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Objectives: Wewished to assess time to protection fromHIV-1 infection following oral
tenofovir disoproxil and emtricitabine (TDF/FTC) as preexposure prophylaxis (PrEP),
using ex-vivo rectal tissue infections and drug concentration measures in blood and
rectal tissue.

Design/Methods: Participants from the ANRS PREVENIR study (NCT03113123) were
offered this sub-study after a 14-day wash-out. We used an ex-vivo model to evaluate
rectal tissue HIV-1 susceptibility before and after PrEP, 2 h after two pills or 7 days of a
daily pill of TDF/FTC. PrEP efficacy was expressed by the difference (after-before) of 14-
day cumulative p24 antigen levels. TFV-DP and FTC-TP levels were measured in rectal
tissue and PBMCs and correlated with HIV-1 infection.

Results: Twelve and 11 men were analyzed in the 2 h–double dose and 7 days–single
dose groups, respectively. Cumulative p24 differences after-before PrEP were -144pg/
ml/mg (IQR[�259;�108]) for the 2 h–double dose group (P¼0.0005) and -179pg/ml/
mg (IQR [�253;�86]) for the 7 days–single dose group (P¼0.001), with no differences
between groups (P¼0.93). Rectal TFV-DP was below quantification after a double
dose, but FTC-TP levels were similar to levels at 7 days. There was a significant
correlation between rectal FTC-TP levels and p24 changes after a double dose
(R¼�0.84; P¼0.0001).

Conclusion: Oral TDF/FTC provided similar protection against HIV-1 infection of rectal
tissue 2h after a double dose or 7days of a daily dose. At 2 h, this protection seems
driven by high FTC-TP concentrations in rectal tissue. This confirms the importance of
combining TDF and FTC to achieve early protection.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
AIDS 2024, 38:455–464
s Cit�e, INSERMU-944, Institut Recherche Saint Louis, bAssistance Publique - Hôpitaux de Paris (APHP), Hôpital
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Introduction

HIV is still an important concern for public health in the
world according to numerous health organizations [1–3].
MSM are disproportionately affected by HIV infection
[4–7]. Oral PrEP with a daily or on-demand fixed
combination of tenofovir disoproxil (TDF) and emtrici-
tabine (FTC) was demonstrated to be effective at reducing
HIV-1 acquisition by up to 86% in MSM in double-blind
randomized placebo control studies [8–10] and is now
recommended in this population [11–14]. One of the
challenges remaining in HIV prevention is to determine
when each PrEP regimen starts to effectively protects
against HIV acquisition. This is an area of ongoing
controversy due to the lack of reliable clinical data.

In the macaques studies that informed the design of
human PrEP trials, animals were treated preexposure 7–
9 days with TDF/FTC for daily regimen and 2–24 h
prior exposure in coitally dependent regimens [15–17].
In a post hoc analysis of the iPrEx trial, a randomized
placebo controlled PrEP study in transgender women and
MSM, a concentration of 16 fmol/106 cells of tenofovir
diphosphate (TFV-DP), the active form of tenofovir, in
the PBMCs was associated with a 90% reduction in HIV
acquisition [18]. This 90% effective concentration (EC90)
is obtained after the seventh daily dose of TDF/FTC in
most of the population [18,19]. In a pharmacokinetics/
pharmocodynamics (PK/PD) model in 47 healthy
women using a combination of pharmacological dosages
and ex-vivo infections of cells with HIV, authors reported
that 81% of the population would obtain protection from
a double dose of TDF/FTC in the colorectal tissue after
2 h [20].

Based on the available pharmacological and clinical data,
it is recommended to take a single daily dose for at least 7
days or a double dose at least 2 h before exposure [11–14].

