
animals seroconverted except for the placebo macaque with a single vi-
remic time point (table S2).

MIV-150 release in vitro is improved from EVA-40 IVRs
As an alternative delivery vehicle, we explored EVA IVRs loaded with
MIV-150 (Fig. 1B). EVA is commonly used for clinical devices and the
only thermoplastic used clinically for an IVR (6, 17).WepreparedEVA-
40 IVRs (40% vinyl acetate content) (Fig. 1B) loaded with 50 mg (for
comparison with silicone) or 100 mg (to maximize drug release) of
MIV-150. Daily release (in the SNaC buffer) for the 50-mg IVRs ranged
www.ScienceTr
from 238 to 130 mg/day, averaging 163 mg/day with a day 14 median of
151 mg/day, and for the 100-mg IVRs ranged from 251 to 162 mg/day,
averaging 195 mg/day with a day 14 median of 176 mg/day (Fig. 4A).
The cumulative amounts of MIV-150 released at 28 days from the
50- and 100-mg EVA-40 IVR were 4370 mg, or 8.7% of the loading
dose, and 5285 mg, or 5.3% of the loading dose, respectively (Fig. 4B).
The 50- and 100-mg IVRs exhibited partition-controlled release ki-
netics of Q a time1.04 and Q a time1.08, respectively (Fig. 4B). The in
vitro antiviral activity of MIV-150 released from 100-mg EVA-40
IVRs into SNaC buffer and aqueous ethanol (Table 1) confirmed that
IVR processing conditions did not affect MIV-150’s activity. The IC50

value for MIV-150 released into SNaC buffer was 2.8 and 0.5 nM for
release into aqueous ethanol (Table 1).

Active MIV-150 is released from EVA-40 IVRs in vivo
We initially hypothesized that having IVRs in place for 2 weeks before
challenge would increase MIV-150 levels in target tissues and enhance
protection. However, if drug levels at the time of virus exposure were
important, then IVRs might be even more effective if macaques were
challenged 24 hours after the ring was inserted (see Fig. 4A). Therefore,
we investigated the temporal relationship between in vitro–release
kinetics and MIV-150 levels in tissues and fluids in vivo. Mimicking a
scenario in which macaques would be challenged either 2 weeks or
24 hours after insertion and tomaintain 5 weeks between depo treat-
ment and challenge [for optimal transmission in the control group
(14, 18)], we varied the time of IVR insertion relative to depo (table S1).
MIV-150 IVRs (100 mg) were inserted either 3 weeks after depo (for
challenge 2 weeks after insertion) or 5 weeks after depo (for challenge
24 hours after insertion). Plasma MIV-150 levels were below the RIA
LLQ at all time points (Fig. 5A). Vaginal swabs and vaginal and cervical
biopsies contained MIV-150 (Fig. 5, A and B). In the swabs, MIV-150
concentrations fluctuated over time, ranging from 17.1 to 78.5 times the
IC50 in the 3-week post-depo group and from 54.1 to 97.1 times the
Fig. 1. MIV-150 IVRs. (A) Chemical
structure and properties ofMIV-150.
MF,molecular formula; MW,molec-
ular weight; Tm, melting point; Sw,
SEtOH, and SDMSO, solubility in water,
ethanol, and dimethyl sulfoxide, re-
spectively; Log P, octanol/water
partition coefficient; CP, number
of crystal polymorphs. (B) MIV-150
silicone IVR (50 mg) (left) and MIV-
150 EVA-40 IVR (100 mg) (right).
Fig. 2. MIV-150 silicone IVRs release MIV-150 in vitro. (A) Release of
MIV-150 over 29 days from 50-mg of MIV-150 IVRs in SNaC buffer. (B)

