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Abstract

CHARM-02 is a crossover, double-blind, randomized trial to compare the safety and pharmacokinetics of three
rectally applied tenofovir 1% gel candidate rectal microbicides of varying osmolalities: vaginal formulation
(VF) (3111 mOsmol/kg), the reduced glycerin vaginal formulation (RGVF) (836 mOsmol/kg), and an iso-
osmolal rectal-specific formulation (RF) (479 mOsmol/kg). Participants (n = 9) received a single, 4 ml, radi-
olabeled dose of each gel twice, once with and once without simulated unprotected receptive anal intercourse
(RAI). The safety, plasma tenofovir pharmacokinetics, colonic small molecule permeability, and SPECT/CT
imaging of lower gastrointestinal distribution of drug and virus surrogate were assessed. There were no Grade 3
or 4 adverse events reported for any of the products. Overall, there were more Grade 2 adverse events in the VF
group compared to RF ( p = 0.006) and RGVF ( p = 0.048). In the absence of simulated unprotected RAI, VF had
up to 3.8-fold greater systemic tenofovir exposure, 26- to 234-fold higher colonic permeability of the drug
surrogate, and 1.5- to 2-fold greater proximal migration in the colonic lumen, when compared to RF and RGVF.
Similar trends were observed with simulated unprotected RAI, but most did not reach statistical significance.
SPECT analysis showed 86% (standard deviation 19%) of the drug surrogate colocalized with the virus
surrogate in the colonic lumen. There were no significant differences between the RGVF and RF formulation,
with the exception of a higher plasma tenofovir concentration of RGVF in the absence of simulated unprotected
RAI. VF had the most adverse events, highest plasma tenofovir concentrations, greater mucosal permeability of
the drug surrogate, and most proximal colonic luminal migration compared to RF and RGVF formulations.
There were no major differences between RF and RGVF formulations. Simultaneous assessment of toxicity,
systemic and luminal pharmacokinetics, and colocalization of drug and viral surrogates substantially informs
rectal microbicide product development.

Introduction

Even though the incidence of HIV is declining in
many regions globally, men who have sex with men

(MSM) continue to be affected disproportionately and in-
creasingly. Global MSM incidence estimates are difficult due

to poor surveillance in this group; however, the limited
available data show that MSM carry a high burden of HIV in
high-income countries as well as in low-income and middle-
income countries.1–10 In the United States, despite an overall
decline in the incidence of HIV, the incidence of HIV in
MSM has been increasing significantly, with data from 2010
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showing a 12% rise in incidence of HIV.11 Hence, prevention
of HIV in this vulnerable group, including biomedical in-
terventions such as rectal microbicides (RM), is vital.

Key features of successful RM development include
safety, efficacy, and acceptability of the product by the target
population. RM have the advantageous feature of directly
targeting the colonic mucosa that is at risk of HIV infection
with high antiretroviral (ARV) drug concentrations while
simultaneously limiting systemic exposure and potential
toxicity.12 High local concentrations may also enable peri-
odic dosing by achieving local tissue concentrations above
protective target concentrations more rapidly than can be
achieved by oral dosing. However, locally high concentra-
tions need to be developed carefully to rule out local toxicity.

Encouraged by the success of oral preexposure prophy-
laxis (PrEP) with tenofovir (TFV)-containing regimens,13–16

TFV, a potent nucleotide reverse transcriptase inhibitor
(NRTI) with a long intracellular active drug half-life, is being
investigated as an RM. RMP-02/MTN-006 evaluated the
rectal application of the vaginal formulation (VF) TFV 1%
gel, the formulation used in CAPRISA 004 and VOICE
studies for vaginal application,17–19 and found a rate of minor
adverse events (AEs) too frequent to recommend further
development as an RM. The gastrointestinal-related AEs
were attributed, in part, to the very high osmolality
(3,111 mOsmol/kg) of the formulation. Subsequently, a TFV
1% reduced glycerin formulation (RGVF) with far lower
osmolality (836 mOsmol/kg) was studied in MTN-007
showing that RGVF was safe and well tolerated.20 Based on
these favorable tolerability results, a phase II trial of the
RGVF gel is now underway (MTN-017). A third TFV 1%
gel, formulated specifically for rectal use (rectal formulation,
RF), has been developed to achieve even lower, near physi-
ologic, osmolality (479 mOsmol/kg) and pH value closer to
that of the rectum (pH close to 7).21 The RF vehicle was
selected from among four candidate RM vehicles based on
pharmacokinetics/pharmacodynamics (PK/PD), toxicity, and
acceptability.22

The current study, Combination HIV Antiretroviral Rectal
Microbicide (CHARM) 02 (CHARM-02), is a double-
blinded, randomized, pharmacokinetic and safety study of
three rectally applied TFV 1% gel candidate rectal micro-
bicide formulations; the VF, RGVF, and, RF are distin-
guished primarily by their far different osmolalities. The
goals of the study were to evaluate the safety, systemic TFV
PK, colonic luminal distribution, and clearance of the three
gels, and their impact on mucosal permeability. In addition,
we assessed the degree of overlap in the colonic luminal
distribution for each of the gels with a surrogate for HIV-
infected ejaculate. CHARM-02 was designed as a comple-
ment to, and performed in parallel with, CHARM-01, whose
objectives included multicompartmental PK, a detailed mu-
cosal safety assessment, and an evaluation of the HIV pro-
tective effect using an ex vivo colorectal HIV-1 challenge
assay.23 These studies represent the first-in-human studies of
TFV 1% RF gel.