Determining an adequate PrEP dosing regimen and PrEP
pharmacological concentration targets for efficacy is a
challenge due to our inability to directly and reliably
correlate ex-vivo efficacy and in-vivo efficacy in clinical
trials or measure PK/PD in humans. Having a model to
evaluate the time to protection of PrEP and explore PK/
PD correlations in different dosing regimens would be
helpful. We compared both validated dosing regimen of
oral TDF/FTC in a PK/PD model of ex-vivo HIV-1
infection of rectal tissue to determine whether protection
is similar at 2 h after a double dose and after 7 days of a
daily dose and explore the PK/PD relationship after the
preexposition dosing.
Materials and methods

Participants
The ANRS PREVENIR cohort study was a prospective
observational cohort of HIV-negative adults at high-risk
of HIV infection in Paris region taking a fixed-dose
combination of TDF/FTC (245/200mg) as daily (one pill
per day) or on-demand PrEP (following the IPERGAY
dosing recommendation). The PREVENIR cohort study
design is described elsewhere [21]. A PK/PD sub-study
was proposed to participants included and engaged in the
study follow-up at the outpatient clinic of the Infectious
Disease Department of Saint-Louis Hospital, Paris.

Eligible participants were 18-year-old or older, self-
identifying MSM, who gave written consent to the sub-
study and to a 14-day washout period without PrEP.

Main noninclusion criterion was contraindication to
rectal biopsies (Supplemental Method, http://links.lww.
com/QAD/D50).

Ethics and consent
Full inclusion and exclusion criteria for the ANRS
PREVENIR trial are available at ClinicalTrials.gov
NCT03113123 and EudraCT 2016A0157744. Prior to
implementation, the sub-study protocol was reviewed
and approved by the Institutional Review Board (Comit�e
de Protection des Personnes) at Paris University IV and
the French Drug Agency (Agence nationale de s�ecurit�e
du medicament et des produits de sant�e). All participants
provided written informed consent for the sub-study.

Study design
All the participants included in the study received their
treatment assignment in a nonrandomized manner
according to order of arrival into one of the two
intervention groups ‘‘2 h – double dose’’ or ‘‘seven days –
single dose.’’ In both groups, participants underwent two
visits (V1 and V2). After a minimum of a 14-day wash-out
period without any TDF/FTC intake, V1 was the
baseline sampling visit in both groups, to assess tissue
susceptibility to HIV in the ex-vivo model. V2 was the
visit after exposure to TDF/FTC to assess the participant’s
decrease in tissue susceptibility to HIV. In the ‘‘2 h –
double dose’’ group, V2 was 2 h after a double dose of
TDF/FTC, and in the ‘‘seven days – single dose,’’ group
V2 was the day after taking the seventh dose.

Sample collection and processing
At each visit, participants were sampled for blood, urine,
and rectal tissue. Blood was drawn in EDTA tubes and
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then 25ml were spotted on Whatman 903 filter paper
(Dried Blood Spot, DBS). Plasma was collected after
centrifugation. PBMCs were isolated from the buffy coat
and frozen in fetal bovine serum with 4% DMSO at
-808C (for pharmacological dosages).

At each visit, 10 rectal biopsies were collected through a
rigid anoscope, 8–12 cm from the anus. Six biopsies were
placed immediately in complete medium (RPMI
supplemented with 10% FCS, 1% Penstrep, 1% HEPES,
40mg/l piperacillin-tazobactam, and 0.5mg/l ampho-
tericin) and were sent to the virology laboratory within 20
min to perform ex-vivo HIV-1 challenges. Two
additional biopsies were put in polypropylene tubes
and immediately frozen at�808Cuntil being analyzed for
drug concentration assays. Two additional biopsies were
frozen at �808C for future studies.

Ex-vivo rectal challenge
We used an ex-vivo infection challenge model to evaluate
rectal tissue susceptibility toHIV infection before and after
taking PrEP, as previously described [22–26]. Rectal tissue
explants were directly placed in a 105TCID50/ml of
HIVBaL-1 (a R5-tropic virus) solution for four hours at
378C in 5% CO2. Explants were then washed and placed
on a Gelfoam raft in culture media and incubated at 378C
in 5% CO2. Supernatants were collected entirely, stored at
�808C, and replaced with fresh media on Day (D)3, D7,
and D10. On the final day of culture (D14), supernatants
were collected and stored, and explants were discarded.
Our model only evaluated the effects of oral PrEP.

Quantification of explant HIV infection
All supernatants were assessed for HIV levels using the
Lenti-X p24 Rapid Titer ELISA kit (TAKARA Bio, EU,
#632200). Limits of quantification were 20–200 pg/ml
of p24.

Results are expressed at each collect day (D3, D7, and
D10) as pg/ml and were standardized over explant weight
and expressed in pg/ml/mg and cumulative p24 at D14 is
expressed in pg/ml/mg.