Cumulative percentage of MIV-150 released (Q) from the IVRs over 29 days.
The means ± SD from four identical experiments are shown.
Table 1. Antiviral activity of in vitro–released MIV-150. The IC50 of un-
formulated MIV-150 is <1 nM.
Ring
anslationalMedicine.org
IC50, nM (95% confidence interval)
1:1 ethanol/water*
5 September 2012 Vol 4 Issue 150
SNaC buffer†
Silicone
 0.6 (0.52–0.76)
 2.7 (1.9–3.9)
EVA
 0.5 (0.42–0.82)
 2.8 (1.9–4.3)
*200 ml at 37°C for 1 day. †100 ml at 37°C for 1 day.
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IC50 in the 5-week post-depo group. Although there were no significant
differences over time or between the groups, more MIV-150 was de-
tected in the swabs of the 5-week post-depo group than in those of the
3-week post-depo group 14 days after insertion (P = 0.0524) (Fig. 5A).
MIV-150 levels in swabs frommacaques that received 100-mgMIV-150
EVA-40 IVRs 3 weeks after depo were comparable to those from
macaques that received 50-mg MIV-150 silicone IVRs 3 weeks after
depo (14 days, P = 0.0798; 28 days, P = 0.0512).

MIV-150 levels in cervical and vaginal tissues increased significantly
over time in macaques that received IVRs 5 weeks after depo but not
www.ScienceTr
in animals that received IVRs 3 weeks after depo (cervix, P = 0.4286;
vagina, P = 0.3290) (Fig. 5B). There was no difference in the amount
of drug detected in the cervix and vagina in either group at any time
point (5weeks after depo: 1 day, P=0.1320; 14 days,P= 0.3095; 3weeks
after depo: 14 days, P = 1.000; 28 days, P = 0.9166). However, animals
that received IVRs 5 weeks after depo had significantly more MIV-150
in vaginal (but not cervical, P = 0.0823) tissues 14 days after insertion
than those that received IVRs 3 weeks after depo. The concentration
of MIV-150 found in the mucosal tissues was higher on the day corre-
sponding to the day of challenge in animals receiving 100-mg MIV-150
EVA-40 IVRs (0.10 ng/mg in vagina, 0.09 ng/mg in cervix) than in
those receiving 50-mg MIV-150 silicone IVRs (0.008 ng/mg in vagina,
0.03 ng/mg in cervix) [P= 0.0047 (vagina) andP=0.045 (cervix) 14 days
after insertion of EVA versus silicone IVRs 3 weeks after depo; P =
0.0047 (vagina) and P = 0.0245 (cervix) 1 day after insertion of EVA
IVR versus 14 days after insertion of silicone IVR]. MIV-150 in the
swabs from animals carrying EVA-40 IVRs collected 1 to 24 hours after
insertion had potent antiviral activity (Fig. 5C), with a mean ± SD IC50

value of 0.37 ± 0.12 nM.

