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Objectives: To advance the initiative of ending the global epidemic, long-lasting HIV protection is needed
through sustained release of antiretroviral drugs for months to years. We investigated in macaques the safety
and efficacy of biodegradable polycaprolactone implants releasing tenofovir alafenamide for HIV pre-exposure
prophylaxis (PrEP).

Methods: Implants were administered subcutaneously in the arm using a contraceptive trocar. Efficacy against
vaginal simian-HIV (SHIV) infection was investigated in six pigtailed macaques that received two tenofovir ala-
fenamide implants (0.35 mg/day), one in each arm, for a total release rate of tenofovir alafenamide at 0.7 mg/
day. Macaques were exposed to SHIV twice weekly for 6 weeks. Statistical analyses were used to compare out-
come with eight untreated controls. Histological assessments were performed on skin biopsies collected near
implantation sites.

Results: Median (range) tenofovir diphosphate level in PBMCs was 1519 (1068-1898) fmol/10° cells. All maca-
ques with tenofovir alafenamide implants were protected against vaginal SHIV infection. In contrast, 7/8 con-
trols were infected after a median of 4 SHIV exposures (P=0.0047). Histological assessment of tissues near
tenofovir alafenamide implant sites showed inflammation and necrosis in 5/6 animals, which were not evident
by visual inspection.

Conclusions: We demonstrated complete protection against vaginal SHIV infection with two implants releasing
a total of 0.7 mg of tenofovir alafenamide per day. We also identified tenofovir diphosphate concentrations in
PBMCs associated with complete vaginal protection. Consistent with previous findings, we observed adverse lo-
cal toxicity and necrosis near the tenofovir alafenamide implant site. Improved tenofovir alafenamide implants
that are safe and maintain high efficacy have the potential to provide long-lasting protection against vaginal
HIV infection.

fumarate or tenofovir alafenamide has been highly effective in
preventing HIV acquisition when taken as prescribed.®*
However, inadequate adherence to the daily oral regimen re-
duces effectiveness and public health impact. As efforts to scale

Introduction

The HIV epidemic remains one of the highest global public health
priorities.’ Although new HIV infections have steadily declined

since the peak in 1997, an estimated 1.5 million became newly
infected in 2020.? Daily oral pre-exposure prophylaxis (PrEP)
with the combination of emtricitabine and tenofovir disoproxil

up PrEP worldwide accelerate, it is a high priority to identify novel
PrEP modalities that accommodate the different needs among
users. To this end, the pipeline for HIV prevention options is
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moving beyond daily to develop long-acting (LA) PrEP products
that do not require frequent dosing and may overcome some
of the adherence challenges associated with daily oral PrEP.

Aninjectable formulation of the integrase inhibitor cabotegra-
vir was among the first systemic LA products to be developed for
PrEP. LA cabotegravir is administered intramuscularly on a bi-
monthly schedule and showed high efficacy in preclinical ma-
cague models against vaginal, rectal and penile virus
acquisition.”™® Recent results from the HPTN 083 and 084 trials
showed that LA cabotegravir was safe and highly protective; its
efficacy exceeded that of daily oral emtricitabine/tenofovir diso-
proxil fumarate, likely reflecting the adherence advantage of LA
PrEP.%1° These findings led to the recent FDA approval of LA cabo-
tegravir (APRETUDE®) for PrEP use in at-risk adults to reduce the
risk of sexually acquired HIV.'* However, these studies also raised
important questions on how best to implement LA cabotegravir
for PrEP and how to manage the long drug tail after treatment
discontinuation to minimize risks of infection and possible selec-
tion of drug-resistant viruses.” Another potential issue with LA
cabotegravir is the inability to remove cabotegravir in the case
of an adverse reaction.