Materials and Methods

Study design and participants

The Johns Hopkins Medicine Institutional Review Board
approved this single-center, randomized, double-blinded,

crossover study of three TFV 1% gel formulations. All re-
search participants completed a written informed consent
prior to screening. Eligible participants were healthy, male,
HIV-seronegative adults with history of consensual receptive
anal intercourse (RAI) at least once within the 6 months prior
to screening. All participants received each study gel twice,
once with and once without simulated unprotected RAI.
There was a minimum of 11 days washout period be-
tween each gel administration (Supplementary Appendix 1:
CHARM-02 Protocol; Supplementary Data are available
online at www.liebertpub.com/aid). The primary safety
endpoint was Grade 2 or higher clinical or laboratory AEs as
defined by the Division of AIDS Table for Grading the Se-
verity of Adult and Pediatric Adverse Events, version 1.0,
December 2004 as well as addendum 3 (Rectal Grading
Table for Use in Microbicide Studies).24 Primary pharma-
cokinetic endpoints include plasma TFV concentration, lu-
minal distribution of the drug, and viral surrogates and impact
on mucosal permeability of the three gel formulations.

Dose preparation and administration

The three rectally applied TFV 1% formulations in this
study are a VF, an RGVF, and an RF. Study investigators
administered all doses in the research clinic. Each dose of the
study gels was prepared by mixing 100 lCi 111In-
diethylenetriaminepentaacetic acid (111In-DTPA, Cardinal
Health, Halethorpe, MD) with 4 ml of the study gel as the
radiolabeled study drug surrogate. In addition, for the visits
with simulated RAI, 500 lCi 99mTc-sulfur colloid (99mTc-
SC) was mixed with 2.5 ml of autologous seminal plasma,
and administered 60 min after gel product dosing as the HIV
surrogate (based on a similar 100 nm sulfur colloid particle
size in a colloidal suspension). The seminal plasma was
collected prior to the study dosing visits in one or several
outpatient visits to the research clinic until adequate semen
volume was acquired.

To quantitatively describe the distribution of the formu-
lation following the addition of ejaculate and the potential for
mixing due to the coital forces, simulated unprotected RAI
with autologous semen was carried out. All participants re-
ceived a bowel preparation using a Normosol-R (Abbott
Laboratories) enema to remove bowel contents from the
distal colon and to more closely match the realistic clinical
conditions in which these rectal products will be used. Nor-
mosol, a pH and salt-balanced electrolyte solution for li-
censed intravenous administration and fluid replacement,
was chosen in order to reduce the confounding toxicity to the
colonic mucosa. The research participant then inserts a
single-use artificial phallus with a catheter in a urethral po-
sition into the rectum and cycles the devices in and out of the
rectum to its full extent once each second for 5 min. With the
phallus remaining in situ, the autologous semen sample,
radiolabeled with 99mTc-sulfur colloid, is injected by the
study team member through the catheter within the device.
The subject then resumes simulated intercourse with 10 more
in/out cycles of the device and then removes the device. This
procedure has been used successfully in previous studies.25

Safety and acceptability

The safety of the three products was assessed during the
entire study period; participants were asked about any AE
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during each study visit, which was followed by a directed
physical examination and safety laboratory examination.
They were also instructed to contact the investigators should
any AE occur while they were at home. The acceptability of
each study product was evaluated through the administration
of a brief questionnaire after each dose.

Drug concentration analysis

Blood samples (4 ml) were drawn in K2EDTA vacutainer
tubes (BD, Franklin Lakes, NJ) at predose and 0.25, 0.5, 0.75,
1, 1.25, 1.5, 1.75, 2, 2.33, 2.66, 3, 3.5, 4, 8, 12, and 24 h
postdose; plasma was separated from the tubes after centri-
fugation at 1,000 · g for 10 min at 4�C. Aliquots were set
aside for gamma counting (permeability) and aliquots were
stored at -80�C for batched TFV analysis. TFV concentrations
were determined by a previously validated ultraperformance-
liquid chromatographic-tandem mass spectrometric (UPLC-
MS/MS) method at The Johns Hopkins University Clinical
Pharmacology Analytical Laboratory (CPAL).26,27 The as-
say had a lower limit of quantification of 0.31 ng/ml.
Peak concentration (Cmax), times to peak concentration
(Tmax), and area under the concentration-time curve for
24 h (AUC0–24) were calculated using WinNonlin (Pharsight,
6.3, Cary, NC).