MIV-150 EVA-40 IVRs provide significant protection
against SHIV-RT
We next tested the ability of 100-mg MIV-150 EVA-40 IVRs to pro-
tect macaques from SHIV-RT infection. IVRs were inserted either 2
weeks or 24 hours before challenge and either left in place for 2 weeks
after challenge or removed immediately before challenge (table S4).
In the placebo EVA-40 IVR group, 8 of 11 macaques became infected
(72.7%), equivalent to the placebo silicone IVR group (P = 1.0000,
Fisher’s exact test). Controls were pooled to increase our power to detect
protection, yielding 11 of 16 animals infected (68.8%) (Fig. 6). In the
EVA-40 IVR groups that were challenged 2 weeks or 24 hours after
insertion and had their IVRs in place for 2 weeks after challenge
(2 weeks/2 weeks or 24 hours/2 weeks), only one of nine (11.1%)
and one of eight (12.5%) animals became infected, respectively (Fig.
6, A and C). Protection provided by MIV-150 EVA-40 IVRs against
SHIV-RT was significant compared to placebo IVRs in both the
2 weeks/2 weeks (84%) and the 24 hours/2 weeks (82%) groups (Fig.
6A). When MIV-150 EVA-40 IVRs were inserted 24 hours before
and removed immediately before challenge (24 hours/0 week), the in-
fection frequency was similar to the placebo group (four of seven,
57.1%; P = 0.6570) (Fig. 6A). Focusing on the impact of post-challenge
IVRexposure (pooling the 2weeks/2weeks and24hours/2weeks groups,
2 of 17 infected), we found that protectionwas significant compared to
Fig. 3. MIV-150 silicone IVRs offer
partial protection against SHIV-RT
infection. (A and B) MIV-150 in plas-
ma and vaginal swabs 14 days (n =
13) and 28 days (n = 12) after
insertion (A) and in cervical (C) and
vaginal (V) pinch biopsies at 14 days
(n = 6) and 28 days (n = 6) after
insertion (B). Mean ± SEM is shown
inboth (A) and (B). Statistical analyses
in (A) and (B) used the Mann-Whitney U test. (C) Percent of in vitro HIV rep-
lication in the presence of vaginal swab fluids from animals that received
MIV-150 (n = 6) and placebo IVRs (n = 10; mean ± SEM) (relative to no swab
controls, set as 100%). (D) Infection frequency in the placebo andMIV-150 IVR
groups. The numbers above each bar denote the number of infected animals
over the number of challenged animals in each group. (E) Viremia (SIV RNA
copies per milliliter of plasma) shown over time for each animal challenged
with 103 TCID50 SHIV-RT 2 weeks after receiving placebo or MIV-150 IVRs. (F)
Mean ± SEM plasma viral load of infected animals from each group.
Fig. 4. MIV-150 release from EVA-40 IVRs is greater than that from silicone
IVRs in vitro. (A) Release of MIV-150 over 28 days from 50- and 100-mg

MIV-150 EVA-40 IVRs in SNaC buffer. (B) Cumulative percentage of MIV-150
released (Q) from 50- and 100-mg MIV-150 EVA-40 IVRs over 28 days. The
mean ± SD from four identical experiments is shown.
anslationalMedicine.org 5 September 2012 Vol 4 Issue 150 150ra123 3
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the pooled placebo (83%) and the 24hours/0week groups (79%) (Fig. 6B).
Potential differences in viremia among animals that became infected in
the presence of EVA-40 IVRs could not be addressed due to the small
number of animals (Fig. 6, C and D); however, viremia in these animals
was within the range previously observed for vaginal challenge with this
virus (14, 19). Viral RNA isolated at peak viremia carried wild-type RT
gene sequences (table S5). All but one (DA69) infected animals and no
uninfected animals seroconverted (table S4).
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DISCUSSION

This study presents evidence that MIV-150 IVRs can significantly pro-
tect macaques against SHIV-RT infection. MIV-150 silicone (50 mg)
and MIV-150 EVA-40 IVRs (100 mg) both reduced infection frequen-
cy. The data suggest that EVA-40 IVRs releasedmoreMIV-150 in vitro
than did silicone IVRs and protected better in vivo (although the latter
may have been hampered by the small number of animals studied).