Infection of rectal biopsies was defined by the moving
average method; an explant was considered infected for a
difference of mean of two consecutive measures of p24
antigen more than 5%.

Protection from infection was defined by a significant
difference of the mean D14 cumulative p24 antigen value
for each participant at V1 and V2 in the 2 h – double dose
and 7 days – single-dose groups.

Pharmacological dosages
Liquid chromatography tandem mass spectrometry (LC–
MS/MS) assays were used for the determination of TFV,
FTC, and the active metabolite tenofovir diphosphate
(TFV-DP) and emtricitabine triphosphate (FTC-TP) in
the different matrices [27,28]. The measurements were
developed and validated for each matrix according to the
recommendations of the European Medicine Agency [27].
The method utilized a strong anion exchange isolation of
mono-phosphate, di-phosphate, and tri-phosphate from
intracellular matrix. The quantification of active intracel-
lular phosphorylated fractions of drugs was done using a
method developed and validated according to Bushman
et al. [28]. TFV and FTC concentrations are presented in
ng/ml for plasma and urine, TFV-DP and FTC-TP
concentrations are presented in fmol and pmol per 3mm
punch for DBS, per mg of tissue for explants and per
million cells for PBMC, respectively. Limits of quantifica-
tion were 1ng/ml for TFV and 10ng/ml for FTC in
plasma; 1ng/ml in urine for TFVor FTC; 0.25ng/sample
in rectal explants for TFV or FTC; 17.4 fmol/0.4ml of
PBMC for TFV-DP and 0.202pmol/0.4ml of PBMC for
FTC-TP in PBMCs and 10.445 fmol/sample for TFV-DP
and 0.004pmol/sample for FTC-TP in explants.

Statistical analysis
Results were summarized by numbers and percentages for
categorical variables and by median and interquartile
range or mean and standard deviation for continuous
variables, when appropriate. All statistical tests were 2-
sided with a significance level of 5%.

Drug levels of TFV-DP and FTC-TP in PBMC and rectal
tissue biopsies were correlated to the fractional change in
cumulative p24 level in rectal biopsies between V2 and V1
(¼V2/V1), as previously reported with ex-vivo challenge
models and oral TDF/FTC [24]. Spearman nonparamet-
ric correlation test was used to assess the association
between drug concentrations and fractional change in
cumulative p24. Participants for whom at least three
quarters of the explants were not deemed susceptible to
HIV at V1 before PrEP were excluded from the analysis.

Nonparametric paired Wilcoxon and Mann–Whitney
tests were used to compare variations or differences V2-
V1 of cumulative p24 within and between treatment
groups, respectively. Fisher’s exact test was used to
compare the proportion of infected explants at visit V1
between treatment groups.

Risk reduction of infection between groups was compared
using a generalized estimation equation model with a
binomial distribution and a log link including the treatment
group, visit and interaction between treatment group and
visit. Analyses were performed using SAS software 9.4.
Results

Characteristics of participants
Screening of study participants took place between
September 2019 and June 2021. A total of 25 participants
were enrolled, and 23 participants were analyzed,
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excluding two individuals (one in each group) for
insufficient infection of rectal tissue at V1. Characteristics
of the 23 participants are summarized Table 1. The median
participant age was 35 years (interquartile IQR [32;35]).
All were self-identifying MSM. The median washout
period of PrEP at V1 was 48 days (IQR [27;123]).

At V1, TFVwas quantifiable in plasma in three of 23 cases
(13%) and TFV-DP in DBS was quantifiable in 10 of 21
cases (48%) at a median level of 268 fmol/punch (IQR
[228–305]). No participant had any level of FTC or
FTC-TP detectable at V1. TFVand FTCwere detectable
at low levels in urine in all participants.

