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ARTICLE INFO ABSTRACT

HIV pre-exposure prophylaxis (PrEP) strategies have the potential to prevent millions of incident HIV infections
each year. However, the efficacy of PrEP strategies has been plagued by issues of non-adherence, likely because
of the difficulty in motivating otherwise healthy people to adhere to treatment regimens that require significant
behavioral changes and daily discipline. An alternative approach to PrEP is to focus on strategies that fit in to
normal, and even desirable, sexual behaviors, such as the use of cleansing enemas by men who have sex with
men (MSM) prior to receptive anal intercourse (RAI). Here, we describe preclinical efforts toward optimizing a
tenofovir (TFV)-based enema formulation for rectal PrEP. Using a murine model, we compared the plasma and
tissue pharmacokinetics of TFV and various TFV prodrugs, including tenofovir disoproxil fumarate (TDF), te-
nofovir alafenamide (TAF), and hexadecyloxypropyl tenofovir (CMX157), after dosing as enema formulations
with varying osmolality and ion content. We observed that the enema vehicle composition played a more im-
portant role than the TFV prodrug properties in achieving rapid and therapeutically relevant tenofovir dipho-
sphate (TFV-DP) concentrations in mouse colorectal tissue. Our results support the next steps, which are further
preclinical (non-human primate) and clinical development of a hypo-osmolar TFV enema product for rectal
PrEP.
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1. Introduction for preventing HIV infection associated with URAI are strongly needed.

The effectiveness of HIV pre-exposure prophylaxis (PrEP) ap-

In 2016, UNAIDS reported that the number of new HIV infections
among adults has remained static at an estimated 1.9 million per year
since 2010 [1]. The CDC similarly reported in 2017 that the HIV in-
cidence rate in men who have sex with men (MSM) in the US remained
steady between 2008 and 2014, accounting for 70% of all new HIV
infections in the US [2,3]. The risk of colorectal HIV transmission after
unprotected receptive anal intercourse (URAI) is 10-20 fold higher than
vaginal transmission [4], and US MSM reported not using condoms in
their last sexual encounter 38-65% of the time [5-7]. Thus, strategies

proaches has varied widely, largely due to lack of adherence to the
treatment regimen [8]. Particularly for a generally healthy target po-
pulation, a treatment strategy must not only be effective when used, but
easy to remember, convenient, and attractive to use. A recent literature
review of rectal douching in association with receptive anal intercourse
(RAI) found that up to 88% of men who practiced RAI ever douched for
cleansing purposes, of which 43-64% reported recent douching [9].
Thus, a rectal douche/enema containing a microbicidal agent may be a
behaviorally congruent approach for HIV PrEP in MSM [10,11].
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We previously found in mice that the osmolality and ion composi-
tion of the enema vehicle itself has a profound impact on epithelial
distribution and drug delivery [12]. Namely, mildly hypotonic, sodium
ion (Na+) containing fluids caused the colorectal epithelium to absorb
water, drawing mucoinert nanoparticles and even water soluble, small
molecule drugs like tenofovir (TFV) evenly over the epithelial surface
[12]. Further, similar to what was described for Na+ containing fluids
in the intact human colon, active pumping of Na+ from the lumen
results in water absorption even for iso-osmolar fluids, such as normal
saline (NS) [12,13]. We hypothesized that water absorption from the
colorectum would also facilitate rapid uptake and phosphorylation of
TFV, and that because TFV has a relatively long intracellular half-life
[14], a hypotonic TFV enema would be a means for achieving local
protection from colorectal HIV transmission in the timeframe relevant
for URAI after enema use. Further, we aimed to explore whether
modulation of the ion content and osmolality of the enema vehicle, as
well as the use of several TFV prodrugs (tenofovir disoproxil fumarate
(TDF), tenofovir alafenamide (TAF), and hexadecyloxypropyl tenofovir
(CMX157)), could further improve upon colorectal TFV delivery. Here,
we describe optimization of procedures for screening various enema
formulations in mice with the aim of selecting formulations of interest
for further clinical testing.

