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Background. Tenofovir (TFV) gel partially protected against human immunodeficiency virus (HIV) in one but not subsequent
trials. The disappointing results were attributed largely to poor adherence. However, timing of gel application relative to sex may
impact pharmacokinetics and contribute to outcomes. Thus, we conducted a single-dose pharmacokinetic study of TFV gel applied 1
or 24 hours before or 1 hour before and 1 hour after (BAT) sex and compared results with dosing without sex.

Methods. Twenty-four couples were enrolled; cervicovaginal lavage (CVL) and tissue were collected 2 hours after sex with
matching timed collections at no sex visits and assayed for drug concentrations and CVL anti-HIV activity.

Results. Compared with dosing without sex, median TFV concentrations after sex decreased 72% and 78% (P < .001) in CVL,
75% and 71% (P < .001) in vaginal tissue, and 75% (P = .06) and 55% (P < .001) in cervical tissue with −1 hour and −24 hour dosing,
respectively. Median concentration of TFV–diphosphate also decreased significantly in cervical tissue with −1 hour, dosing. BAT
dosing resulted in drug levels at least as great as those in the absence of sex. Percent inhibition of HIV infection by post-coital CVL
increased significantly from median (interquartile range) of 55% (54%) in the absence of gel to 99% (7%), 77% (57%), and 100%
(0.4%) with −1 hour, −24 hour, or BAT dosing, respectively, and correlated significantly with drug concentration.

Conclusions. Timing of TFV gel application relative to sex significantly impacts drug levels. BAT dosing or sustained delivery
may be optimal for preexposure prophylaxis.
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Oral and topical preexposure prophylaxis (PrEP) can be effec-
tive in reducing human immunodeficiency virus (HIV) trans-
mission. However, clinical trial outcomes have differed
substantially, reflecting variable adherence [1–5]. For example,
oral tenofovir (TFV) disoproxil fumarate alone or combined
with emtricitabine and vaginally applied 1% TFV gel were inef-
fective in the Microbicide Trials Network (MTN)-003 trial
where TFV was detected in the plasma of only 30%, 29%, and
25% of participants randomized to those products, respectively
[6]. TFV gel dosed before and after sex was modestly effective
(39%) in Center for Aids Programme of Research In South Africa
(CAPRISA) 004 but ineffective in the Follow-on African Consor-
tium for Tenofovir Studies 001 trial [7]. Post hoc analyses indi-
cated HIV protection with increased levels of adherence [8].

While more behavioral research is needed to identify strategies
to facilitate adherence, biological factors may also contribute to

different outcomes. In particular, frequency and timing of dosing
relative to sex may modify drug biodistribution and efficacy. For
example, a woman who applies a topical formulation shortly be-
fore sex may lose a substantial fraction of the product from vag-
inal leakage or dilution of the drug by seminal and cervicovaginal
fluids associated with coitus. In contrast, sex may have less impact
on pharmacokinetics (PK) and pharmacodynamics (PD) in the
setting of more frequent product application or with sustained
delivery formulations. Possibly, timing and frequency of dosing
relative to sex contributed to the variability in drug concentra-
tions observed in CAPRISA 004 [9].

The notion that sex and semen impact PK and/or PD is sup-
ported by a post-coital study of PRO 2000 gel [10]. There was a
significant reduction in drug levels and in anti-HIV–herpes
simplex virus (HSV) activity of cervicovaginal lavage (CVL)
obtained following a single dose of gel prior to sex compared
with no sex. The loss of antiviral activity was attributed to de-
creased CVL drug concentrations and ability of seminal pro-
teins to competitively block binding of PRO 2000 to the viral
envelope [11]. While no reduction in antiviral activity of TFV
has been observed in vitro when seminal fluids are added to
cultures [12, 13], timing of gel application relative to sex
might impact drug biodistribution. Therefore, we conducted
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a single-arm crossover study (MTN-011) to compare concen-
trations of TFV and TFV–diphosphate (TFV–DP), the active
intracellular metabolite of TFV, in multiple compartments
in response to a single dose of 1% TFV gel applied 1 or 24
hours prior to or 1 hour before and 1 hour after (BAT) sex
compared with similarly timed no sex dosing. We also com-
pared anti-HIV and anti-HSV-2 activity of CVL as a bio-
marker of PD. We hypothesized that TFV concentrations
and antiviral activity would decrease significantly when ap-
plied 1 hour prior to sex compared with no sex because of
leakage, displacement, and/or dilution of gel and that a post-
coital dose would maintain drug concentration and protective
effect. In contrast, we anticipated that sex would have less ef-
fect if gel was applied 24 hours before sex, reflecting tissue
penetration, intracellular retention, and the prolonged half-
life of TFV–DP [14].