SPECT/CT imaging distribution

Two hours and 24 h after each gel administration, partic-
ipants underwent single-photon emission computed tomog-
raphy with transmission computed tomography (SPECT/CT)
to determine the luminal distribution and clearance of each
study gel radiolabel (111In-DTPA) and whole semen radio-
label (99Tc-sulfur colloid). Participants were imaged using a
dual-head VG SPECT series system (GE Medical Systems,
Waukesha, WI) equipped with a CT unit (Hawkeye) as pre-
viously described.25,28 CT images were reconstructed with a
filtered back projection algorithm onto a 256 · 256 matrix
size. After SPECT acquisition, images were reconstructed
using the OSEM algorithm and fused with CT images into a
128 · 128 · 128 matrix size with each voxel representing
3.45 mm3, using the General Electric eNTEGRA worksta-
tion, software version 1.04 (GE Medical Systems, Waukesha,
WI).29

Curve-fitting and concentration-by-distance calculations
were performed using R version 3.1.0 (The R Foundation for
Statistical Computing, Vienna, Austria) as per previously
described algorithms.28,30 Briefly, a flexible principal curve
algorithm was used to construct a three-dimensional curve
based on the colon images. After the centerline was con-
structed, a concentration-by-distance curve was estimated
along the centerline using the orthogonal projections. For
standardizing distances within and among research partici-
pants, the readily identifiable coccygeal plane in the CT
(axial view) was used as the origin (z = 0 value) of the cen-
terline as previously described.31 The distance along the
centerline between the origin of the radiolabel signal and the
coccygeal plane was recorded as Dmin (minimum distance
associated with the closest, most distal, point where radio-
label was detected within the lumen of the colon) with neg-
ative values indicating radiolabel origin below the coccyx
and positive values indicating centerline origin above the
coccyx in the craniocaudal axis. Previously defined imaging

pharmacokinetic-distance parameters—Dmax (distance asso-
ciated with the most proximal radiolabel signal within the
colon), DCmax (distance associated with maximum concen-
tration), and Dave (mean residence distance)—were calcu-
lated for further analysis.31

Mucosal permeability

Blood samples were collected at the same 17 time points as
for plasma TFV PK. Urine samples were collected in three
intervals: 0–2 h, 2–4 h, and 4–8 h postdose. Gamma emis-
sions in 1-ml aliquots were measured on a gamma counter
(Wizard2 automatic gamma counter model 2480, Perki-
nElmer, Waltham, MA) within a 110- to 150-keV energy
window, and data were corrected for decay relative to the
time of dosing. Urine gamma emission results were also
volume corrected. Radioactivity was expressed as a fraction
of the dose administered in order to normalize readouts
among subjects and products. Plasma 111In-DTPA results
were analyzed by calculating the Cmax, Tmax, and AUC0–24.
For urine, the maximum observed urine excretion rate (Max
rate), area under the urinary excretion curve (AURC), and
percent of dose recovered in urine (% recovered) were cal-
culated. Both plasma and urine analysis were carried out
using WinNonlin (Pharsight, 6.3, Cary, NC).

Dual isotope 111In and 99mTC image analysis

We determined the fraction of the HIV surrogate (99mTc-
SC) colocated with the microbicide surrogate (111In-DTPA)
to delineate the adequacy of the study product distribution
relative to the HIV surrogate distribution. Crosstalk correc-
tion was performed using previously described methods.32,33

Using R (version 3.1.2), all voxels with high 99mTc were
selected and defined as ‘‘voxels at risk’’ (VAR). To remove
scattered voxels far from the region of interest, only 200 or
more contiguous voxels among the VAR, named contiguous
VAR (cVAR), were considered.

For this analysis, we used the 99.99% quantile of the in-
tensities of a pure background signal (abdominal location
inconsistent with colon distribution) for 99mTc and 111In,
respectively, as a scan-specific threshold. Within the cVAR
in each scan, two quantities, pv and pi, were calculated: pv is
the proportion of voxels with both high 99mTc and high 111In
among all the cVAR; pi is similar to pv, but indicates the
gamma signal intensity-based proportion, which is the sum of
intensities of 99mTc of voxels with high 99mTc and high 111In
among the total sum of intensities of 99mTc in cVAR. Both
quantities indicate the proportion of 99mTc covered by 111In
among all the 99mTc within cVAR; the only difference is that
pv is voxel based while pi is an intensity (mass)-weighted
version of pv.

Data analysis and sample size

A sample size of nine research participants was calculated
to detect a 0.7 difference in proportion of AEs and a stan-
dardized mean difference of 0.93 in the pharmacokinetic
distance or permeability outcomes between any of the study
gel formulations in a paired analysis with 80% power using a
two-sided, 5% alpha error. Data were analyzed using the
statistical package STATA/IC 13.1 software (StataCorp LP,
College Station, TX). Statistical significance was defined as a
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p-value < 0.05.The number and frequency of Grade 2 or
higher AEs were tabulated for each of the three study for-
mulations after the final dosing visit. The proportion of events
was compared between each pair of formulations using
McNemar’s test. The Friedman test was used to assess dif-
ferences in frequency of AEs among study products, and
based on the result, a Wilcoxon rank sum test was utilized for
pairwise analysis. For comparison of plasma TFV PK,
pharmacokinetic distance, and mucosal permeability out-
comes, Wilcoxon rank sum paired analysis was used. In ad-
dition, to delineate the linear correlation between plasma
TFV concentrations and mucosal permeability, a Pearson’s
correlation coefficient was calculated, with data transfor-
mation as needed.

Results

Subjects

Seventeen men provided written informed consent and
were screened (Fig. 1). Of these, nine fulfilled the inclu-
sion and exclusion criteria and were enrolled. The mean
age of the research participants was 41.8 years [standard
deviation (SD) 9.3]. Three were European American and
six were African American by their own report. Data from
all nine participants were included for AE analysis (safety
cohort). Data from eight were included in the other ana-
lyses (PK cohort). One research participant was excluded
from the PK cohort due to laboratory evidence that he was
surreptitiously taking tenofovir/emtricitabine during the
study period.