Use of nonsink conditions for in vitro release of hydrophobic HIV
inhibitors from polyurethane IVRs has been shown to correlate better
with in vivo–release profiles in macaques and rabbits (20, 21), whereas
sink conditions correlated better with in vivo results in a silicone IVR
study inHIV-negative women (22). At all time points, in vitro–released
MIV-150 levels were >859 times the IC50 against HIVADA, HIVMN, and
SHIV-RT (19, 23). The cumulative release profiles for all threeMIV-150
IVRs in the SNaC buffer exhibited partition-controlled kinetics [typical
of nonsink conditions (24)] ofQ a time, whereQ is the cumulative per-
centage ofMIV-150 released.Q for the 50-mg silicone, 50-mgEVA, and
100-mg EVA IVRs was 2.8, 8.7, and 5.3%, respectively. The largerQ for
the 50-mg EVA IVR versus the 100-mg EVA IVR can be due to atten-
uated MIV-150 release from both rings under nonsink conditions,
which results in similar amounts of MIV-150 being released from both
rings despite the difference in initial loading (15, 20). Cumulative MIV-
150 release in the SNaC buffer was significantly greater from EVA-40
IVRs (P = 0.0001, paired t test) compared to silicone. Overall, this paral-
leled the larger amounts ofMIV-150 detected in the fluids and tissues of
www.ScienceTranslationalMedicine.org 5 Sept
animals receiving the EVA-40 IVRs than
the silicone IVRs. These differences could
be due to differential solubility ofMIV-150
inthe IVRs.FromDSC(differential scanning
calorimetry) of formulated ring segments
and in vitro–release studies with micron-
ized MIV-150, we know that MIV-150 is
insoluble in silicone. MIV-150 was par-
tially soluble in EVA-40 as indicated by
DSC.However, becausewe used a solvent
casting method to formulate the EVA
IVRs, it is possible that the residual solvent
remaining in the IVRs afforded soluble
MIV-150 in the IVR.Silicone IVRsweighed,
on average, 3.2%more after the 29-day in
vitro–release study than before, whereas
the EVA IVRs weighed 0.4% less. These
data could indicate that the residual sol-
vent remaining in theEVAIVRswaseluted
during the release study, and support the
notion that MIV-150 was at least partially
soluble in the EVA IVR.
The virus inoculum used in this study [103 TCID50 (median tissue
culture infectious dose)] infected ~69% of animals receiving placebo
IVRs, paralleling the 64% transmission rate in controls from previous
vaginal gel studies (14, 19). Challenging depo-treated animals in this
single high-dose challenge model provided a rigorous test of MIV-
150 IVR efficacy and also allowed us to demonstrate that insertion of
the IVRs for 4 weeks resulted in no adverse effects that could promote
infection (25). Many other microbicide studies use the repeated low-
dose challenge model (~10 TCID50 per challenge) in cycling macaques
because it more closely resembles human exposure; infection frequency
per challenge in controls for these studies is only 8 to 33% (26–30). We
believe that the setting of heightened susceptibility to infection in this
proof-of-concept study asked more of the product because it had to
prevent infection with an inoculum that results in a ~69% infection
frequency per challenge. Moreover, depo normalizes the discrepancy
in infection susceptibility between the follicular and the luteal phases
of the menstrual cycle, which can affect efficacy studies (31).

Similar amounts of MIV-150 were found in fluids of macaques that
received silicone and EVA-40 IVRs, even though EVA-40 IVRs were
loaded with and released more MIV-150 in vitro and provided greater
protection. However, significantly more MIV-150 was detected in the
sampled tissues of animals that received EVA-40 than silicone IVRs on
the day of challenge. These results suggest that mucosal tissue levels of
MIV-150 (~0.1 ng/mg) on the day of challenge predicted efficacy. Al-
ternatively, MIV-150 concentrations may have been somewhat differ-
ent between the silicone and the EVA-40 studies in the depth of tissue
penetration or the location within the tissue (such as penetration
boundary at the lumen compared with the lamina propria), but this
could not be addressed herein. Although a previous study of the partial-
ly protective MIV-150 gel demonstrated comparable levels of MIV-150
in the tissues to those observed here with EVA-40 IVRs (14), it is im-
possible to directly compare the two regimens given the different drug
delivery methods. Future studies are needed to dissect the relationship
between drug release, absorption, and protection by IVRs and gels.

MIV-150 EVA-40 IVRs protected only when theywere present after
challenge. Had we been able to include a group receiving IVRs 5 weeks
Fig. 5. ActiveMIV-150 is released from EVA-40 IVRs (100mg) in vivo. (A) In vivo–releasedMIV-150measured
in plasma and vaginal swabs over time indicated in hours or days. Closed symbols represent IVR insertion