METHODS

Study Visits and Participants
The University of Pittsburgh and Case Western Reserve Univer-
sity institutional review boards approvedMTN-011, and all par-
ticipants provided written informed consent. Twenty-four
healthy couples were enrolled between December 2012 and Feb-
ruary 2014. Inclusion criteria required participants to be in a
mutually monogamous relationship for at least 6 months,
HIV-uninfected, no sexually transmitted infections (STIs) in
the prior 6 months, no nontherapeutic intravenous drug use
in the prior 18 months, and currently use effective nonbarrier
contraception. Couples must also have agreed to abstain from
sexual intercourse, and for women, other vaginal practices, for
48 hours prior to each study visit. Women were excluded if they
had a pregnancy within the past 90 days; were breastfeeding;

menopausal; had a genitourinary infection; intermenstrual
bleeding; abnormal Pap test; abnormal renal or liver function;
hepatitis B surface antigen (HBsAg)–positive test; post-
exposure prophylaxis for HIV within prior 6 months; participa-
tion in other research study involving drugs, devices, or genital
products within prior 30 days; history of domestic violence with
current partner; systemic or topical antimicrobials within the
last 7 days; or currently using or planning to use immune mod-
ulator(s). Men were excluded if they reported penile procedures
within the prior 42 days or treatment of candidal balanoposthi-
tis/balanitis in the prior 30 days.

Medical history and physical examination were performed at
screening (visit 1). Women had urine collected for culture (if
indicated), pregnancy testing, and nucleic acid amplification
tests for gonorrhea and chlamydia (GC–CT). Blood was ob-
tained for complete blood count (CBC) with platelets, HIV-1
and syphilis serology, and HBsAg. A pelvic exam was per-
formed for vaginal fluid pH, testing for trichomonas, and, if in-
dicated, testing for candidiasis, bacterial vaginosis, and Pap
smear. CVL was obtained by washing the cervix and vagina
with 10 mL of normal saline. Men had urine obtained for
GC–CT and culture (if indicated) and blood obtained for
CBC with platelets, HIV-1 and syphilis serology, and HBsAg.

Enrolled couples completed up to 6 additional paired visits
(Table 1). Local hotels were used for coital visits to facilitate
sampling within the prescribed timeframe. Couples were reas-
sessed for HIV–STI risk by obtaining an interim history and fo-
cused physical exam; lab tests were only repeated if clinically
indicated. At visit 2 (no gel/sex), women returned to the clinic
approximately 2 hours after barrier-unprotected vaginal sex for
post-coital sampling. At visit 3, women applied 1% TFV gel 1
hour before sex (−1 hour gel/sex) and returned to the clinic for

Table 1. Schema of Study Visits

Gel Visit Visit Name Targeted Visit Schedule Sex

1 ♂♀ Screening no gel/no sex 30 d screening window

2a ♂♀ Enrollment no gel/sex Approximately 2–12 d after menses X

2b♀ Post-sex sampling Approximately 2 h after sex

−1 h 3a ♂♀ −1 h gel/sex Approximately 3–90 d after visit 2b X

3b♀ −1 h gel/sex sampling Approximately 2 h after sex

4a ♀ −1 h gel/no sex After a minimum 10-d washout period; not more than 56 d following
previously scheduled visit

4b ♀ −1 h gel/no sex sampling Similar time point relative to sampling at visit 3b

−24 h 5a ♂♀ −24 h gel/sex After a minimum 10-d washout period, not more than 90 d following
previously scheduled visit

X

5b ♀ −24 h gel/sex sampling Approximately 2 h after sex

6a ♀ −24 h gel/no sex After a minimum 10-d washout period, not more than 56 d following
previously scheduled visit

6b ♀ −24 h gel/no sex sampling Similar time point relative to sampling at visit 5b

BAT24 7a ♂♀ −1 h gel/sex/+1 h gel (BAT) After a mininmm10-d washout period, not more than 90 d following
previously scheduled visit

X

7b ♂♀ BAT sampling Approximately 2 h after sex

♀ = female ♂ =male.