Substantial efforts are currently ongoing to develop novel LA
prevention products that have a longer duration of protection
than LA cabotegravir. Subdermal implants are effective drug de-
livery platforms that have been extensively used as LA hormonal
contraceptives to deliver levonorgestrel (Norplant, Jadelle) or
etonogestrel (Implanon, Nexplanon) to prevent unintended
pregnancies.'**? Implant technologies designed to deliver anti-
retroviral (ARV) drugs for HIV PrEP are in different stages of pre-
clinical and clinical development and include injectable
subcutaneous hydrogels, silicone implants, osmotic pump sys-
tems, polyurethane tubes, refillable nanofluidic implants and bio-
degradable poly-e-caprolactone (PCL) implants.**~2° Efforts with
implants for HIV PrEP have focused on the delivery of different
classes of ARVs, including tenofovir alafenamide, given its high po-
tency (50% effective concentration in the low-nanomolar range),
long intracellular half-life of the active metabolite tenofovir di-
phosphate, and low systemic tenofovir exposures.?! A silicone im-
plant releasing tenofovir alafenamide (0.92 mg/day) resulted in
high tenofovir diphosphate levels in PBMCs (~500 fmol/10° cells)
for up to 35 days in dogs and has now advanced to Phase I/I1
clinical trials (PACTR201809520959443).'%?? A refillable
nanofluidic tenofovir alafenamide implant showed no adverse
effects in macaques and maintained tenofovir diphosphate
levels in PBMCs at about 300 fmol/10° cells for up to
4 months.)” A polyurethane reservoir implant sustained
~50 fmol/10° cells in PBMCs for up to 14 weeks in macaques
and exhibited local toxicity.?” The reasons for poor tolerability
of certain tenofovir alafenamide delivery platforms remain un-
known. Importantly, pharmacological benchmarks for high va-
ginal efficacy by tenofovir alafenamide-releasing implants
remain poorly defined.

RTI International has developed a biodegradable implant fab-
ricated through the hot-melt extrusion of PCL.?*?* This implant
has a reservoir configuration that permits zero-order release of
drugs for ~12 months at tunable dosages based on wall thick-
ness, surface area and PCL composition.?®?>?® In addition to
their biodegradable properties, PCL implants are compatible
with medical-grade trocars and can be removed in the case of

an adverse reaction.?* We recently showed that implants releas-
ing tenofovir alafenamide at 0.7 mg/day achieved high and sus-
tained tenofovir diphosphate levels in PBMCs in rhesus macaques
for up to 5 months.?” The study also documented adverse skin
reactions around the tenofovir alafenamide implants that were
mild or non-existent during the first 6 to 8 weeks and worsened
between Months 2 and 4. Here we sought to investigate whether
implants releasing 0.7 mg of tenofovir alafenamide per day could
prevent vaginal infection with simian HIV (SHIV) in macaques in
order to inform on correlates of protection by tenofovir alafena-
mide and guide the development of implants that are safe
and effective. We performed SHIV challenges during the first
1-2 months after implantation when implants were deemed to
be safe. The macaque challenge model employed has been ex-
tensively used to investigate the efficacy of PrEP regimens for wo-
men, including oral emtricitabine/tenofovir disoproxil fumarate
and LA cabotegravir, and predicted their clinical efficacy.”?829
We identified correlates of high vaginal protection with sustained
release of tenofovir alafenamide but further documented sub-
clinical toxicity associated with short-term exposure to this teno-
fovir alafenamide implant.

Materials and methods

Ethics statement

All animal procedures were performed under anaesthesia and approved
by the CDC Institutional Animal Care and Use Committee (IACUC).
Housing and care of pigtailed macaques were done in accordance with
the Guide for the Care and Use of Laboratory Animals.

Tenofovir alafenamide implant fabrication

Medical-grade PCL pellets loaded with sesame oil only (placebo implant)
or a 2:1 mass ratio of tenofovir alafenamide base and sesame oil (teno-
fovir alafenamide implant) were fabricated as described in the
Supplementary Materials and methods, available as Supplementary
data at JAC Online.?%?*2539 Tenofovir alafenamide implants were de-
signed to release tenofovir alafenamide throughout the entire surface
area of the implant at a release rate of 0.35 mg/day.