Adverse events

Overall, there were 54 AEs and there were no Grade 3 or 4
AEs. AEs were more common when participants were re-

ceiving VF (6/9) as compared to RF (1/9) or RGVF (3/9)
(Table 1). Pairwise comparison revealed a statistically sig-
nificant higher number of overall Grade 2 AEs in the VF
group as compared to RF (13 vs. 1, p = 0.006) and RGVF (13
vs. 5, p = 0.048).

Twenty-three of the AEs (41.8%) were deemed related to
the study gels, and all but one of these events were Grade 1.
All of the 23 AEs were gastrointestinal in nature, including
abdominal cramps (34.8%), diarrhea (26%), bloating/flatu-
lence (21.7), urgency (8.7%), proctalgia (4.4%), and rectal
bleeding (4.4%). There were numerically higher number of
AEs in VF as compared to RGVF and VF, which did not
reach statistical significance in pairwise analysis (Fig. 2 and
Table 1).

Plasma pharmacokinetics of tenofovir

In the absence of simulated unprotected RAI, the median
Cmax of TFV for the VF formulation was 6.4-fold higher than
for the RF ( p = 0.009) (Table 2). VF also had a 4-fold higher
median Cmax than RGVF, but this did not reach statistical
significance ( p = 0.06). The median Cmax for RGVF was also
1.6 times higher than RF ( p = 0.005). With simulated un-
protected RAI, the trend of a higher median Cmax for VF was
also observed, but only the difference in Cmax for VF and
RGVF was statistically significant (36.5 ng/ml vs. 6.87 ng/ml,
respectively, p = 0.03) (Fig. 3 and Table 2).

In addition, there was a statistically significant shorter Tmax

observed for VF when compared to the RF formulation
(1.18 h vs. 2.85 h, p = 0.005 without simulated RAI, 1.26 vs.
1.65h, p = 0.016 with simulated unprotected RAI).

Similar to the trend noted for Cmax, there was an overall
trend of higher AUC0–24 for the VF formulation, both in the
absence and presence of simulated unprotected RAI; how-
ever, only the comparison of VF and RGVF yielded a

FIG. 1. CHARM-02 study
flowchart. Pharmacokinetic
(PK) analysis included eight
participants who maintained
study eligibility, received all
three study products, and
completed all three sampling
periods. The safety analysis
included all nine research
participants enrolled regard-
less of eligibility throughout
the study.
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statistically significant difference, with VF having a 3.8-fold
higher AUC0–24 than RGVF ( p = 0.027).

Imaging distribution

Of the 48 2-h postdose SPECT/CT scans that were
scheduled, all were completed. Three (two RF, one VF) did
not show any microbicide or HIV surrogate signal due to loss
of isotope as a result of a bowel movement prior to imaging.
The 24-h postdose scans were discontinued after the first five
scans in which there was no signal detected due to a com-
bination of radioactive decay and bowel movements.

For the analysis of the drug surrogate (111In-DTPA) in the
absence of simulated RAI, there was a statistically significant
difference in Dmax and Dave for VF when compared to RF and
RGVF; Dmax for VF was 1.5 times and 2 times higher than RF
and RGVF, respectively ( p = 0.04 and 0.002) (Table 3). Si-
milarly, Dave for VF was 2.9 and 2.1 times higher than RF and
RGVF, respectively ( p = 0.015 and 0.02). In contrast, there
was no statistically significant difference in DCmax among the
three products, although VF medians were higher than the
other formulations. There was also no difference in Dmin

among the products. In the presence of simulated RAI, VF
had numerically higher medians of Dmax, DCmax, Dmin, and
Dave when compared to RF and RGVF, but none of these
reached statistical significance.

When comparing the distribution of the drug and the HIV
surrogate, there was no statistically significant difference in
Dmax and DCmax. There was a trend of higher Dave for the
drug surrogate in RF and RGVF, but it did not reach statistical
significance ( p = 0.06 and 0.07, respectively) (Table 4). The
drug surrogate was closer to the anus when compared to the
HIV surrogate for the RF and RGVF ( p = 0.004 and 0.002,
respectively). Sample SPECT images and distance-
concentration plots are depicted in Fig. 4a–c.

Adjusted for the mass of the HIV surrogate in each voxel,
86% (SD 0.19) of the HIV surrogate was colocated with the
drug surrogate; without the mass adjustment (simply com-
paring coincident radiolabel voxel by voxel, regardless of the
amount in each voxel), the mean percentage coverage goes
down to 36.2% (SD 0.13). There was no statistically signif-
icant difference in percent coverage of the HIV surrogate
among the three gel formulations using either colocalization
method.

Mucosal permeability

Plasma 111In-DTPA PK. In the absence of simulated
RAI, the dose-adjusted median Cmax for VF was 34-fold and
7-fold higher than RF and RGVF, respectively ( p = 0.006 and
0.02) (Table 5a). A larger difference was noted with AUC,
with VF 234-fold and 26-fold higher when compared to RF
and RGVF, respectively ( p = 0.005 and 0.02). The median
Cmax and AUC, larger for RGVF compared to RF, nearly
achieved statistical significance ( p = 0.06 and 0.08, respec-
tively).