Abbreviation: BAT, 1 dose before and 1 dose after.
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sampling approximately 2 hours after sex. At visit 4 (−1 hour
gel/no sex), women applied 1% TFV gel, and sampling was per-
formed at the same time post-gel as for visit 3. For visits 5 and 6,
gel was applied approximately 24 hours prior to sex (−24 hour
gel/sex) or no sex (−24 hour gel/no sex), with sampling at sim-
ilar times as for visits 3 and 4. At visit 7 (BAT), women applied
gel approximately 1 hour before and approximately 1 hour after
sex, with sampling approximately 2 hours post-coitus. All gel
visits were separated by a minimum of 10 days to allow TFV
washout, and no visits were scheduled during menses. Plasma,
CVL, vaginal and cervical biopsies, cervical cytobrush (Cleve-
land only), and rectal sponges were collected to measure drug
concentrations at each visit. CVL for antiviral activity and pro-
tein concentration (BCA protein assay, Pierce Biotechnology,
Rockford, Illinois), cervical cytobrush for flow cytometry
(Pittsburgh only), and vaginal fluid for pH were also collected.

Study Drug
TFV 1% gel was applied with prefilled polypropylene applica-
tors capable of administering a 4-g (approximately 4 mL)
dose of gel (CONRAD, Arlington, Virginia) [15].

Pharmacokinetics
TFV concentrations were measured in blood plasma, CVL, rec-
tal fluid, and vaginal and cervical tissue homogenates using val-
idated liquid chromatographic–tandem mass spectrometric
(LC–MS/MS) methods [12, 16, 17]. The lower limits of quanti-
fication (LLOQ) for TFV in plasma, CVL, tissue, and rectal fluid
are 0.31 ng/mL, 5 ng/mL, 0.05 ng/sample, and 1.25 ng/sponge,
respectively. Final concentrations of TFV in tissue and rectal
fluid were corrected for respective net weight and reported as
nanograms per milligram. TFV–DP concentrations were mea-
sured in tissue homogenates and cervical cytobrushes using val-
idated LC–MS/MS assays [16]. The LLOQ for TFV–DP in tissue
and cytobrushes is 50 fmol/sample; final concentrations of
TFV–DP in tissue (fmol/mg) and cervical cytobrushes (fmol/
million cells) were based on the net tissue weight or cell num-
ber, respectively.

Antiviral Activity
TZM-bl cells were infected with 3000 median tissue culture in-
fective dose (TCID50) of HIV-1BaL in the presence of saline or
CVL (1:4 final dilution). HIV inhibition was measured as mean
percent reduction compared with untreated controls [18]. All
samples were tested in triplicate. For anti-HSV activity, Vero
cells were infected with 50–1000 pfu of HSV-2(G) mixed 1:1
with each CVL or control buffer [19]. Plaques were counted
after 48 hours. All samples were tested in duplicate.

Flow Analyses
Cervical cytobrush immune cells were stained with a LIVE/
DEAD Fixable Aqua Fluorescent Reactive Dye (Life Technolo-
gies, Grand Island, New York) and the following murine anti-

human monoclonal antibodies: Pacific Blue anti-CD3, Alexa
Fluor 700 anti-CD4, APC-H7 anti- CD8, APC anti- CD20,
PE-CF594 anti-CD14, FITC anti-CD177, PerCP anti-CD69,
PE-Cy7 anti-CD25, and PE anti-CD195. All antibodies were
from BD Biosciences (San Jose, California) except CD177-
FITC, which was from BioLegend (San Diego, California). An
aliquot of unstained cells was used as a negative gating control.
Data acquisition occurred within 48 hours using the Becton-
Dickinson LSRFortessa with FACSDiva Software (BD Biosci-
ences). Compensation was performed using anti-mouse Ig, κ
and Negative Control Compensation Particles Set (BD Biosci-
ences). Acquired data were analyzed using FlowJo, version 7.6
(TreeStar, Inc, Ashland, Oregon).