Efficacy of tenofovir alafenamide implants against
vaginal SHIV infection

The efficacy of tenofovir alafenamide implants in preventing vaginal in-
fection was investigated using an established macaque model of re-
peated vaginal exposures to SHIVi62p3 as previously described.*! Eight
female pigtailed macaques (Macaca nemestrina; 6 to 12 years old)
were exposed to SHIV twice weekly for up to 6 weeks. Six of the animals
received two implants (one in each arm) releasing tenofovir alafenamide
at 0.35 mg/day for a total release of 0.70 mg of tenofovir alafenamide
per day. The remaining two animals did not receive implants and were
used as real-time controls. An additional six untreated animals that
were previously challenged vaginally twice weekly with the same SHIV
dose and by the same personnel were included as historical controls.
Vaginal SHIV challenges in the tenofovir alafenamide-implant animals
were initiated 1 week after implantation to allow sufficient time for teno-
fovir diphosphate to accumulate in PBMCs. Implants were removed
1 week after the last SHIV challenge (Week 8 post implantation) to meas-
ure the drug tail and infection status during the drug washout period.
Animals were closely monitored for SHIV infection, as described in the
Supplementary Materials and methods. Infection outcome was com-
pared with the eight untreated controls (two real-time and six historical).”
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Measurement of tenofovir diphosphate concentrations in
PBMCs and vaginal and lymphoid tissue

During efficacy assessments, tenofovir diphosphate concentrations were
measured in PBMCs of the six tenofovir alafenamide-treated animals dur-
ing the SHIV challenge period and after implant removal. A more detailed
pharmacokinetic (PK) analysis to measure drug distribution of tenofovir
alafenamide implants was assessed in three additional SHIV-infected
pigtailed macaques that received a single tenofovir alafenamide implant
(0.35 mg/day) in the right arm and a placebo implant containing sesame
oil only in the left arm. The SHIV-infected macaques were humanely sa-
crificed after 5 weeks (n=1) or 12 weeks (n=2) post implantation.

Intracellular tenofovir diphosphate in PBMCs and purified mono-
nuclear cells from lymphoid and vaginal tissues collected at necropsy
was measured by LC-MS-MS as described in the Supplementary
Materials and methods. The lower limit of quantification (LLOQ) for teno-
fovir diphosphate was 100 fmol/sample.*?

Determination of tenofovir alafenamide residual
concentration and purity in extruded implants

Tenofovir alafenamide was extracted from the extruded implants as indi-
cated in the Supplementary Materials and methods. Concentration and
purity were measured using HPLC at Alera Labs, LLC (Durham, NC, USA).

Safety and tolerability of tenofovir alafenamide implants
following efficacy assessments

Weekly wellness checks and examination of the implantation site were
performed to assess the safety and tolerability of implants.
Examination included monitoring animal weight, general health status
(i.e. physical activity, social interactions, food consumption) and thorough
inspection of the area surrounding the implants for visible skin reactions.
Erythema and oedema were graded based on the Draize scale from 0 (no
reaction) to 4 (severe reaction).>?

Implants were removed 8 weeks after implantation. Briefly, a scalpel
no. 15 blade was used to make a 2 cm incision in the skin near the im-
plant. The skin over the incision was apposed with either surgical glue
or an absorbable suture. Straight after implant removal, 3 mm surgical
punch biopsies were collected immediately cranial to the displaced im-
plant for histopathological examination, as described in the
Supplementary Materials and methods. Sections were evaluated by a
veterinary pathologist and semi-quantitatively scored for the type and in-
tensity of inflammation, as well as the abundance of fibrosis and
presence of necrosis. Inflammatory cells, including neutrophils, lympho-
cytes, plasma cells, macrophages, eosinophils and reactive fibroblasts
within the dermis and subcutaneous tissues and fibroblast were evalu-
ated. The distribution and severity of infiltration by each cell type was
scored on a scale of 0 to 5, with 0 representing no inflammatory cells pre-
sent and 5 representing extensive infiltration by the specific cell type.

Statistical analysis

Due to the small sample sizes, Fisher’s exact test was used to compare
the number of animals protected in the treated group (n=6) relative to
untreated controls (n=8). Survival analysis and efficacy were calculated
as described in the Supplementary Materials and methods.

Results

Efficacy of tenofovir alafenamide implants in preventing
vaginal SHIV transmission

The study design of the vaginal SHIV challenge is shown in
Figure 1a. Of the eight untreated controls, two were real-time

controls and six were historical controls. The two real-time con-
trols were infected at challenges 1 and 3. Overall, seven of the
eight untreated animals became infected with SHIV after a me-
dian of 4 challenges (range 1-12). In contrast, all six macaques
with tenofovir alafenamide implants remained uninfected after
12 vaginal challenges, resulting in an estimated efficacy of
100% (95% CI=undefined). The difference in survival distribution
was statistically significant between the treated and untreated
groups (P value=0.0047, log-rank test) (Figure 1b).