2. Materials and methods
2.1. Materials

TFV (FT104801501) and TDF (FT280311499) were both sourced
from Carbosynth (Compton, UK). CMX157 (lot 021; potassium salt) was
generously provided by Chimerix (Chimerix, Durham, NC). TAF (GS-
7340; lot C11/019 W) was provided by Gilead Sciences (Gilead, Foster
City, CA). Normal saline was obtained from Quality Biological, Inc and
UltraPure distilled water was obtained from Invitrogen. Sodium bi-
carbonate, sodium carbonate and sodium chloride powders were ob-
tained from Sigma-Aldrich.

2.2. Animals

Male CF-1 mice (age 5-6weeks) were purchased from Harlan
(Indianapolis, IN). All protocols involving animals were approved by
the Johns Hopkins Medical Institutions Animal Care and Use
Committee.

2.3. Optimization of administration and processing

Final dosing and processing conditions were as follows. Male
5-6 weeks old CF-1 mice were housed in cages with wire mesh bottoms
to prevent coprophagia and food was withheld for 16-24 h to reduce
the number of pellets present in the colon. Mice were anesthetized with
isoflurane and given a 200 pL normal saline (Quality Biological) pre-
cleansing enema administered with a plastic flexible feeding tube
(Instech Laboratories; 22 G X 25 mm), which was optimized to be suf-
ficient volume to clear the distal colon of pellets prior to dosing. Mice
were allowed to regain consciousness for 10 min ambulatory time. Mice
were then anesthetized to administer 50 uL. of drug solution using a
100 pL. WireTrol (Drummond) inserted at a depth of 2cm into the
mouse colon. At designated times, blood was collected into BD
Microtainer tubes with K,EDTA, and plasma was obtained by cen-
trifugation (1300 rcf for 10 min). The distal 4 cm of colon was excised,
bisected open to remove pellets as necessary, and cut in half long-
itudinally with a scalpel. The tissue was stored in cryogenic tubes and
flash frozen in liquid nitrogen. All samples were stored at -80°C after
being flash frozen in liquid nitrogen.
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Table 1

Enema formulation properties. Abbreviations: tenofovir (TFV), tenofovir dis-
oproxil fumarate (TDF), tenofovir alafenamide (TAF), hexadecylpropyl teno-
fovir (CMX157), sodium hydroxide (NaOH), sodium bicarbonate (NaHCOj3),
normal saline (NS), normal saline diluted 1:1 with water (*2 NS). “Indicates
measurement with pH paper. *Indicates range of average measured values for
different batches of the same formulation used in animal experiments on dif-
ferent days or doses administered at different times on the same day. Osmolality
data presented as averages + standard deviation where possible (otherwise a
single measurement was made).

Drug Conc. (mg/mL) Base Vehicle Osmolality (mOsm/kg) pH
TFV 176 NaOH ¥ NS 163 7.4
TFV 176 NaOH NS 288 + 1.0 7.4
TFV 176 NaHCO; NS 287-289% 6.6-7"%
TDF  3.89 NaHCOs % NS 194 + 0.3 7"
TDF  3.89 NaHCO; NS 322-328% 7.1-7.6"
TAF  3.28 None Y5 NS 143 + 0.9 7"
TAF  3.28 None NS 292-300% 6.8-6.9"
CMX 3.72 None % NS 127 + 0.6 7.2
CMX 3.72 None NS 277-294% 7.3-7.7%

2.4. Enema formulations

TFV powder was added to normal saline (NS) or a 1:1 mixture of NS
and UltraPure distilled water (%2 NS) with sufficient 5 M NaOH to fully
dissolve and bring to near-neutral pH. Alternately, TFV powder was
added to 1 mg/ml solution of NaHCO3; and NaCl powder was added at a
concentration of 0.9% to make a saline-based enema. Prodrug enemas
were formulated as molar equivalents to TFV to facilitate direct com-
parisons of the resulting TFV-DP concentrations in tissue achieved. TAF
and CMX157 potassium salt were directly dissolved in NS or %2 NS at a
molar equivalent to TFV (3.28 and 3.72mg/mL, respectively). The
acidic TDF molar equivalent (3.89 mg/mL) formulation was made by
adding TDF directly to NS. The near-neutral formulation was made by
adding TDF powder to a solution of 2.5 mg/ml of NaHCOs3, followed by
NaCl powder added at a concentration of 0.9%. Osmolality was mea-
sured with a Vapro vapor pressure osmometer (model 5600). pH was
measured with a Mettler Toledo EL20 pH meter and Microelectrodes,
Inc micro-combination pH needle electrode (MI-411-P). The properties
for each enema are detailed in Table 1.