Statistical Analyses and Sample Size
The difference in drug concentration or antiviral activity when
TFV was applied −1 or −24 hours before sex was compared with
the respective no sex visit using the Wilcoxon signed rank test
with a null hypothesis that there is no difference in TFV or
TFV–DP concentration under sex and no sex conditions. BAT
was compared with −1 hour/sex visit. Adjustment of P values
for multiple comparisons was made across 32 pairwise compar-
isons by the false discovery rate method. Similar analyses were
conducted for immune cell types, including signed rank tests
and adjustment of multiple comparisons. Linear regression and
generalized estimating equations were applied to assess whether
differences in CVL drug levels were impacted by protein recov-
ered. Based on the variability of drug concentration measure-
ments in CVL in 2 prior studies [10, 12], 20 couples would
provide 80% power to detect at least a 25% difference in drug
concentration between visits. We recruited 24 couples to account
for potential participant drop-out.

Figure 1. Tenofovir (TFV) drug levels are reduced in cervicovaginal lavage (CVL)
samples following unprotected sex. The concentration of TFV in CVL at each visit
was measured (ng/mL); samples with drug levels below the lower limits of quanti-
fication (LLOQ) were set at the LLOQ (n = 2 at each visit). The line indicates the me-
dian, and the percentage change in drug levels in paired samples is shown (−1 hour
gel/no sex vs −1 hour gel/sex; −24 hour gel/no sex vs −24 hour gel/sex, and −1
hour gel/sex vs 1 dose before and 1 dose after sex). **P < .01; ***P < .001; Wilcoxon
rank sum adjusted for multiple comparisons. Abbreviation: BAT, 1 dose before and 1
dose after.
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RESULTS

Tenofovir Drug Concentrations Are Reduced Following Coitus
Demographics are summarized in Supplementary Table 1. All
24 couples completed the baseline (no gel) paired sex/no sex
visits and the −1 hour gel paired visits; 22 completed the paired
−24 hour visits, and 23 completed the BAT visit. The median
time between sex and sample collection was 1 hour 52 minutes
(range, 1 hour 2 minutes to 3 hours 17 minutes). The CVL TFV
drug concentration was 72.2% (37.5%) (median, interquartile
range [IQR]) lower when gel was applied 1 hour before sex
compared with without sex (P = .0009; Figure 1, Table 2).
CVL concentrations were lower when −24 hour dosing was
compared with −1 hour dosing and were 78.2% (33%) lower
following sex when compared with the −24 hour pair
(P < .0001). Applying another dose of gel approximately

1 hour after sex (BAT) resulted in concentrations that were at

least as great as those detected without sex. There was a modest

increase in CVL protein concentration after sex (Supplementary

Table 2), but the differences in drug concentrations remained

significant when adjusted for protein.
Vaginal and cervical tissue concentrations fell by a median of

75.1% (65.2%; P = .001; Figure 2A) and 74.5% (63.4%; P = .061;

Figure 2B), respectively, when gel was applied at −1 hour and by
71.0% (55.3%; P = .0003) and 54.6% (55.2%; P = .0009), respec-

tively, at −24 hours compared with matched no sex visits

(Table 2). Adding a post-coital dose significantly increased vag-

inal and cervical tissue TFV levels compared with the −1 hour

gel/sex visit (P < .0001; Table 2).
Plasma TFV concentrations were low following a single dose

of gel, increased following sex (Table 2; P = .023), and increased

Table 2. Tenofovir and Tenofovir–Diphosphate Concentrations in Different Compartments

Sample

Median Concentration (IQR) Difference

Couples No Sex Visit Sex Visit MedPC (IQR) P Valuea

Cervicovaginal lavage (ng/mL)

−1 TFV 24 2.13 × 105 (3.65 × 105) 4.17 × 104 (1.93 × 105) 72.2 (37.5) .0009

−24 TFV 22 1.16 × 104 (2.47 × 104) 2.56 × 103 (5.79 × 103) 78.2 (33.0) <.0001

BAT TFV 23 3.45 × 105 (5.17 × 105) 80.8 (36.4) <.0001

Vaginal tissue (ng/mg)

−1 TFV 24 139.25 (213.18) 48.12 (98.36) 75.1 (65.2) .0014

−24 TFV 22 18.75 (35.88) 5.28 (8.83) 71.0 (55.3) .0003

BAT TFV 23 258.72 (434.44) 79.9 (43.4) <.0001

Cervical tissue (ng/mg)