With simulated RAI, a similar pattern was noted with the
dose-adjusted median Cmax for VF being 7-fold and 8-fold
higher than RF and RGVF, respectively ( p = 0.02 and 0.03).
The median AUC for VF was 63 times and 32-fold higher than
RF and RGVF ( p = 0.02 for both). There was no difference in
AUC between RF and RGVF. There was also no statistically
significant difference in regard to permeability Tmax among
the three products, with or without simulated RAI.

Comparing the permeability of the PK parameters in the
presence and absence of simulated RAI for each product,
there was a pattern of numerically higher median Cmax and
AUC for all three products with coital simulation; however,
only the median Cmax for RF, compared to with and without

Table 1. Proportion and Frequency of Overall Grade 2 Adverse Events

and Frequency of Adverse Events Deemed Related to Study Product

p-values
RF RGF VF RF vs. RGVF RF vs. VF RGVF vs. VF

Participants (n,%)
with Grade 2
AEs (n = 9)

1 (11.1%) 3 (33.3%) 6 (66.7%) 0.63* 0.063* 0.38*

Number of Grade 2
AEs (n, %) (n = 18)

1 (5.3%) 5 (26.3) 12 (68.4%) 0.5** 0.006** 0.048**

Number of Grade 1 and 2
AEs deemed study product
related (n, %) (n = 23)

4 (17.4%) 6 (26.1%) 13 (56.5%) 0.58** 0.09** 0.19**

*p-values derived from pairwise comparison of formulations using McNemar’s test.
**p-values derived from pairwise comparison of formulations using Wilcoxon rank sum test; these were performed after a Friedman test

showed differences in frequency of AEs among the study products.
RF, rectal formulation; RGF, reduced glycerin formulation; VF, vaginal formulation; RGVF, reduced glycerin vaginal formulation; AEs,

adverse events.

FIG. 2. Number of overall Grade 2 adverse events (AEs)
and subset of AEs (Grade 1 and 2) deemed related to study
gels by product.
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Table 2. Plasma Tenofovir Pharmacokinetic Parameters by Product;

Median (25th Percentile, 75th Percentile)

p-value p-value p-value
RF RGVF VF RGVF vs. RF VF vs. RF VF vs. RGVF

Cmax (ng/ml)a

No SURAI 3.65 (1.35, 4.55) 5.95 (5.07, 7.99) 23.3 (12.93–30.6) 0.035 0.009 0.06
SURAI 12.4 (3.1, 31.7) 6.87 (3.71, 23.5) 36.45 (22.75–65.8) 0.53 0.093 0.03

Tmax (h)a

No SURAI 2.85 (1.89, 6.23) 1.03 (0.95, 2.53) 1.18 (0.92, 1.23) 0.07 0.005 0.67
SURAI 1.65 (1.54, 5.63) 1.53 (1.5, 1.64) 1.26 (0.8, 1.54) 0.19 0.016 0.1

AUC0–24
a (ng $ h/ml)

No SURAI 30.13 (14.9, 55) 39.17 (19.1, 57.4) 81.64 (48.8, 137.1) 0.67 0.09 0.14
SURAI 46.51 (20.8, 71) 23.13 (19, 53.5) 87.83 (73.5, 122.5) 0.46 0.09 0.027

aComparison of SURAI vs. no SURAI for each PK parameter yielded p-value > 0.05.
SURAI, simulated unprotected receptive anal intercourse.

FIG. 3. Median (interquar-
tile range) plasma tenofovir
(TFV) concentration (log10)
for each time point by prod-
uct without (a) and with (b)
simulated unprotected recep-
tive anal intercourse. Circle,
rectal formulation (RF); dia-
mond, reduced glycerin vag-
inal formulation (RGVF);
triangle, vaginal formulation
(VF).

PHASE 1 PK STUDY OF THREE TENOFOVIR GELS 1103



simulated RAI, reached statistical significance, with a 9-fold
increase in Cmax with coital simulation ( p = 0.03). We also
found a significant linear correlation (r = 0.83, p < 0.001)
between plasma TFV concentration and plasma 111In-DTPA
(Fig. 5a).

Urine 111In-DTPA PK. In the absence of simulated RAI,
the maximum observed excretion rate for VF was 6.6 times
and 3.2 times higher than RF and RGVF ( p = 0.016 and
0.046) (Table 5b). The area under the urinary excretion rate
curve (AURC) for VF was 5 times and 2.7 times higher than
RF and RGVF, respectively ( p = 0.01 and 0.03). The percent
of 111In-DTPA recovered in urine for VF was also signifi-
cantly higher for VF as compared to the RF and RGVF, 1.75
times and 4.7 times higher, respectively ( p = 0.046 and
0.009).

With simulated RAI, similar results were seen with a 2.8
times and 7.25 times higher maximum observed excretion
rate for VF as compared to RF and RGVF, respectively
( p = 0.036 and 0.021). The AURC for VF was 2.8 times, and
5.8 times higher than RF and RGVF, respectively ( p = 0.027
and 0.016). In addition, the percent of drug surrogate re-
covered for VF in urine was higher than RF and RGVF by
1.75-fold and 4.7-fold, respectively ( p = 0.046 and 0.009).