2.5. Sample analysis

Systemic and compartmentalized TFV and TFV-DP drug con-
centrations were determined by previously described liquid chromato-
graphic-tandem mass spectrometric (LC-MS/MS) assays [15,16]. The
lower limits of quantification (LLOQ) of TFV in plasma and homo-
genized rectal tissue lysates are 0.31 ng/ml and 0.05ng/sample, re-
spectively. The LLOQ for the TFV-DP assay is 50 fmol/sample. Results
for TFV and TFV-DP in tissue specimens were normalized to tissue
weights. Results were reported in ng/mg or fmol/mg. All assays were
validated in accordance with the FDA’s Guidance for Industry: Bioa-
nalytical Method Validation recommendations [17].

2.6. Pharmacokinetic studies

All enema solutions were made fresh prior to dosing and used
within 1h. Groups of 5-10 mice were randomized to each treatment
group at each time point. Mice were held under anesthesia for 15 min
and either sacrificed or returned to their cages for a total of 4, 8 or 24 h
exposure time. Food was re-supplied to the 24 h group after a total of
24h starvation time. Areas under the curve from t = 0 to the last
measurable concentration (AUCs) were calculated using non-
compartmental analysis in Phoenix 64 WinNonlin software.
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2.7. Statistical analysis

One-way analysis of variance (ANOVA) with post-hoc Tukey test
was used for comparing three or more groups and Student’s t-test (two-
tailed distribution, unpaired) was used for comparing two groups in
Graphpad Prism 7. Pairwise comparisons of calculated AUC, values
was done using Bailer’s method [18].

3. Results
3.1. Optimization of administration and processing

We first had to optimize the procedure for enema administration to
compare enema formulations without variation in the volume of enema
successfully administered and the retention time before enema fluid
expulsion. The healthy mouse colon generally contains a series of hard
pellets, and they defecate roughly every 5-10 mins. Thus, we explored
the effect of pre-cleansing enemas to clear a consistent segment of the
descending colon prior to dosing of the microbicide enema formulations
and the duration of anesthesia to facilitate retention of the administered
fluid on TFV levels in the plasma (Fig. S1A). and colon tissue (Fig. S1B).
We further assessed the timing of tissue collection to ensure that TFV
diphosphate (TFV-DP) was accumulating in the colon tissue and that
the accumulation was rapid enough after dosing to potentially provide
protection (Fig. S1C/D). Of note, early measurements of the mesenteric
lymph node also indicated that enema administration led to TFV de-
livery to the draining lymph (Fig. S1E). though this was not pursued
further. We further explored the use of tissue washing steps to remove
luminal drug (Fig. S2A), though this introduced more variability in the
measurements of TFV levels (Fig. S2B). Sectioning the colon tissue to a
mass more similar to a human tissue biopsy further increased extraction
and detection of TFV-DP (Fig. S2B).