To define the concentrations of tenofovir diphosphate in
PBMCs associated with protection, we monitored intracellular te-
nofovir diphosphate levels in PBMCs at the time of each virus ex-
posure. Tenofovir diphosphate concentrations were high and
sustained in all six animals with levels that ranged between
1068 and 1898 fmol/10° cells (median=1519). After implant re-
moval at Week 8, tenofovir diphosphate levels slowly declined
over time and became undetectable 6 weeks after removal
(Figure 2). The calculated terminal half-life of tenofovir diphos-
phate in PBMCs following implant removal was ~7 days.

To investigate drug stability in implants, residual drug content
was extracted from recovered implants and assessed for pure
and degraded tenofovir alafenamide products. Residual pure te-
nofovir alafenamide remaining in the implants ranged from
96.2% to 97.9% (Table 1). Based on the pre-loaded yield and
the recovery yield after 8 weeks, the calculated median in vivo re-
lease rate per implant was 0.38 mg/day, an elution rate that
strongly correlated with the established in vitro release rate of
0.35 mg/day. After the implant removal, the incision healed
quickly within a week.

Short-term safety and tolerability assessment of
tenofovir alafenamide implant

To assess short-term safety and tolerability of tenofovir alafena-
mide implants, we examined the area surrounding the tenofovir
alafenamide implants during the 8 weeks of implantation. This
assessment included the six macaques that received two tenofo-
vir alafenamide implants for a cumulative analysis of 12 implant-
ation sites (2 sites per animal). Using the Draize scale to assess
local skin reactions, we found grade 1 erythema in one animal
by Week 6, as indicated in the heat map (Figure 3a). The ery-
thema quickly resolved following implant removal. All other teno-
fovir alafenamide implantation sites (n=11) remained
unremarkable during the 6 week treatment period.

A semiquantitative histopathological assessment was also
done by haematoxylin and eosin (H&E) staining of skin biopsies
collected directly above the implant site in the treated group
(Table 2). H&E staining revealed reactions indicative of a foreign-
body response, with macrophages, multinucleated giant cells,
mononuclear cell infiltrates and reactive fibrosis, which is com-
mon following subcutaneous administration of medical im-
plants.>**> In general, the inflammatory reactions appeared
similar between the implant sites in both arms of the same ani-
mal, with intra-animal differences in inflammatory responses
likely due to sampling. Notably, 7 of the 12 sites contained debris
consistent with necrotic material (Table 2). There was moderate
variation in the overall inflammatory response scores between
different animals. The biopsies from one animal (A10024)
showed minimal inflammatory response with only mild reactive
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Figure 1. Protection of macaques against vaginal SHIV infection by tenofovir alafenamide (TAF) implants. (a) Study design. Six female pigtailed ma-
caques received two TAF implants (placed in opposite arms), each releasing TAF at 0.35 mg/day (0.7 mg/day in total) 1 week prior to the challenge
period. Animals were exposed vaginally to SHIV;e,p3 twice weekly for six consecutive weeks or a total of 12 challenges. Implants were removed
8 weeks post implantation. Infection outcome was compared with two real-time and six historical controls. (b) Survival analysis representing the cu-
mulative percentage of uninfected macaques in the TAF-treated (n=6) and untreated (n=8) groups. This figure appears in colour in the online version

of JAC and in black and white in the print version of JAC.