Ex-vivo rectal challenge
The primary endpoint was the difference of the mean
D14 cumulative p24 value for each participant at V1 and
V2 (Fig. 1, supplemental Table S1, http://links.lww.
com/QAD/D50). Two hours after two pills, the median
Table 1. Participants characteristics before preexposure prophylaxis inta

Participants characteristics (n¼23) 2 h

Sex: Male, n (%)
Europe as place of birth, n (%)
Age, years, median [IQR]
BMI, kg/m2, median [IQR] 23
GFR at last visit before inclusion (ml/min), median [IQR] 1
Days since last intake of TDF/FTC (self-reported), median [IQR]
Drug/metabolite in each matrix
TFV Plasma

Number >LLOQ/number tested
ng/ml, Median [IQR]

TFV-DP DBS
Number >LLOQ/number tested
fmol/punch, Median [IQR] 2

TFV-DP Rectum
Number >LLOQ/number tested
fmol/mg, Median [IQR]

TFV Rectum
Number >LLOQ/number tested
ng/g, Median [IQR]

TFV Urine
Number >LLOQ/number tested
ng/g, Median [IQR]

FTC Plasma
Number >LLOQ/number tested
ng/ml, Median [IQR]

FTC-TP DBS
Number >LLOQ/number tested
pmol/punch, Median [IQR]

FTC-TP Rectum
Number >LLOQ/number tested
fmol/mg, Median [IQR]

FTC Rectum
Number >LLOQ/number tested
ng/g, Median [IQR]

FTC Urine
Number >LLOQ/number tested
ng/g, Median [IQR]

FTC plasma, 10ng/ml; FTC Rectum, 0.25ng/sample (approximatively 0.012
sample (approximatively 2–4 fmol per mg); LLOQ, Lower limit of quantifi
imatively 0.0125–0.025ng/sample); TFV urine, 1 ng/ml; TFV-DP PBMC, 1
10.445 fmol/sample (approximatively 0.05–1.05 fmol per mg).
of mean D14 cumulative p24 difference (V2-V1) was
-144 pg/ml/mg (IQR [�259;�108] (P¼ 0.0005) and
-179 pg/ml/mg (IQR [�253;�86]) (P¼ 0.001) after
7 days of daily use of one pill. There was no statistical
difference in the median cumulative p24 differences
between treatment group (P¼ 0.93).

Individual p24 kinetics were available in supplemental
material (Figures S1, http://links.lww.com/QAD/D50
and S2, http://links.lww.com/QAD/D50). According to
the moving average method, at V1, 80.6% (54/67) and
79.0% (49/62) of explants were infected in the 2 h –
double dose and 7 days – single-dose groups, respectively
(P¼ 0.82). At V2, 15.4% (10/65) and 6.2% (4/65) of
explants were infected in the 2 h – double dose and 7 days
– single-dose groups, respectively. This represented a risk
reduction of ex-vivo HIV infection of 80.9 and 92.2% in
the 2 h – double dose and 7 days – single dose groups,
respectively (P¼ 0.12). Mean of p24 at each day of
ke (V1) by study arm.

Study arm

- double dose 7 days - single dose Total

12 (100%) 11 (100%) 23 (100%)
10 (83%) 8 (73%) 18 (78%)
35 [33–44] 45 [32–52] 35 [32–49]
.6 [21.4–25.7] 23.4 [20.9–25.1] 23.6 [21.4–25.1]
10 [101–131] 106[91–115] 107 [97–122]
31 [27–73] 102 [42–141] 48 [27–123]

1/12 2/11 3/23
2.2 2.8 [2.7–2.9] 2.7[2.4–2.8]

6/10 3/11 11/21
44 [173–275] 358 [254–448] 274 [230–379]

0/11 0/11 0/22
– – –

1/10 0/11 1/21
24.2 – 24.2

12/12 10/10 22/22
24 [15–40] 20 [17–45] 22 [16–45]

0/12 0/11 0/23
– – –

0/10 0/11 1/21
– – 0.15

0/11 0/11 0/22
– – –

0/10 0/11 0/21
– – –

12/12 10/10 22/22
31 [24–43] 19 [9–49] 28 [14–48]

5–0.025ng/sample; FTC urine, 1ng/ml; FTC-TP Rectum, 0.004pmol/
cation; TFV plasma, 1ng/ml; TFV Rectum, 0.25ng/sample (approx-
7.4 fmol/0.4ml FTC-TP PBMC: 0.202pmol/0.4ml TFV-DP Rectum:
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Fig. 1. D14 cumulative p24 of ex-vivo rectal tissue HIV-1 infection before (V1) and after (V2) oral TDF/FTC PrEP for each
participant. Left: ‘‘2 h -double dose’’ group; right: ‘‘seven days – single dose’’ group.
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culture for all participants in each group according to visit
are represented in Supplemental (Figure S3, http://links.
lww.com/QAD/D50).