3.2. TFV dose ranging and comparison to clinical data

Topical administration of TFV has typically been achieved by gels
containing 1% (10 mg/mL) TFV. However, enema volumes adminis-
tered are much higher than rectal gel volumes. For example, a Fleet®
enema delivers 118 mL, whereas clinical studies have been performed
where 4 mL of TFV gel was dosed to the colorectum [19,20]. Thus, we
aimed to identify relevant concentration ranges for the TFV containing
enemas. As shown in Fig. 1. we dosed enemas with TFV concentrations
ranging from 10 mg/mL to 0.085 mg/mL (Table S1) and measured TFV
and TFV-DP concentrations in colon tissue 15min after dosing. We
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compared these data to the reported median values for human color-
ectal biopsies obtained 30 min after rectal dosing of the original vaginal
gel formulation of TFV (TFV VF) [21], shown as red dotted lines in
Fig. 1. Similar median parent TFV levels were achieved in mice with as
low as 0.17 mg/mL enema concentration (9.3 ng/mg vs 5.81 ng/mg)
(Fig. 1A). whereas similar median TFV-DP levels were achieved with a
1.8 mg/mL TFV enema (312 fmol/mg vs. 176 fmol/mg) (Fig. 1B). Im-
portantly, we also confirmed that dosing the TFV VF gel to mice re-
sulted in similar median TFV-DP colorectal tissue concentrations to
what was observed clinically (173 fmol/mg vs. 176 fmol/mg) (Fig. 1B).
In coordination with parallel planning for clinical studies, an enema
concentration of 1.76 mg/mL was chosen to move forward for com-
parisons of various enema compositions and TFV prodrugs.

3.3. TFV prodrug enema preparation and dosing

We next sought to formulate TFV prodrug enemas containing the
same molar equivalent of TFV parent drug and with a near neutral pH.
TAF and CMX157 could be directly dissolved into NS without pH ad-
justment. Similar to TFV, dissolving TDF acidifies the solution, re-
quiring the use of base to neutralize the pH. However, we found that pH
adjustment of TDF solution with NaOH resulted in significant de-
gradation (Fig. S3). In contrast, bases such as Na,CO3; and NaHCO3
resulted in a more stable TDF solution for up to 5 h, with NaHCO3 being
the most mild of the three bases (Fig. S3). We then compared enema
administration of TDF solution without pH adjustment (pH 3.4) and
with the pH adjustment with NaHCO; (pH 7), and found that there was
no difference in plasma concentrations (Fig. S4A) but a significant in-
crease in median TFV-DP concentrations in colon tissue 15 min after
dosing with the pH 7 formulation (144 fmol/mg vs 944 fmol/mg) (Fig
S4B). Thus, we moved forward with the TDF/NaHCO5 formulation.

To mirror the concurrently developing clinical studies (to be de-
tailed in a future publication), we next tested the various TFV prodrugs
at molar equivalent concentrations in NS and NS diluted 1:1 with water
(Y2 NS) as the vehicles. As shown in Fig. 2A. there was no significant
difference in plasma TFV concentrations 15 min after dosing, with the
exception of much lower concentrations with the CMX157 formula-
tions. In colon tissue, there was a small but significant decrease in
parent TFV concentrations when dosing TFV in the 42 NS vehicle, and
significantly lower TFV concentrations associated with the CMX157
enema formulations (Fig. 2B). For colon TFV-DP concentrations, the
only significant difference at 15 min for any drug when comparing the
Y2 NS and NS vehicle was a slight reduction in TFV-DP when dosing TDF
in the % NS vehicle (Fig. 2C). However, there was a trend toward
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Fig. 1. Colon tissue (A) TFV levels and (B) colon tissue TFV-DP levels measured 15 min after enema dosing with a range of TFV enema concentrations (0.085-10 mg/
ml). The red dotted lines in both figs represent the median levels measured in a human study 30 min after a single dose of 10 mg/ml (1%) TFV gel (vaginal
formulation, VF) [22]. Part (B) also includes TFV-DP levels measured in mouse colon tissue 15 min after administration of the TFV VF gel. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Plasma TFV, (B) colon TFV, and (C) colon TFV-DP concentrations
15 min after enema dosing. Normal saline (NS) and NS diluted 1:1 with water
(1/2 NS) were compared as vehicles. TFV prodrugs were formulated at molar
equivalents: TFV (1.76 mg/ml), TDF (3.89 mg/ml), TAF (3.28 mg/ml), CMX157
(3.72mg/ml). p < 0.05, “p < 0.01, “p < 0.001.

increased median TFV-DP levels for TDF (994 fmol/mg) and TAF
(363 fmol/mg) compared to TFV (312 fmol/mg) (Fig. 2C). In an effort
to understand whether the increased tissue TFV-DP concentrations as-
sociated with the TDF enema was due to the physicochemical properties
of the prodrug or the addition of NaHCO; for pH adjustment, we
compared the colon TFV-DP concentrations in colorectal tissue after
administration of TFV pH-adjusted with NaHCO3. As shown in Fig S5,
we saw an increase in median TFV-DP tissue concentrations 15 min
after administering a TFV/NaHCO3; enema (584 fmol/mg) compared to
TFV/NaOH (312 fmol/mg). Thus, we moved forward to compare TFV/
NaOH, TFV/NaHCOs;, TDF/NaHCO3, TAF and CMX157 in the NS ve-
hicle for pharmacokinetics.