There was no difference noted between the maximum
observed excretion rate, area under the urinary excretion rate
curve, or percent recovery of the 111In-DTPA from the urine
when comparing the RF and RGVF. Among and between
products, there was no statistical difference between median
maximum excretion rate, AURC, and percent recovered from
urine when comparing values in the presence and absence of
simulated RAI. There was a significant correlation between

Table 3. Drug Surrogate (
111

In-DTPA) Imaging Pharmacokinetic-Distance Parameters in Centimeter

by Product at 2 h After Dosing; Median (25th Percentile, 75th Percentile)

p-value p-value p-value
RF RGVF VF RGVF vs. RF VF vs. RF VF vs. RGVF

Dmax

No SURAI 13.9 (9.86, 18.8) 10.1 (9, 12.5) 21.1 (16.9, 27.6) 0.16 0.037 0.0023
SURAI 12.3 (10.2,20.3) 13.77 (11.1, 18.5) 18.16 (10.6, 26.2) 0.64 0.28 0.42

DCmax

No SURAI 1.38a (-1.3, 4.15) 2.08 (-0.84, 5.5) 3.16 (1.82, 5.6) 0.73 0.25 0.67
SURAI 4.34a (2.47, 6.42) 3.79 (1.52, 6.04) 5.5 (1.2, 6.91) 0.64 0.95 0.56

Dmin

No SURAI -5 (-6.3, -1.98) -4.28 (-6.78, -2.43) -3.72 (-5.22, -0.87) 0.64 0.25 0.46
SURAI -3.77 (-5, 1.86) -3.63 (-4.17, -1.56) -2.66 (-4, -0.13) 0.64 0.28 0.56

Dave

No SURAI 2.51 (1.2, 2.36) 3.43 (1.23, 4.72) 7.31 (5.48, 9.29) 1 0.015 0.021
SURAI 5.33 (3.73, 7.9) 5.86 (4.24, 6.36) 6.62 (5.27, 14.8) 0.92 0.42 0.30

aThe only comparison between CDS vs. no CDS that yielded p-value < 0.05 was DCmax for RF ( p = 0.035).
The coccyx is the reference point for all the distance variables above.
SURAI, simulated unprotected receptive anal intercourse; Dmax, furthest point where radiosignal was detected; DCmax, distance at

maximum concentration; Dave, mean residence distance; Dmin, distance associated with the most distal signal; CDS, coital dynamic
simulation.

Table 4. Comparison of the Pharmacokinetic-Distance Parameters of the Virus Surrogate

(Tc-Sulfur Colloid) and Drug Surrogate (In-DTPA) in Centimeter by Product at 2 h After Dosing;

Median (25th Percentile, 75th Percentile)

p-value p-value p-value
RF RGVF VF RGVF vs. RF VF vs. RF VF vs. RGVF

Dmax

Tc 13.29 (12.1,15.4) 15.84 (12.2,16.4) 15.1 (13.2,26.4) 0.25 0.14 0.42
In 12.29 (10.2,20.3) 13.77 (11.1, 18.5) 18.16 (10.6, 26.2) 0.64 0.28 0.42

DCmax

Tc 2.97 (1.6, 4.21) 2.91 (1.37, 4.4) 4.01 (3.24, 5.82) 0.91 0.22 0.20
In 4.34 (2.47, 6.42) 3.79 (1.52, 6.04) 5.5 (1.2, 6.91) 0.64 0.95 0.56

Dmin

Tc -8.55a (-8.91, -5.61) -7.782b (-11.2, -6.67) -5.63 (-11.4, -1.62) 0.64 0.85 0.25
In -3.77a (-5, 1.86) -3.632b (-4.17, -1.56) -2.66 (-4, -0.13) 0.64 0.28 0.56

Dave

Tc 3.73 (2.39, 4.07) 3.51 (2.95, 3.96) 4.77 (4.21, 6.21) 0.91 0.025 0.064
In 5.33 (3.73, 7.9) 5.86 (4.24, 6.36) 6.62 (5.27, 14.8) 0.91 0.41 0.3

a,bComparison of Dmin for Tc and In for RF, p = 0.004, and RGVF, p = 0.002.
The coccyx is the reference point for all the distance variables above.
Dmax, furthest point where radiosignal was detected; DCmax, distance at maximum concentration; Dave, mean residence distance; Dmin,

distance associated with the most distal signal.
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plasma TFV concentration and percent urine recovery of
111In-DTPA (r = 0.92, p < 0.001) (Fig. 5b).