Pharmacokinetics
We summarize median drug levels in all matrixes at V2
according to treatment group in Table 2. In the 7 days,
single-dose group samples were obtained 2 h after the
eighth dose in median.

TFV and FTC in plasma were above the lower limit of
quantification in all participants 2 h after taking two pills or
after 7 days of a daily intake of one pill a day (Table 1).
Median TFV levels reached 321ng/ml (IQR [236–405])
in the 2h after two pills regimen and lower at 173ng/ml
(IQR [50–320]) in the 7 days – single-dose group, with a
significant difference between the groups (P¼ 0.046).
Similarly, median FTC levels were 2508ng/ml (IQR
[2306–2807]) in the 2h – double-dose group and lower at
849ng/ml (IQR [59–1591]) in the 7 days – single-dose
group, with a significant difference between the groups
(P¼ 0.0004).

All but one participant showed displayed quantifiable
levels of TFV-DP and FTC-TP in PBMCs in both
groups. Median TFV-DP in PBMCs were lower
(12.1 fmol/million; IQR [5.3–18.5]) in the 2 h –
double-dose group compared to the 7 days – single-
dose group (100.9 fmol/million; IQR [81.9–125.9])
(P¼ 0.0002). Four out of 11 (36.4%) participants at 2 h
postdosing and nine out of nine (100%) after 7 days of
daily intake presented TFV-DP concentrations in
Table 2. Pharmacological dosages of TDF and FTC and their active form

Drug/metabolite 2

Blood compartment TFV TFV Plasma
Number >LLOQ/number tested
Median [IQR] (ng/ml)

TFV-DP PBMC
Number >LLOQ/number tested
Median [IQR] (fmol/million)

FTC FTC Plasma
Number >LLOQ/number tested
Median [IQR] (ng/ml) 2

FTC-TP PBMC
Number >LLOQ/number tested
Median [IQR] (pmol/million)

Rectal compartment TFV TFV Rectum
Number >LLOQ/number tested
Median [IQR] (ng/g)

TFV-DP Rectum
Number >LLOQ/number tested
Median [IQR] (fmol/mg)

FTC FTC Rectum
Number >LLOQ/number tested
Median [IQR] (ng/g) 4

FTC-TP Rectum
Number >LLOQ/number tested
Median [IQR] (fmol/mg)

Values in bold indicate statistically significant P-values (P<0.05).
FTC plasma, 10 ng/ml; FTC Rectum, 0.25ng/sample (approximatively 0.01
imatively 2–4 fmol per mg); LLOQs, TFV plasma: 1ng/ml; TFV Rectum, 0.
PBMC, 17.4 fmol/0.4ml FTC-TP PBMC: 0.202pmol/0.4ml TFV-DP Rectum
PBMCs equal or above the 16 fmol/106 cells cut-off
associated with a 90% reduction in HIV-1 acquisition
[18]. Median FTC-TP in PBMCs were lower (4.9 fmol/
million (IQR [3.4–9.7]) in the 2-h double-dose group
compared with the 7 days – single-dose group
(22.8 fmol/million (IQR [16.5–26.1]) (P¼ 0.0004).

In rectal explants with a median weight of 5.1mg (IQR
[3.8–7.6]), TFV-DP were below the lower limit of
quantification in all participants 2 h after intake of two
pills but quantifiable for nine of 11 participants after the
daily intake for 7 days of one pill. FTC-TP was detectable
in the rectal tissue in nine of 11 participants in the 7 days –
single-dose group and in all participants in the 2 h –
double-dose group with no statistically significant
difference noted (P¼ 0.47).