3.4. Pharmacokinetics

We next dosed individual groups of mice with the various NS enema
formulations for blood and tissue collection at 15 min, 4 h, 8 h, and 24 h
after administration. As shown in Fig. 3A. peak median plasma TFV
concentrations were measured at 15min after dosing. The TDF/
NaHCOj; formulation provided a significantly increased plasma TFV
AUC (1.2 x 10*ng * h/ml) compared to all other enema formulations,
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while the plasma TFV AUC for the CMX enema (17 ng * h/ml) was
significantly lower than all other formulations (Fig. 3B, Table 2). Peak
median TFV colon concentrations also occurred at 15 min after dosing
for all formulations except CMX157 (Fig. 3C). Similarly, the only sta-
tistically different calculated colon TFV AUC was for CMX, which was
lower than for all other formulations (Fig. 3D, Table 3). In contrast,
there was more variation in median colon TFV-DP concentrations and
calculated AUCs for the various enema formulations. As shown in
Fig. 3E. three formulations (TFV/NaOH, TFV/NaHCO3, TDF/NaHCO3)
were associated with an increase in median colon TFV-DP from 15 min
to 4h, whereas two formulations (TAF, CMX) were associated with
peak median TFV-DP concentrations at 15min. The TFV/NaHCO;
enema formulation resulted in a significantly increased AUC
(1.7 % 10° fmol *h/mg) compared to all other formulations, followed
by the TDF/NaHCO; formulation (4.5 X 10* fmol * h/mg) (Fig. 3F,
Table 4).

3.5. Interspecies comparison

In parallel work in rhesus macaques, we recently reported that a
hypo-osmolar 5.28 mg/ml TFV enema formulation provided increased
TFV-DP levels in colon biopsies and CD4+ cells from colon tissue
compared to an iso-osmolar TFV enema [22]. The increased TFV-DP
levels achieved with the hypo-osmolar TFV formulation also correlated
with increased protection against ex vivo SIV/SHIV infection [22]. Al-
though we did not observe a significant benefit here for the %2 NS ve-
hicle compared to the NS vehicle at 15 min after administration in mice,
there are several differences to consider. When making interspecies
comparisons, the median TFV-DP levels achieved with the % NS TFV
enema formulation were more disparate between species at the
1.76 mg/ml concentration (Fig. S6A) than at the higher (5.28 mg/ml in
macaques, 5.4 mg/ml in mice) TFV concentration (Fig. S6B). Fig. 1B.
indicates that TFV-DP concentrations in mouse colon tissue did not
scale directly with TFV enema concentration, so it is possible that the
benefit for using the %2 NS vehicle would have been seen at a higher
TFV enema concentration, as in the rhesus macaque studies. Studies
conducted in mice over a full range of enema osmolality (Table S1)
suggested that the %2 NS vehicle provided increased colon TFV delivery
at an enema concentration of 10 mg/ml TFV (Fig. S7), though TFV-DP
measurements were not obtained. Regardless, we did observe in mice
that the ion composition of the enema vehicle has a dramatic effect on
the resulting colon TFV-DP concentrations, and that the prodrugs did
not provide any clear benefit as an enema formulation.

4. Discussion

Despite the clear protective potential of PrEP strategies, adherence
to the PrEP regimen has often been highlighted as the crux for
achieving high levels of efficacy [8]. Given the common practice of
rectal douching with an enema prior to RAI, an enema formulation
presents a unique opportunity requiring little to no behavioral change
compared to oral and other topical approaches [9,10]. Further, as we
have learned from contraceptives, providing a variety of options is
important for meeting the needs of a larger portion of the target po-
pulation [23]. Thus, microbicide enemas have potential as an alter-
native to the highly effective daily oral PrEP regimens that may be more
attractive to those who participate in RAL. However, similar to other
PrEP strategies, condom use must be recommended to provide protec-
tion against other sexually transmitted infections.