Implant
removal
100005 Challenge phase 1 Follow-up phase
R B i RSl G —— oral TAF (humans)
o o
o wo
z g Typ= 7 days
F ©
E 1004
LS
104

1234567 8 9 10111213 14 15
Weeks
Figure 2. Tenofovir diphosphate (TFV-DP) concentrations in PBMCs.
TFV-DP levels were measured weekly during virus challenges and after
implant removal at Week 8. Solid circles and bars represent medians
and ranges, respectively. The horizontal dotted line denotes the concen-

trations of TFV-DP associated with steady-state levels with daily oral te-
nofovir alafenamide (TAF) in humans.

fibroblasts, oedema and acute haemorrhage, while biopsies from
two other animals (214191, Z11328) showed a more pro-
nounced, mixed inflammatory response composed of aggre-
gates of lymphocytes and plasma cells around vessels and
adnexa, with mixed eosinophils and scattered macrophages
and neutrophils. Oedema and prominent reactive fibroblasts
were also present in the surrounding deep dermis and superficial
subcutaneous tissue. The inflammation often centred on
amorphous eosinophilic debris, interpreted to be fibrin and acel-
lular necrotic material, surrounding the implant site. The total

inflammatory response scores observed in the other three ani-
mals (Z08139, 714009, 713244) fell between the least and
most severe responses described above (Table 2). Figure 3b
shows the H&E staining from animal 211328, illustrating moder-
ate to marked deep dermal inflammation and subcutaneous fi-
broses and necrosis, while normal skin was observed in an
animal from the terminal PK study that was implanted with a pla-
cebo implant. Overall, the histopathological evaluation indicated
moderate to deep dermal necrosis and a median implant reactiv-
ity score of 15 (scale 0-45).3

Tenofovir diphosphate concentrations in vaginal and
lymphoid tissue

To investigate the distribution of tenofovir diphosphate in
vaginal tissues and in lymph nodes collected proximal or
distal to the implantation site, we implanted three maca-
ques with a single implant releasing tenofovir alafenamide
at 0.35 mg/day in the right arm followed by tissue collection
5 or 12 weeks post implantation. Median (range) tenofovir
diphosphate levels in PBMCs at the time of implant removal
were 1104 (789-1608) fmol/10° cells. Median tenofovir di-
phosphate concentrations in axillary lymph nodes collected
from the upper right side of the body and close to the im-
plantation site were ~10-fold higher than those detected in
the axillary lymph nodes collected from the left side (3870
and 307.8 fmol/10° cells, respectively) although the sample
size was too small to demonstrate statistical significance
(Table 3). In contrast, median tenofovir diphosphate levels
in inguinal lymph nodes collected from the lower right and
left sides of the body were similar (499 and 393 fmol/10°
cells, respectively). Notably, tenofovir diphosphate levels in
vaginal lymphocytes (median=50.7 fmol/10° cells) were
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Table 1. Estimated stability and release rates of tenofovir alafenamide (TAF) calculated from explanted implants recovered from pigtailed macaques

at Day 53
Original TAF loading  Experimental TAF recovered  TAF purity TAF released Estimated release rate Right (R)/left (L)
Device ID (mq) (mq) (%) (mg) (mg/day) ratio
A10024 L 125.53 102 96.2 23.53 0.44 0.89
A10024 R 124.80 104 96.9 20.80 0.39
7141191 L 124.00 101.2 96.5 22.80 0.43 0.91
Z141191R 124.73 103.8 97.1 20.93 0.39
708139 L 127.26 109 96.9 18.26 0.34 0.53
Z08139 R 129.66 120 97.8 9.66 0.18
711328 L 123.06 101 97.9 22.06 0.42 0.79
711328 R 126.46 109 97.5 17.46 0.33
713244 L 127.13 105 96.4 22.13 0.42 0.86
713244 R 126.13 107 96.9 19.13 0.36
714009 L 127.53 110 97.5 17.53 0.33 1.03
714009 R 126.06 108 97.5 18.06 0.34
TAF stability expressed as % purity of the excised implant devices. Purity determined by UV-UPLC.
() , , .
A. Placebo implant  B. TAF implant (animal 211328)
wees| 710024 | z1a151 | 208136 | 211328 | z13244 | z1acos |Local skin reactions v PR O BN v
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Figure 3. (a) Heatmap of local skin reactions at implant site. Local skin reactions observed during the 8 week study period were scored using a Draize
scale: 0 (none) to 4 (severe). Visual assessments of the tenofovir alafenamide (TAF) implant site in the left (LT) and right (RT) arm are indicated for each
animal. (b) Histological observations of implantation sites. Panels show a representative H&E stain of skin biopsies collected near the implantation site
from an animal with a placebo or TAF implant. Left panel: skin biopsies surrounding the placebo PCL implants show normal and unremarkable tissue.
Central and right panels: tissue surrounding the TAF implant show moderate to marked inflammation and subcutaneous fibrosis (A, B and C). This
figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

~10-fold lower than those seen in the nearby inguinal
lymph nodes (Table 3).