3 weeks after depo, and open symbols indicate IVR insertion 5weeks after depo. In 3-week post-depo animals,
swabswere collected 0.5 hour (n=11), 1, 2, 3, and 14days (n=11), and 28days (n=5) after insertion. In 5-week
post-depo animals, swabs were collected 1 hour (n = 11), 1 day (n = 11), and 14 days (n = 5) after insertion. (B)
MIV-150detected in cervical (C) and vaginal (V) pinch biopsies at various timepoints after insertion. Closed and
open symbols are used as in (A). Biopsieswere taken from3-week post-depo animals 14 days (n=6) or 28 days
(n = 5) after insertion and from 5-week post-depo animals 1 day (n = 6) or 14 days (n = 5) after insertion. Data
points in (A) and (B) represent means ± SEM, and statistical comparisons weremade with the Mann-Whitney
U test. (C) Percent of HIV infection in vitro in the presence of vaginal swabs fromanimals that receivedMIV-150
(n = 6) and placebo IVRs (n = 10; mean ± SEM).
ember 2012 Vol 4 Issue 150 150ra123 4
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after depo and then challenged under a 2-week/0-hour regimen, it is
possible that these animals would have been protected as the result of
sufficient MIV-150 accumulation in tissues over the course of 2 weeks.
Because release and tissue absorption of drugs from IVRs are affected by
the thickness of the vaginal epithelium and properties of the cervico-
vaginal fluid (CVF) (32, 33), differences in absorption are attributable
to the timing of IVR insertion relative to depo treatment. CVF volume is
decreased and viscosity increased under depo (34), which may affect
longitudinal drug transport in the vagina (33). Tissue drug levels on
the day of challenge were similar for both EVA-40 groups, but the levels
www.ScienceTr
at the time corresponding to 2 weeks after challenge were markedly
increased in 5-week post-depo animals in accordance with reports of
thinner vaginal epithelia at this time point (18). However, we do not
know what the MIV-150 levels in the mucosal tissues would be in the
absence of depo. In a macaque pharmacokinetic (PK) study on silicone
IVRs releasing one of the CCR5 inhibitors maraviroc or CMPD167,
depo affected in vivo distribution of the drugs, reducing CVF and tissue
drug levels while increasing systemic levels (12).We also cannot rule out
that the increased tissue MIV-150 levels we observed 14 days after
insertion in animals that received IVRs 5 weeks after depo were due
to depo-induced drug accumulation. Had we biopsied animals in the
3-week post-depo group at 1 day after insertion, the levels may have
been correspondingly lower.

These data underscore the importance of tissueMIV-150 concentra-
tion on the day of challenge as well as post-challenge drug exposure.
They also highlight that MIV-150 levels in vaginal swabs did not cor-
relate with protection, perhaps because they were not normalized for
the amount of CVF in each swab. These data differ from that seen in
the CAPRISA-004 trial, where post hoc analysis of tenofovir levels in
undiluted CVF indicated a statistically significant correlation between
tenofovir concentrations in the CVF and likelihood of HIV infection
(35). It is unclear whether the tenofovir represented released drug or
residual gel (a problem with many gel studies); nevertheless, the data
indicate that high adherers were better protected. Furthermore, if IVR
insertion at the time of challenge or in the minutes to hours after virus
exposure protects, thenMIV-150–containing IVRsmay be valuable for
both prevention and emergency post-exposure prophylaxis.

Phase 1 studies of 25- and 200-mg dapivirine silicone reservoir IVRs
in healthy women (36) as well as the macaque preclinical 400-mg
maraviroc/CMPD167 IVR study (11) relied on drug release and ab-
sorption to predict efficacy. In both studies, drug levels above the IC50

were detected in CVF and tissues within hours of IVR insertion and
were maintained for up to 7 days (dapivirine) or 28 days after insertion
(CCR5 inhibitors) but were lower than levels measured with in vitro–
release studies (12, 37), similar to our findings. Vaginal fluid and tissue-
associated dapivirine levels were slightly higher with the lower-dose
IVR. Minor differences in dapivirine levels are not unexpected because
reservoir IVRs deliver APIs with zero-order kinetics in a concentration-
independentmanner. These dapivirine IVRs have entered phase 3 trials
despite no efficacy testing in an animal model. Although our data sug-
gest that IVRs delivering therapeutic drug levels to the mucosal tissues
should be effective, it is impossible to know what drug level is required
without performing the efficacy study. Moreover, therapeutic levels in
macaquesmay not accurately predict therapeutic levels inwomen,which
underscores the need to examine in vivo efficacy in combinationwithPK.