Many TFV prodrugs have been developed to improve delivery to
target cells and tissues after oral administration. TDF was first devel-
oped to increase bioavailability of TFV [24]. In vitro, TDF was asso-
ciated with > 100-fold increased antiretroviral activity and > 1000-
fold increased intracellular TFV-DP concentrations compared to TFV
[25]. TAF was shown to have increased stability in the blood and en-
hanced intracellular delivery compared to TDF [26,27], and the in vitro
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Fig. 3. Pharmacokinetics for a single enema dose of TFV pH adjusted with NaOH (TFV/NaOH), TFV pH adjusted with NaHCO; (TFV/NaHCO3), TDF pH adjusted with
NaHCOj3 (TDF/NaHCO3), TAF, or CMX157. (A) Time course of plasma TFV concentrations after enema dosing with corresponding (B) AUC, calculations. (C) Time
course of colon TFV concentrations after enema dosing with corresponding (D) AUCy, calculations. (E) Time course of colon TFV-DP concentrations after enema
dosing with corresponding (F) AUC), calculations. Comparisons of AUC values is shown in Tables 2-4.

Table 2 Table 3
Fold changes in plasma TFV AUC,,s, when comparing various enema formula- Fold changes in colon TFV AUC,,, when comparing various enema formula-
tions. Values in the table represent the fold increase when comparing row > tions. Values in the table represent the fold increase when comparing row >
column. N/A represents redundant comparisons that are omitted for clarity. column. N/A represents redundant comparisons that are omitted for clarity.
“p < 0.05. “p < 0.05.
TAF TFV/NaHCO3 TFV/NaOH CMX TFV/NaHCO3 TDF/NaHCO3 TAF CMX
TDF/NaHCO; 1.5 1.9 2.0° 69" TFV/NaOH 1.4 1.5 1.8 32
TAF N/A 1.2 1.3 45" TFV/NaHCO3 N/A 1.1 1.3 24"
TFV/NaHCO3 N/A N/A 1.1 37" TDF/NaHCO3 N/A N/A 1.2 21"
TFV/NaOH N/A N/A N/A 34 TAF N/A N/A N/A 18"

anti-HIV activity of TAF was shown to be > 1000-fold greater than TFV demonstrations of increased potency of TDF, TAF, and CMX157 com-
[27]. HIV-infected patients on oral TAF (25 mg) had 7-fold increased pared to TFV, we explored whether the prodrugs would provide phar-

TFV-DP concentrations in peripheral blood mononuclear cells (PBMCs) macokinetic benefits upon enema administration. Surprisingly, there
compared to patients on oral TDF (300 mg) [28]. CMX157 is a lipid was little variation in the colorectal TFV levels for TFV enemas com-
conjugate designed to remain intact in the blood and exploit natural pared to TDF and TAF enemas, and only the TDF formulation provided
lipid uptake pathways to achieve high intracellular TFV-DP. In vitro, a significant increase in plasma TFV AUC compared to the TFV for-
CMX157 was > 300-fold more active than TFV against multiple viruses mulations. Further, there was no apparent benefit in using either TDF or
in several different cell systems [29]. Due to these various TAF in achieving increased colorectal TFV-DP concentrations. Plasma
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Table 4

Fold changes in colon TFV-DP AUC,s when comparing various enema for-
mulations. Values in the table represent the fold increase when comparing
row > column. N/A represents redundant comparisons that are omitted for
clarity. "p < 0.05.