Discussion

Implants for HIV prevention that provide sustained drug release
for months to years can be a desirable option for people who
need or want long-term protection from HIV and are unable to
adhere to daily oral PrEP. We used a validated macaque model
of vaginal SHIV transmission to investigate the efficacy of a bio-
degradable PCL implant releasing tenofovir alafenamide (base)
and identify correlates of protection by tenofovir alafenamide
implants. We show that implants delivering 0.7 mg of tenofovir

alafenamide per day result in high tenofovir diphosphate levels
in PBMCs and provide complete protection against repeated vagi-
nal SHIV exposures over 6 weeks or 12 challenges. However, des-
pite a short exposure to the tenofovir alafenamide implants, we
noted signs of local toxicity at the implantation site that were not
evident through visual inspection, thus underscoring the need for
improving the drug delivery system to more safely deliver tenofo-
vir alafenamide at efficacious levels.

We have previously determined that an oral daily tenofovir
alafenamide dose of 1.5 mg/kg in macaques, which represents
about 15 mgin an average 10 kg animal, reproduces the drug ex-
posure of the clinical 25 mg tenofovir alafenamide dose in hu-
mans and results in tenofovir diphosphate concentrations in
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Table 2. H&E scoring

Animal
A10024 714191 Z08139 711328 713244 714009 Median (range)

Implantation arm RT LT RT LT RT LT RT LT RT LT RT LT RT/LT
Lymphocytes 0 0 3 3 2 2 1 3 1 3 4 1 2.0 (0-4)
Plasma cells 0 0 2 2 2 2 1 2 0 3 2 1 2.0 (0-3)
Macrophages 0 0 1 2 1 3 4 3 0 3 2 1 1.5 (0-4)
Neutrophils 0 0 1 1 1 1 2 2 0 1 2 0 1.0 (0-2)
Eosinophils 0 0 1 1 0 1 4 4 0 1 1 0 1.0 (0-4)
Fibroblasts 1 1 2 1 1 2 3 2 0 2 2 1 1.5 (0-3)
Acute haemorrhage 1 1 2 0 0 0 1 0 1 0 0 2 0.5 (0-2)
Oedema 1 1 3 3 1 0 0 1 1 0 0 2 1.0 (0-3)
Fibrosis 0 0 0 1 2 4 3 4 1 2 4 0 1.5 (0-4)
Acellular/necrotic material - - + + - + + + - + + -

Subcutaneous tissues collected near the implant site were scored (0 to 5 scale) for the presence of lymphocytes, plasma cells, histiocytes/macro-
phages, neutrophils, fibrosis, proliferating fibroblasts and acute haemorrhage. Presence of extravascular RBCs was only scored as acute haemorrhage
if present in deeper tissue. Necrosis was documented based on the presence (+) or absence (-) of acellular and necrotic material.

Table 3. Tenofovir diphosphate (TFV-DP) concentrations in lymphocytes isolated from vaginal tissue, inguinal nodes and axillary nodes from three
different macaques implanted with a single tenofovir alafenamide implant (0.35 mg/day) in the right arm

TFV-DP (fmol/10° cells)

Tissue M10134 714101 71315 Median
Vaginal lymphocytes 50.7 67.9 29.3 50.7
Inguinal nodes (left) 392 757.3 BLOQ 393
Inguinal nodes (right) 499 519.8 51.2 499
Axillary nodes (left) 307.8 975 192.5 307.8
Axillary nodes (right) 3870 10890.9 996.7 3870

PBMCs of about 350 fmol/10° cells.>” Here we show that the re-
lease of ~0.7 mg of tenofovir alafenamide per day from implants,
which is about 20-fold lower than the oral dose, results in higher
tenofovir diphosphate concentrations. The mechanisms of the
high dosing efficiency from implants cannot be entirely explained
by the oral bioavailability of tenofovir alafenamide and may be
also related to the implant formulation. A high dosing efficiency
is highly desirable for implants because it can reduce the amount
of drug needed while lengthening the duration of its effect.