−1 TFV 24 40.97 (102.29) 8.74 (76.47) 74.5 (63.4) .0614

−24 TFV 22 5.56 (11.39) 1.46 (5.22) 54.6 (55.2) .0009

BAT TFV 23 129.15 (311.97) 85.2 (21.7) <.0001

Vaginal tissue (fmol/mg)

−1 TFV–DP 24 614.97 (1763.23) 378.37 (1697.49) 19.0 (156.1) .9838

−24 TFV–DP 22 346.75 (1348.75) 268.38 (1059.81) 9.7 (117.3) .9832

BAT TFV–DP 23 1463.83 (2547.93) 64.7 (160.4) .9074

Cervical tissue (fmol/mg)

−1 TFV–DP 24 584.12 (1847.18) 326.90 (982.94) 65.5 (53.4) .0226

−24 TFV–DP 22 199.69 (651.15) 190.34 (501.21) −22.3 (285.3) .9457

BAT TFV–DP 23 1458.33 (2024.56) 62.2 (57.2) .0032

Cytobrush (fmol/106 cells)

−1TFV–DP 10 5066.67 (13073.53) 2831.44 (8684.80) 33.3 (184.3) 1.0000

−24TFV–DP 9 84.72 (1058.06) 0.00 (259.39) 55.5 (51.5) .3000

BAT TFV–DP 10 2658.82 (5601.30) −36.4 (817.6) .9038

Rectal sponge (ng/mg)

−1 TFV 24 0.76 (3.07) 1.89 (6.40) 46.5 (269.6) .9832

−24 TFV 22 0.25 (0.48) 0.56 (1.58) −110.9 (1113.1) .3738

BAT TFV 23 0.99 (4.66) 56.5 (849.9) .8014

Blood plasma (ng/mL)

−1 TFV 24 1.11 (1.52) 2.34 (3.28) −75.5 (242.3) .0226

−24 TFV 22 0.16 (0.75) 0.42 (0.70) 8.3 (50.2) .6005

BAT TFV 23 3.81 (10.85) 64.8 (73.4) .0045

Data are presented as median (IQR) = IQR (75th percentile minus 25th percentile).

Abbreviations: BAT, 1 dose before and 1 dose after; IQR, interquartile range; MedPC, median percentage change comparing paired no sex to sex visits or, for BAT dosing, comparing BAT to −1
hour dosing with sex (a positive [negative] percentage change reflects a decrease [increase] in concentration); TFV, tenofovir; TFV–DP, tenofovir–diphosphate.
a P value adjusted by the false discovery rate method to account for themultiple comparisons among biological assessments (8) and paired visits (4). BAT comparedwith −1 hour dosing without
coitus factored into P value adjustment, but data are not presented for this pair-wise comparison.
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further with BAT dosing (P = .0045). Plasma concentrations
with −24 hour dosing were lower and unaffected by sex. Low
TFV concentrations in rectal sponge samples were also unaf-
fected by sex (Table 2).

TFV–DP Concentrations Are Lower in Cervical, but not Vaginal, Tissue
Following Coitus
Cervical tissue concentrations of TFV–DP decreased by 65.5%
(53.4%) when gel was applied 1 hour before sex compared with
no sex (P = .023) and increased 62.2% (57.2%; P = .003) follow-
ing an additional post-coital dose (Figure 3A). Despite similar
trends, there were no significant differences in TFV–DP in vag-
inal tissue or cytobrush samples (Figure 3B, Table 2). There
were also no differences in biopsy or cytobrush TFV–DP con-
centrations in the paired −24 hour samples.

Sex and Gel Affected Antiviral Activity
The CVL baseline (no gel/no sex) anti-HIV activity was highly
variable, with some CVL inhibiting and others enhancing HIV

infection in vitro. Anti-HIV activity increased significantly
(P < .001) following sex from a baseline of 9.09% (41.84%) to
55.46% (53.92%) and further increased to 99.4% (7.16%) if
gel was applied 1 hour prior to sex (P < .001 compared with
no gel/sex). However, the anti-HIV activity increased more
modestly to 76.68% (56.69%) if gel was applied 14 hours
prior to sex (P < .05). Anti-HIV activity was highest in CVL ob-
tained after BAT dosing (99.81% [0.41%]; P < .001; Figure 4).
There was no significant difference in anti-HIV activity when
the paired −1 hour visits were compared. However, there was
a small but significant decrease in anti-HIV activity when the
paired −24 hour visits were compared (82.07% [51.10%] no
sex vs 76.68% [56.69%] postcoital; P = .04). The anti-HIV activ-
ity correlated significantly with TFV concentrations (Spearman
correlation coefficient [SCC], 0.91; P < .001; Supplementary
Figure 1A).