TDF/NaHCO; TFV/NaOH TAF CMX
TFV/NaHCO3 3.8 7.5" 30" 256"
TDF/NaHCO3 N/A 2.0 7.9 68"
TFV/NaOH N/A N/A 4.0 34"
TAF N/A N/A N/A 8.5

and colon TFV concentrations and colon TFV-DP concentrations were
the lowest overall with the CMX157 enema, suggesting that there may
be impaired conversion of CMX157 to TFV in mice. Ultimately, we
found that the highest overall TFV-DP exposure in the colon was
achieved with a TFV enema formulation containing both Na+ and bi-
carbonate ions, suggesting that ion transport and the associated water
absorption was a primary driving factor for drug absorption in the
colon. Indeed, the colon absorbs large amounts of water daily to dry the
feces, which is facilitated by active ion transport [30]. It has been de-
monstrated in both humans and mice that water absorption occurs in
the colon even from iso-osmolar solutions when Na+ is present
[12,13]. However, because the measurements of parent TFV in un-
washed, homogenized colon tissue do not distinguish between drug that
is intracellular versus in the extracellular space, we cannot directly
quantify if there is a difference in the intracellular TFV:TFV-DP ratios
for different enema formulations. Thus, we cannot rule out whether
increased TFV-DP concentrations is a result of another factor, such as
enzyme kinetics. Regardless, for these water soluble TFV drugs, in-
creased cell permeability in vitro and improved biodistribution upon
oral administration did not lead to improved delivery to the colon via
enema.

The fact that TFV alone is sufficient in an enema product is ad-
vantageous for further development, as TFV is off-patent and simpler to
synthesize than the prodrugs. Further, a peri-coital enema formulation
will likely reduce the amount of drug that is used compared to daily
oral PrEP strategies. Less frequent drug exposure will limit the potential
for toxicity, and less systemic drug absorption will further reduce the
risk of systemic side effects. Our parallel work in macaques also found
no evidence of acute mucosal toxicity with the enema product [22], and
future work will include evaluating the colorectal mucosa after multiple
doses. However, one drawback of intermittent drug exposure has the
potential to generate drug resistance in people with undiagnosed active
HIV infections [31]. For this reason, oral PrEP is only prescribed after
confirming HIV negative status, and confirmatory testing continues
while using PrEP [31]. An enema product is likely to be implemented
using a similar strategy.

A key next step in our enema development program will be con-
firming improved protection against mucosal infection in vivo.
Although we demonstrate that TFV-DP concentrations in colon tissue
achieved by enema in mice are in the target range for what has been
associated with protection in humans with oral PrEP, it is still unclear
where viral infection is initially established following rectal transmis-
sion. In the case of oral drug dosing, drug partitions into the blood
stream and then to the mucosa, whereas it is opposite in the case of
enema dosing. Thus, the ratio of drug concentrations in the plasma
compared to the mucosal compartments is much higher with oral
dosing, which increases the risk of systemic side effects, but may also
increase the amount of drug that reaches other key sites for preventing
infection. It is possible that the draining lymph is an important site for
drug delivery, which appears to be accessible by enema (Fig. S1E)
though delivery to the draining lymph was not carefully studied here.
Thus, it will be important to determine the correlation between colon
tissue TFV-DP concentration and protection from infection, and whe-
ther there is a similar correlation for oral and enema dosing. Further, as
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with any peri-coital prevention strategy, determining the duration of
protection and whether it aligns with typical timeframes for use will be
important. Incorporating a sustained-release element, such as a nano-
particle, into the enema formulation could extend the duration of time
in which drug concentrations remain within the therapeutic window.
Importantly, our preclinical results described here and recently in
rhesus macaques [22] strongly support further development of enema-
based microbicide products for rectal PrEP.

5. Conclusion

We demonstrated that tenofovir (TFV) enema formulations are a
promising option for rectal pre-exposure prophylaxis (PrEP). By mod-
ulating the enema vehicle ion composition to achieve rapid water ab-
sorption by the colorectal epithelia, therapeutically relevant con-
centrations of tenofovir diphosphate (TFV-DP) in colon tissues were
obtained. Further, despite the documented improvements in oral
pharmacokinetics provided by TFV prodrugs, we did not observe any
discernible comparative advantage over TFV for enema administration.
Rather, including both sodium (Na+) and bicarbonate (HCO5 ™) ions in
the enema vehicle led to the highest concentrations of TFV-DP in mouse
colon tissue. Interspecies comparisons with rhesus macaques further
support the rationale for clinical development of TFV-based micro-
bicide enemas for rectal PrEP.
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