PK/PD relationship
Ex-vivo infection results in rectal tissue were negatively
correlated with TFV-DP and FTC-TP in PBMCs with a
dose-effect response for all participants in both groups
(Spearman R¼�0.57; P¼ 0.009 and Spearman
R¼�0.64; P¼ 0.003, respectively) (Table S2, Fig. 2).
There was also a PK/PD correlation for TFV-DP in rectal
tissue for all participants (R¼�0.47; P¼ 0.03) (Table
S2). Rectal levels of FTC-TP showed a tendency to a
correlation with a decrease of infectability (P¼ 0.058)
(Table S2, Fig. 2). Although FTC-TP in the PBMC did
not correlate with PrEP efficacy 2 h after a double dose,
rectal FTC-TP concentration and p24 fractional change
V2/V1 demonstrated an inverse correlation 2 h after a
double dose (Spearman R¼�0.84; P¼ 0.001) (Fig. 3).
s in blood and rectum after preexposure prophylaxis intake (V2).

h after two pills Seven days of daily use of one pill P value

0.046
12/12 11/11

321 [236–405] 173 [50–320]
0.0002

10/11 9/9
12.1 [5.3–18.5] 100.9 [81.9–125.9]

0.0004
12/12 11/11

508 [2306–2807] 849 [59–1591]
0.0004

11/11 9/9
4.9 [3.4–9.7] 22.8 [16.5–26.1]

<0.0001
10/10 11/11

90 [45–142] 3935 [3133–8854]
0.0002

0/11 9/11
– 7.0 [4.3–12.1]

0.74
11/11 11/11

544 [3735–5036] 4484 [2140–6538]
0.47

11/11 9/11
2.8 [2.1–3.3] 5.2 [2.3–6.3]

25–0.025ng/sample); FTC-TP Rectum, 0.004pmol/sample (approx-
25ng/sample (approximatively 0.0125 to 0.025ng/sample); TFV-DP
: 10.445 fmol/sample (approximatively 0.05–1.05 fmol per mg).
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Fig. 2. Pharmacokinetic/pharmacodynamics correlation of TFV-DP and FTC-TP concentrations and ex-vivo rectal tissue
efficacy in all participants. (a) correlation with TFV-DP in PBMCs; (b) correlation with FTC-TP in PBMCs; (c) correlation with
TFV-DP in rectal tissue; (d) correlation with FTC-TP in rectal tissue. Green triangles: 2 h – double-dose group; Orange squares:
7 days – single-dose group.
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and �179 pg/ml/mg in the 2 h – double dose and 7 days
– single-dose groups, respectively. Our ex-vivo model
yield results of cumulative p24 levels before PrEP
comparable to those reported in other ex-vivo studies
with rectal explants at baseline [25,29,30].

Combining the results of both PrEP regimens, we saw an
86.5% reduction in explant infection without any
significant difference between the dosing regimens. This
result is in accordance with the main data of PREVENIR
study showing no differences in efficacy between the two
regimens with a similar incidence of 1.1 HIV infection
IQR [0.2–3.2] per 1000 persons-year in both groups [21].

Before PrEP, TFV-DP in DBS was quantifiable in half of
the cases at a level consistent with the use of one pill per
week in the past 6–8weeks [31]. Nondetectable FTC-TP
concentrations in the DBS for all participants in this study
and the low urine concentrations of TFVand FTC were
consistent with an interruption of PrEP for more than 7
days [32,33].

Following oral intake of two pills of TDF/FTC, we
report very low but quantifiable levels of TFV and no
quantifiable level of TFV-DP in rectal tissue. This result
could be due to the low mass of tissue analyzed but is
consistent with a previous study describing TFV-DP
concentration below the lower limit of quantification
30min after intake and a Tmax of 24 h for oral TDF [22].
Conversely, we report similar levels of rectal FTC and
FTC-TP with the loading doses of either two pills at 2 h
or one pill per day for 7 days. This supports the concept
that FTC-TP is the only active drug quantitatively present
in the rectal tissue at the time of HIVexposure during an
on-demand dosing regimen suggesting the importance of
combining FTC to TDF with this dosing regimen. A
similar result was noted in an IPERGAY substudy with
FTC detected in rectal tissue much earlier than TFV, as
soon as 30min after intake [34]. These relatively quick
levels of FTC compared with tenofovir might be
attributed to differential drug transporter expression in
the colon, with higher expression of P-gp, involved in
TFV and TFV-DP efflux, as opposed to relatively low
expression of MRP1, involved in FTC efflux [35,36].
Nonetheless, TFV was quantifiable as a prodrug in all
rectal samples. Furthermore, intracellular phosphoryla-
tion of FTC exhibits faster kinetics than TFV, with a
maximum concentration reached in 4 h (2�8 h) for FTC-
TP and 24 h for TFV-DP, which could contribute to the
observed results [22,37,38].