Figure 2. Tenofovir (TFV) drug levels are reduced in vaginal and cervical tissue
following unprotected sex. The concentrations of TFV in vaginal (A) and cervical
(B) tissue at each visit were measured (ng/mg tissue). Biopsies with drug levels
below the lower limits of quantification (LLOQ) were set at the LLOQ. The line indi-
cates the median, and the percentage change in drug levels in paired samples is
shown (−1 hour gel/no sex vs −1 hour gel/ sex; −24 hour gel/no sex vs −24
hour gel/sex; and −1 hour gel/sex vs 1 dose before and 1 dose after sex).
*P < .05; **P < .01; ***P < .001; Wilcoxon rank sum adjusted for multiple compari-
sons. Abbreviation: BAT, 1 dose before and 1 dose after.

Figure 3. Tenofovir–diphosphate (TFV–DP) levels are reduced in cervical tissue
following unprotected sex. The concentrations of the active metabolite, TFV–DP,
were measured in cervical (A) and vaginal (B) tissue at each visit (fmol/mg tissue).
Biopsies with drug levels below the lower limits of quantification are shown
(−1 hour gel/no sex vs −1 hour gel/ sex; −1 hour gel/sex vs 1 dose before and
1 dose after sex). *P < .05; **P < .01; Wilcoxon rank sum adjusted for multiple com-
parisons. Abbreviation: BAT, 1 dose before and 1 dose after.
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The baseline anti-HSV activity of CVL was also variable (but,
in contrast to HIV, there was minimal enhancing activity) and
decreased following sex from a median (IQR) of 58.0% (49.0%)
to 24.0% (25.5%; P < .0001). There was a significant increase
when gel was applied −1 hour, −24 hours, or BAT when com-
pared with the no gel/sex visit (57.0% [49.0%], 53.5% [60.0%],
and 67.0% [50.0%], respectively) but not when compared with

the no gel/no sex visit (Figure 5). There were no significant dif-
ferences between the paired gel with or without sex visits. More-
over, the anti-HSV activity correlated only modestly with the
TFV drug concentrations (SCC = 0.36; P = .002; Supplementary
Figure 1B). One participant was HSV-2 seropositive at enroll-
ment and exclusion of this participant had no impact on the
findings.

Figure 4. Inhibitory activity of cervicovaginal lavage (CVL) against human immunodeficiency virus (HIV) infection in vitro. The percentage inhibition of HIV infection by CVL at
each visit was determined. The lines indicate the median for the group, and values below zero indicate enhancement. The anti-HIV activity is compared between the paired no
gel baseline visits (no gel/no sex vs no gel/sex) and between post-coital gel applications and no gel/sex visits. *P < .05; ***P < .001; Wilcoxon rank sum adjusted for multiple
comparisons. Abbreviation: BAT, 1 dose before and 1 dose after.

Figure 5. Inhibitory activity of cervicovaginal lavage (CVL) against herpes simplex virus type 2 (HSV-2) infection in vitro. The percentage inhibition of HSV-2 infection by CVL
at each visit was determined. The lines indicate the median for the group. The anti-HSV activity is compared between the paired no gel baseline visits (no gel/no sex vs no gel/
sex) and between post-coital gel applications and no gel/sex visits. **P < .01; ***P < .001; Wilcoxon rank sum adjusted for multiple comparisons. Abbreviation: BAT, 1 dose
before and 1 dose after.
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No Impact of Sex/Gel on Mucosal Immune Cells
There were no significant differences in number of viable cells
recovered from cervical cytobrushes (median [IQR] 2.01 × 105

[4.35 × 105]). Similarly, there were no significant differences in
the percentage of T cells (CD3+), total, CCR5+, CD25+ or
CD69+ CD4 + T cells, total, CCR5+, CD25+ or CD69+ CD8+
T cells, monocytes (CD14+), neutrophils (CD 177+), or den-
dritic cells (CD209+) when different visits were compared (Sup-
plementary Table 3).