This study had several limitations. The efficacy of the MIV-150
IVR was assessed in only one of the two standard macaque challenge
models. We challenge with a single high dose of SHIV-RT, whereas
other groups administer multiple low doses (which we plan to do in
future studies). Each model has its strengths and weaknesses. Neither
has been correlated with clinical efficacy, due in part to poor participant
adherence and to the limitations of any animal model. In addition,
this was a proof-of-concept study using a formulation (a matrix IVR
loaded withMIV-150) that will not be tested clinically. However, our
results not only represent an important and necessary first step in the
development of our final formulation (a combination IVR loaded
with MIV-150 and another API to address efficacy and resistance
issues and broaden the spectrum of activity) but also strongly support
Fig. 6. MIV-150 EVA-40 IVRs offer significant protection against SHIV-RT in-
fection. (A) Infection frequency across the placebo and different 100-mg

MIV-150 IVR groups. (B) Infection frequency evaluating only the role of
post-challenge IVR exposure. In (A) and (B), the numbers above each
bar indicate the number of infected animals over the number of challenged
animals. Fisher’s exact test was used for statistical analysis. (C) Viremia (SIV
RNA copies per milliliter of plasma) over time for each animal challenged
with 103 TCID50 SHIV-RT after receiving placebo or MIV-150 IVRs with differ-
ent timing of insertion and removal. (D) Mean ± SEM plasma viral load of
infected animals in each group.
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the notion that drug-loaded IVRs can block in vivo HIV infection,
which has not been shown with any other IVRs to date. PK and ef-
ficacy were not evaluated in the same animals to avoid skewing in-
fection rates and MIV-150 absorption. We were unable to detect
MIV-150 in plasma using an RIA-based assay (LLQ, 1 ng/ml) and
had to rely on vaginal swabs and tissue samples for PK studies. How-
ever, we are developing a liquid chromatography–mass spectrometry
method to detect MIV-150 in plasma (estimated LLQ of 20 pg/ml),
with which we may be able to detect plasma MIV-150 and identify a
systemic correlate of protection. This will allow us to run future ef-
ficacy and PK studies in the same set of animals. Moreover, sampling
plasma rather than mucosal tissue is preferred in clinical trials be-
cause it is less invasive and less expensive. Furthermore, the need
to have MIV-150 exposure after challenge for efficacy in macaques
precluded the use of pharmacodynamics to evaluate the protective
potential of in vivo–released MIV-150. In vivo efficacy studies are
required to determine whether this will be true for other IVRs in de-
velopment.Wedid not perform true in vitro–in vivo correlation studies
because we were unable to develop a reliable method to quantify the
remaining MIV-150 levels in the EVA IVRs after insertion. However,
it is clear that less MIV-150 was released from the rings in vivo com-
pared to the SNaC buffer conditions in vitro, yet the levels (~0.1mg/ng)
in the tissues at the time of challenge were sufficient to significantly
reduce infection (as long as the rings remained in place after chal-
lenge). Finally, we did not determine whether the presence of MIV-
150 in mucosal tissues led to the emergence of drug-resistant virus
in tissues. However, we did show that the presence of MIV-150–
releasing IVRs did not drive the emergence of RT resistance in virus
that was replicating at normal levels in the blood. This is not sur-
prising because plasma MIV-150 was below detectable levels at all
times, and earlier studies in rats showed that any absorbed MIV-
150 is cleared within 12 hours (16), thereby reducing the likelihood
of resistance development and drug toxicity based on systemic ex-
posure. Although this study was limited to looking for resistance de-
veloping systemically, extensive studies are ongoing in chronically
SHIV-RT–infected animals to determine whether MIV-150–containing
IVRs drive the emergence of drug resistance locally.

Our results demonstrate the protective potential ofMIV-150 EVA-
40 IVRs, particularly when they are present after virus exposure. This
study proves that sustained delivery ofMIV-150 can afford significant
protection against vaginal immunodeficiency virus infection.