Discussion

The CHARM-02 study showed that a single rectal dose of
the three TFV gel formulations under study was safe as there
was no Grade 3 or 4 toxicity reported. However, minor AEs
were more common with VF as compared to the RGVF and
RF. Similar results were observed in the companion study,
CHARM-01, with VF accounting for 48% of reported AEs in
the entire study, despite only one VF dose being adminis-
tered, compared to seven consecutive doses of each for RF
and RGVF.23

Systemic TFV exposure was greater following VF dosing
compared to the other formulations without simulated RAI,
but depended on which PK parameter was compared. With

the VF formulation, TFV Cmax was 6-fold higher and twice as
rapid when compared to RF in the absence of simulated RAI.
TFV AUC was 3.8-fold higher with VF than RGVF. RGVF
also achieved higher peak concentrations than RF. This
general trend of greater systemic exposure correlating with
increased osmolality is seen to an even greater extent with
permeability for DTPA (discussed below). With simulated
unprotected RAI, these patterns generally persisted, but lost
statistical significance. As simulated unprotected RAI gen-
erally increased the permeability of TFV and DTPA, this may
have had a leveling effect on the differences seen without
RAI. Also, plasma TFV correlated with the 111In-DTPA
permeability estimates, though TFV permeability was of a
much smaller magnitude compared to DTPA. The difference
could be partly attributed to the relatively poor bioavail-
ability of the charged TFV molecule relative to DTPA. The
high correlations for DTPA permeability measurements and

FIG. 4. Single photon emission computed tomography with transmission computed tomography (SPECT/CT) scan
of radiolabel distribution (SPECT, color scale) in the distal gastrointestinal tract with anatomic reference to pelvis and
spine (CT, amber scale). (a) Left panel is 10 ml of candidate ‘‘microbicide’’ aqueous gel labeled with 111In-
diethylenetriaminepentaacetic acid (111In-DTPA), administered with syringe with luer lock tip applicator 2 h prior to
imaging. Distribution is shown from the rectum to the splenic flexure. (b) Right panel is 2.5 ml of autologous semen labeled
with 99mTc-sulfur colloid (100 nm HIV-sized particle in colloidal suspension) as ‘‘HIV’’ surrogate, administered 1 h after
dosing of the candidate microbicide gel via simulated urethra in phallic device (coital dynamics simulator) and following
5 min of simulated receptive anal intercourse; imaging is 1 h after simulated sex. (c) Signal intensity (‘‘concentration’’) vs.
distance plots resulting from three-dimensional tube fitting of scans shown in (a) and (b). Distance is relative to the
coccygeal plane. PK-distance parameters (Dmax, DCmax, Dave, and Dmin) are derived from this concentration–distance data.
Signal intensities are relative within each isotope scan and are not directly comparable between isotopes, therefore, HIV
surrogate signal intensity is scaled to fit within the height of the microbicide intensity.

Table 5a. 111
In-DTPA Permeability Parameters by Product (Plasma);

Median (25th Percentile, 75th Percentile)

p-value p-value p-value
RF RGVF VF RGVF vs. RF VF vs. RF VF vs. RGVF

Cmax (lcurie/ml) (E-08)
No SURAI 2.23a (0, 6.25) 10.2 (3.15, 16.4) 75.4 (32.5, 123) 0.055 0.0056 0.024
SURAI 20.2a (9.5, 50.3) 18.1 (0, 48.5) 140 (80.1, 213) 0.75 0.021 0.030

Tmax (h)
No SURAI 1.93 (0, 4.23) 2.35 (1.03, 2.69) 1.3 (1.18, 1.49) 0.83 0.83 0.56
SURAI 1.58 (0.74, 2.57) 1.33 (0, 1.57) 1.35 (0.92, 1.65) 0.31 0.34 0.71

AUC (lcurie $ h/ml) (E-06)
No SURAI 0.58 (0, 5.44) 5.31 (2.15, 17.4) 135 (68.6, 265.3) 0.088 0.0056 0.024
SURAI 3.9 (1.1, 48.3) 7.65 (0, 49.8) 246.1 (113, 395.2) 0.83 0.021 0.023

aComparison of Cmax for SURAI vs. no SURAI for RF formulation: p = 0.03.
SURAI, simulated unprotected receptive anal intercourse.
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plasma TFV concentration suggest that 111In-DTPA can
serve as a reasonable model for permeability measurement
for TFV.

Imaging of the drug surrogate in the absence of simulated
unprotected RAI revealed a significantly higher colonic
mucosal distribution (Dmax and Dave) of VF when compared
to RF and RGVF. This may best be explained by the far
greater osmolality of VF, which draws significantly more
fluid into the colonic lumen, thus increasing the spread of the
radiolabel after dosing relative to the lower osmolality RGVF

and RF formulations. It is noteworthy that RF and RGVF
were not different in their luminal distribution in the colon.

Our weighted dual isotope analysis showed that 86% of the
viral surrogate was colocated or ‘‘covered’’ by the drug
surrogate and was not different among the formulations. We
believe this to be a critically important variable since the goal
of rectal microbicide development is to develop a formula-
tion that can outdistance and outlast HIV. This dual isotope
analysis reflects a high degree of concordant drug-HIV dis-
tribution within the lumen, but it does not assess mucosal
coverage, per se, given the resolution of the radiographic
method. Animal studies using fluorescent labeling and his-
tologic imaging enable a more direct assessment of mucosal
coverage.34 These studies indicate optimal mucosal coverage
with isoosmolar and slightly hypotonic products. Finally,
none of these methods addresses diffusion of drug or HIV
into the mucosal tissue over time.