DISCUSSION

Most phase 1 PrEP studies are conducted in sexually abstinent
women. However, sex can modify drug concentrations through
dilution, redistribution, leakage, and/or protein binding. Semi-
nal proteins may directly impact drug activity as illustrated with
several polyanionic drugs [10, 11, 20–22].While in vitro studies
showed no adverse effects of semen on TFV activity [12, 17, 22],
we hypothesized that application of TFV gel shortly before sex
could adversely impact drug concentrations and that if less drug
reached target cells there could be a decrease in antiviral effects
(PD). Findings from this study support these hypotheses. Lower
drug concentrations were recovered from CVL and vaginal and
cervical tissue when gel was applied 1 hour or 24 hours before
sex compared with paired samples obtained without sex. Addi-
tion of a post-coital dose resulted in concentrations at least as
high as without sex. Interestingly, plasma TFV concentrations
increased slightly following sex (−1 hour dosing), which
could reflect redistribution of secretions and/or increased
blood flow.

A decrease in the active metabolite, TFV–DP, was also ob-
served in the −1 hour paired cervical tissue samples (trend in
vaginal tissue) but not in the −24 hour paired sample. The latter
presumably reflects the rapid intracellular phosphorylation and
subsequent prolonged half-life of intracellular TFV–DP that
maintains concentrations in the face of coital influences [14].
Consistent with this explanation, TFV–DP is formed very
rapidly after topical dosing, unlike oral dosing [16].

Determining the clinical implications of the observed statisti-
cally significant decreases in drug levels requires further study as
there are no validated biomarkers predictive of PrEP efficacy.
While direct challenge of tissue with HIV (or HSV) ex vivo
has the potential to serve as a biomarker, the variability in tissue
susceptibility to HIV infection and need for multiple biopsies
limit the usefulness of this approach [23–25]. An alternative is
to use CVL as the drug source and to test antiviral activity in cell
culture. This approach is most directly applicable for drugs that
act extracellularly, such as binding and fusion inhibitors. For
drugs such as TFV, which must be converted into TFV–DP in-
tracellularly, it may provide a less direct measure of drug activ-
ity. In the current study, anti-HIV activity correlated strongly
with TFV concentrations and was lowest −24 hours post-sex
and highest with BAT. These findings suggest that single or

infrequent applications temporally separated from potential
HIV exposure may not be protective. Notably, there was mini-
mal increase in anti-HSV activity of CVL over the background
endogenous levels following gel application, which is consistent
with the higher concentrations of TFV needed to inhibit HSV
plaque formation. For example, the concentration of TFV re-
quired to inhibit 50% of HSV-2 plaque formation in a similar
assay (50% inhibition/inhibitory concentration [IC50]) is 593
µg/mL, whereas the IC50 for HIV in the TZM-bl assay ranges
from 1 to 10 µg/mL [13, 26].

We detected no differences in the number or phenotype of
immune cells between visits, suggesting that neither TFV nor
sex causes rapid (within 2 hours) recruitment of immune cells
into the cervix. These findings differ from those from a prior
study (n = 10) that compared immune cells by immunohisto-
chemistry in cervical biopsies obtained at baseline and approx-
imately 12 hours after vaginal intercourse. That study showed
an increase in macrophages, dendritic cells, and CD8 T cells fol-
lowing sex [27]. The differences may reflect the timing of sam-
pling relative to sex (2 vs 12 hours), the site of sampling
(cytobrush vs ectocervical biopsy), and the technique (flow vs
immunohistochemistry). More research is needed to under-
stand whether sex modifies susceptibility to HIV infection
through alterations of target cells and/or the mucosal immune
environment.

While difficulties with adherence may preclude further devel-
opment of vaginal gels for HIV prevention, our finding that sex
affects TFV PK has implications for other delivery systems. Sim-
ilar studies with sustained drug delivery systems such as intra-
vaginal rings are needed. Coitus may have little impact on rings
designed to deliver drugs with intracellularly active metabolites
(such as TFV disoproxil fumarate [28, 29] or TFV [7, 30]) even if
removed shortly before sex. In contrast, sex may adversely im-
pact rings that deliver drugs such as dapivirine that bind to
seminal proteins [22] or drugs that diffuse rapidly along intra-
cellular–extracellular concentration gradients [31]. Thus, these
data highlight the importance of conducting post-coital PK
studies to inform the selection of drugs or drug combinations
and to optimize dosing recommendations.
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