In previous gel studies, the addition of 14 mM zinc acetate to a
50 mM MIV-150/carrageenan gel improved the level of protection
above that of the MIV-150 gel alone (14). We are developing com-
bination IVRs that release both MIV-150 and zinc acetate to pro-
vide enhanced protection against immunodeficiency viruses and to
protect against HSV-2 (38). Moreover, a combination IVR may be
loaded with less MIV-150, reducing the emergence of drug-resistant
viruses, minimizing toxicity, and containing the cost of the IVR. Our
data support the development of microbicide IVRs that prevent HIV
and other STIs.
MATERIALS AND METHODS

Matrix IVRs
IVRs had a 2-cm outer diameter and a 4-mm cross-section (Fig. 1B).
Silicone IVRs containing 50 mg of MIV-150 were prepared from
www.ScienceTr
MED-4211 silicone elastomer (NuSil Technology) with two-part
platinum catalysis. MIV-150 was mixed with cold part A silicone.
Part B silicone containing the catalyst was added, mixed until homo-
geneous, and de-aerated. The mixture was injected into brass molds
and polymerized for 90min at 90°C. Cooled IVRs were removed and
stored dark at room temperature.

EVA-40 IVRs contained 50 or 100 mg of MIV-150. EVA-40 beads
(Scientific Polymer Products) andMIV-150 were dissolved in dichloro-
methane (DCM) (Sigma-Aldrich)with stirring. The solutionwas poured
into a pan, andDCMwas evaporated to afford a homogeneous thin film
that was frozen, ground into 4 × 4–mm fragments, melted at 93°C, and
then injected into ringmolds at 75 psi. Cooled IVRswere removed from
molds and stored dark at room temperature.

MIV-150 in vitro release
Saturation curves over 24 hourswere established for 50-mg silicone and
50- and 100-mg EVA-40 IVRs in SNaC buffer at 37°C with shaking.
For extended-release studies, MIV-150 IVRs were suspended in the
same buffer at 37°C with shaking. The release medium was replaced
daily (except for weekends). MIV-150 content on selected time points
wasmeasured in triplicate by high-performance liquid chromatography
with a 150 × 4.6–mm, 3-mm, C18 column: injection volume 100 ml,
mobile phase 50% acetonitrile and 50% 200 mM ammonium acetate
buffer, pH 5.0; flow rate 1 ml/min; wavelength 260 nm; column tem-
perature 35°C.

Antiviral activity of MIV-150 released from IVRs
Antiviral activity in samples of in vitro–released MIV-150 and vaginal
swabs was evaluated against HIV-1ADA-M [lot P4189; multiplicity of
infection, 0.001; AIDS Vaccine Program (SAIC-Frederick, National
Cancer Institute at Frederick)] with the TZM-bl–based multinuclear-
activated galactosidase indicator (MAGI) assay (39). Samples diluted
1:10 were titrated threefold for a total of six dilutions and assayed
in triplicate. Stock MIV-150 diluted to 3.7 to 0.0148 ng/ml (10 to
0.04 nM) was used in each experiment to control for IC50 variations.
IC50 values were calculated with a dose-response-inhibition analysis
and MIV-150 concentrations previously measured in the samples
(GraphPad Prism v5.0).

Macaque treatments
Adult Chinese (silicone IVRs) and Indian (EVA-40 IVRs) rhesus ma-
caques (Macacamulatta) were housed at the TulaneNational Primate
Research Center (TNPRC). Protocols were approved by the TNPRC
Animal Care and Use Committee (OLAW Assurance A4499-01),
which is accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC 000594). Procedures
complied with the Animal Welfare Act (40), the Guide for the Care
and Use of Laboratory Animals (41), and TNPRC standards for mini-
mizing animal distress (42). Macaques tested negative for simian type
D retroviruses and simian T cell leukemia virus-1, and those challenged
with SHIV-RT also tested negative for simian immunodeficiency virus
(SIV). For PK, healthy SHIV-RT–infected and uninfected macaques
were recycled from previous studies. Macaques were randomized to
the treatment groups. Blood, swabs, and tissues were shipped from
TNPRC to our laboratories in New York overnight (42). Peripheral
blood mononuclear cells (PBMCs) were isolated from EDTA blood
(43). Plasma was processed as described (44). Vaginal swabs were col-
lected with Weck-Cel spear sponges (Beaver Visitec). Sponges were
anslationalMedicine.org 5 September 2012 Vol 4 Issue 150 150ra123 6
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pre-moistened in 1ml of saline and inserted into the vaginal vault for
5min. Upon removal, sponges were immersed in remaining saline in
15-ml conical tubes, sealed with Parafilm, and shipped cold.