We observed PK/PD correlations with a dose-effect
response for active forms of TDF and FTC in PBMC and
their efficacy in the rectal tissue. We also observed a
correlation for rectal TFV-DP and its efficacy; however,
TFV-DP was not detectable in all rectal samples 2 h after a
double dose of TDF/FTC making it unlikely to be
effective in the rectal tissue 2 h after a loading dose of two
pills. There was also a strong inverse correlation between
drug level and p24 results after drug exposure for the
rectal FTC-TP levels 2 h after a double dose of TDF/
FTC. This result suggests that the main effect of PrEP in
the rectal tissue closely after a double dose is due to the
rapid distribution of the active form of FTC. This result is
also consistent with a previous PK/PD model of EC90
determination in female genital and colorectal tissues,
where most of the population could achieve expected
early protection in the rectum with the combination
TDFþFTC but not with TDF alone, suggesting a
synergistic effect of both drugs [20]. In this model, using
dosages of TFV-DP, FTC-TP and the ratio to their
competing endogenous nucleotides and infections of
TMZbl cells and CD4þ T cells, Cottrell et al. [20]
estimated that 2 h after a double dose of TDF/FTC 81%
of the population was protected at the colorectal level.

A question of interest in PrEP is whether the efficacy of
PrEP happens at the mucosal or the systemic level. Two
hours after a double dose, we observed a strong PK/PD
correlation for FTC-TP levels in the rectal tissue and
PrEP efficacy but not for FTC-TP levels in the PBMCs.
This suggests that 2 h after a double dose of TDF/FTC
the main effect of PrEP happens in the rectal tissue.
Furthermore, although the ‘‘iPrEx EC90’’ level of TFV-
DP in the PBMCs is usually admitted as a threshold for
protection against HIV [39–41], in our study, most
participants in the 2 h – double-dose group were below
that threshold, but PrEP was still effective to reduce HIV
ex-vivo infection of rectal tissue. The potential impact of
FTC in the protection against HIV and the potential of
different pharmacokinetics of the two drugs, especially in
the first moments after intake, might have been over-
looked in the past. In two other studies, demonstrating a
linear PK/PD inverse correlation for HIV susceptibility
with tissue TFV-DP in ex-vivo challenge model of rectal
tissue, PK/PD correlation with tissue FTC-TP were not
evaluated [23,24]. Our study originality comes from the
examination of the very beginning of a dosing regimen of
PrEP when protection is still uncertain. Studies of PK/
PD in ex-vivo models in rectal tissue have mainly focused
their attention to the steady state of PrEP dosing regimen
[22–24].

Our study presents certain limitations. First, we only
explored the preexposure dose of the dosing regimens of
PrEP. The nature of the ex-vivo challenge prevents the
exploration of postexposure doses. The importance of
these postexposure doses was underlined in nonhuman
primate models [16,42]. There is a noticeable intra and
inter-individual variability of the model. Although ex-
vivo efficacy of both dosing regimens seemed similar, our
study was limited from a statistical standpoint due to the
relatively small number of observations. We might have
lacked power to demonstrate small differences between
groups.We only tested the combination of TDF and FTC
and not the effect of each drug alone. In a previous ex-
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vivo study, a linear PK/PD correlation has been shown
with oral TDF alone [22]. We established the baseline
tissue infectability values in people already taking PrEP
which could lead to underestimating the infectability
from residual levels of drugs. The wash-out period
estimated from participants self-declarations should
reduce this risk to negligeable and the pharmacological
dosages at V1 confirmed that participants had stopped
taking PrEP for at least a week [19,31,32].

In conclusion, this study supports the effectiveness of oral
PrEP with TDF/FTC to protect rectal tissue from HIV-1
infection as soon as two hours after two pills. With other
recommended regimens for PrEP (oral TAF/FTC and
long-acting cabotegravir) data to determine the optimal
timing of protection is limited [43–45]. Studies show low
drug levels in the rectal tissue [45,46]. This warrants
further exploration; the ex-vivo rectal challenge model is
a promising translational model to study PrEPefficacy and
evaluate new PrEP candidates or dosing regimens.
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