The striking difference in mucosal permeability among the
study gels was evidenced by the plasma and urine concen-
tration of the drug surrogate (111In-DTPA). Plasma Cmax and
AUC of the drug surrogate for VF were greater than 30-fold
and 200-fold, respectively, when compared to the RF, in the
absence of simulated RAI. Statistically significant, but
smaller magnitude differences were seen for RGVF com-
pared to VF. RGVF trended toward values greater than RF.
Similar patterns were seen with simulated RAI. These DTPA
permeability differences are consistent with the osmolality
differences among the study products. Generally, for both
TFV and DTPA colonic mucosal permeability, the greater
the osmolality, the greater the systemic exposure: VF >
RGVF > RF. This suggests that the predominant effect of the
hyperosmolar gels was increased colonic mucosal perme-
ability, which more than counterbalanced the competing
physiologic effect of increased fluid from colon tissue into
the colonic lumen with higher osmolarity products. In addi-
tion to osmolality, there may be other differences between
products (e.g., pH and viscosity) that contributed to the re-
sults, although given the size of the compartment and the
rectum’s ability to buffer pH, such contributions are pre-
sumed to be minimal.35 It is notable that there are not more
consistent differences between the RGVF and RF given the
nearly 2-fold difference in osmolality. This may be due, in
part, to mitigation of some anticipated mucosal integrity-

Table 5b. 111
In-DTPA Permeability Parameters by Product (Urine);

Median (25th Percentile, 75th Percentile)

p-value p-value p-value
RF RGVF VF RGVF vs. RF VF vs. RF VF vs RGVF

Max rate (lcurie/h)
No SURAI 0.058 (0.037, 0.11) 0.12 (0.068, 0.2) 0.38 (0.19, 0.48) 0.093 0.016 0.046
SURAI 0.21 (0.042, 0.29) 0.082 (0.066, 0.22) 0.58 (0.33, 0.98) 0.53 0.036 0.021

AURC (lcurie)
No SURAI 0.26 (0.16, 0.39) 0.5 (0.3, 0.85) 1.34 (0.84, 1.6) 0.093 0.012 0.036
SURAI 0.75 (0.16, 1.16) 0.36 (0.24, 0.84) 2.09 (1.09, 3.46) 0.46 0.027 0.016

% recovered
No SURAI 0.45 (0.23, 0.59) 0.74 (0.4, 1.24) 2.2 (1.13, 2.71) 0.12 0.012 0.046
SURAI 1.37 (0.29, 1.40) 0.51 (0.32, 0.96) 2.4 (1.57, 3.58) 0.14 0.046 0.009

SURAI, simulated unprotected receptive anal intercourse; Max rate, maximum observed excretion rate; AURC, area under the urinary
excretion rate curve from 0 to last measurable rate; % recovered, percent of initial dose of 111In-DTPA recovered in the urine.

FIG. 5. Correlation between radiolabeled small molecule
surrogate, 111In-DTPA peak concentration in blood plasma
(a), and percent urine recovery of 111In-DTPA (b) vs. te-
nofovir Cmax in plasma. Circle, rectal formulation (RF);
diamond, reduced glycerin vaginal formulation (RGVF);
triangle, vaginal formulation (VF).
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related differences by offsetting hyperosmolarity-related
fluid fluxes into the colonic lumen.

Since we did not assess histologic damage or HIV infec-
tivity, we cannot determine if these permeability differences
increase HIV infection risk. Our previously published works
with hyperosmolar sexual lubricants and hyperosmolar ene-
mas are consistent with our CHARM-02 permeability ob-
servations.36,37 Unlike CHARM-02, both of those earlier
studies included colon biopsies and both demonstrated
greater loss of the colonic single columnar epithelial layer
associated with very high osmolality products—2,100 mOs-
mol/kg Fleet enema36 and 3,429 mOsmol/kg commercial
sexual lubricant37—when compared to isoosmolar controls.

Hence, a significant limitation of the current study is that
no biopsies were obtained; therefore histologic toxicity, tis-
sue PK, and susceptibility to ex vivo HIV infection were not
assessed. Other than inferring the potential mucosal alter-
ation based on the TFV and drug surrogate concentrations in
plasma and urine, there was no histological examination
performed to evaluate structural changes in the mucosa. The
companion study, CHARM-01, included intensive safety
analyses, which included histology, microbiology, and sus-
ceptibility to ex vivo HIV infection. We chose not to perform
intraluminal manipulations to capture biopsies given our
primary goal of assessing colonic luminal drug and HIV
surrogate distribution, both of which we wanted to assess
unperturbed by endoscopic instrumentation.

VF is no longer under development as a rectal microbicide
given the adverse effect profile and safety concerns with
rectal use, some of which are reinforced in this study. The
incorporation of simulated RAI in CHARM-02 proves criti-
cal in the comparison of the novel RF formulation being
compared to RGVF for the first time in CHARM-01 and
CHARM-02. CHARM-02 demonstrated that although RGVF
demonstrated greater plasma TFV concentrations and a trend
toward greater mucosal permeability compared to RF, these
differences disappeared with simulated RAI. Furthermore,
RGVF and RF had a similar, excellent codistribution of drug
and HIV surrogates. Of note, there were slightly more fre-
quent minor AEs reported in the RGVF group compared
to RF, but these differences were not statistically significant.
On the basis of these observations and the CHARM-01
findings, we do not find a compelling advantage of RF
over RGVF. There are two ongoing clinical studies of
the RGVF formulation, PROJECT GEL and MTN-017.
The results of these studies, especially MTN-017, which
is an international, multicenter phase II trial, will inform
the potential benefit and future development of rectal
microbicides.
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