Biopsies were collected from anesthetizedmacaques (Telazol, 8mg/kg)
in sternal recumbency with the pelvis elevated, using a speculum to
visualize the vaginal vault and external cervical os. Vaginal biopsies
were collected from the lateral or dorsalwall using forcepswith a 3-mm×
5-mm cup. Biopsies (3 mm × 1.5 mm) of the external cervical os were
collected with Burke biopsy punch forceps. Because of increased var-
iability in the MIV-150 RIA at low weights, 20 mg was the minimum
tissue weight per animal per site (16). The average total vaginal tis-
sue weight obtained was 94.67 mg per macaque (silicone IVRs) and
71.33 mg per macaque (EVA-40 IVRs). The average total cervical
tissue weight obtained was 61.83 mg per macaque (silicone IVRs)
and 71.67 mg per macaque (EVA-40 IVRs). Analgesics were ad-
ministered for 2 days after biopsy.

We quantified MIV-150 in plasma, swabs, and tissues by RIA
[LLQ, 1 ng/ml (2.7 nM) for fluids, 0.01 ng/mg for tissues] (14, 42, 45).
To mimic efficacy studies, we similarly depo-treated PK animals (18).
PK study sampling is described in table S1. EDTA blood was collected
14 and 28 days after insertion in the silicone study and 30 min and
1 to 72 hours after insertion in the EVA study.

Details on the 50-mg MIV-150 silicone IVR efficacy study are in
table S2. Details on the 100-mg MIV-150 EVA-40 IVR efficacy
study are in table S4. Animals were challenged with 103 TCID50

SHIV-RT (1.6 × 106 to 1.6 × 107 viral RNA copies) (14) and followed
for 24 weeks. Before initiating efficacy studies, IVR safety and toler-
ability were evaluated (n = 8 silicone, n = 4 EVA-40) for 28 days.
IVRs caused no distress or vaginal irritation. Analysis of all macaques
that received IVRs for 28 days showed that 100% of silicone IVRs (30
of 30) and 86% of EVA-40 IVRs (19 of 22) remained in place for the
entire 28 days.

Determining SHIV-RT infection
Plasma viral RNA was measured by quantitative reverse transcription–
polymerase chain reaction (RT-PCR) for SIV gag (42). PBMC viral
DNA was detected by nested PCR for SIV gag (42). Viral DNA in co-
cultures of PBMCs with CEMx174 cells was measured by quantitative
PCR for SIV gag (19). SIV-specific antibodies were detected in plasma
by enzyme-linked immunosorbent assay (46).

Statistical analyses
Statistical analyses were performed with GraphPad Prism v5.0 (47).
In vitro–releasedMIV-150was evaluated with Student’s t test.Macaque
infection frequency was analyzed with Fisher’s exact test. All other
analyses were performed with a two-tailed Mann-Whitney U test. Sig-
nificance was defined by P < 0.05.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/150/150ra123/DC1
Methods
Fig. S1. In vitro release of MIV-150 into an aqueous ethanol sink.
Table S1. Sampling details of animals in PK studies.
Table S2. Infection and antibody status for macaques that received silicone IVRs.
Table S3. No selection of NNRTI-resistant variants by MIV-150 silicone IVRs.
Table S4. Infection and antibody status for macaques that received EVA IVRs.
Table S5. No selection of NNRTI-resistant variants by MIV-150 EVA IVRs.
www.ScienceTr
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