Our exploratory analysis of drug distribution in lymph nodes
and vaginal tissues revealed 10-fold higher tenofovir diphos-
phate levels in lymph nodes that were near the implantation
site compared with the levels in the nodes in the opposite side
of the implant location. These results are intriguing and need to
be confirmed in a larger number of animals. If confirmed, the re-
sults suggest that tissues close to the implant location may be
dosed more efficiently with tenofovir alafenamide and raise
some considerations about the optimal body location for im-
plants designed for HIV prevention. It will be important to expand
this analysis to implants releasing other drugs and investigate
whether an implant placed in a different location provides higher
drug levels in neighbouring tissues. For instance, will a tenofovir

alafenamide implant placed in the inner thigh result in higher te-
nofovir diphosphate levels in vaginal and rectal tissues and in-
guinal lymph nodes, and thus potentially increase efficacy
against sexual HIV infection?

The observed focal necrosis in biopsies taken near the im-
plantation sites was likely attributed to tenofovir alafenamide
since placebo PCL implants formulated with sesame oil had no
evidence of histopathological toxicity or local skin reactions and
were found to be safe and well tolerated in macaques. Notably,
the toxicities seen in the biopsy specimens were not evident by
visual inspection as tenofovir alafenamide implantation sites re-
mained unremarkable during the 8 week treatment period. Su
et al.?? reported fibrosis, haemorrhagic abscesses and severe
granulomatosis with non-degradable polyurethane (PU) tenofo-
vir alafenamide implants, although in this instance some of the
adverse histopathology was also noted with placebo implants.
Pons-Faudoa et al.'® performed a limited toxicity evaluation of
a refillable nanofluidic titanium tenofovir alafenamide implant
and found mild tissue responses with little or no inflammatory
cell infiltration. These observations raise questions about the
source and mechanisms of toxicity associated with different te-
nofovir alafenamide implants and stress the need to further
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define implant characteristics that associate with better safety
profiles. Possible attributes may include the implant material
and configuration, including surface area for ARV release, use
of tenofovir alafenamide hemifumarate or free base, and the de-
gree of tenofovir alafenamide metabolite production at the im-
plantation sites.”* The finding of delayed wound healing with
high doses of tenofovir in primary epithelial cells and fibroblasts
from the female reproductive tract is noteworthy and point to
a possible role of tenofovir alafenamide or its metabolites in
interfering with the wound healing process that must take place
after incision and implant insertion subdermally.®*3>3%

Our study also provides important preclinical information on
the correlates of vaginal protection with tenofovir alafenamide
in macaques. In a previous study using a clinically relevant
dose of oral tenofovir alafenamide (1.5 mg/kg), we found 58%
vaginal protection at tenofovir diphosphate concentrations in
PBMCs of ~350 fmol/10° cells.>” We document in this study
100% protection at concentrations of tenofovir diphosphate in
PBMCs between 1100 and 1900 fmol/10° cells, suggesting that
the benchmark for complete vaginal efficacy by tenofovir alafe-
namide is high. While dose titration can help define the precise
benchmark for protection, more recent data from a high oral te-
nofovir alafenamide dose (27.4 mg/kg) study in macaques indi-
cated that tenofovir diphosphate levels of ~1300 fmol/10°
PBMCs were associated with 93% efficacy.?® Collectively, these
data all point to high tenofovir diphosphate concentrations in
PBMCs needed for vaginal protection by tenofovir alafenamide.
It is not known, however, if the same benchmark will also apply
for rectal protection. Pons-Faudoa et al.*® found a 62% rectal ef-
ficacy with a nanofluidic tenofovir alafenamide implant that
maintained tenofovir diphosphate levels at 390 fmol/10°
PBMCs, although the efficacy estimate was not precise due to
the small sample size. In an earlier study, we documented no rec-
tal protection with a weekly oral tenofovir alafenamide dose of
13.7 mg/kg capable of sustaining tenofovir diphosphate levels
between 2581 and 966 fmol/10° PBMCs over an entire week.*?
These observations suggest that tenofovir diphosphate levels in
PBMCs alone may not be a good surrogate for predicting rectal
protection with tenofovir alafenamide.

In summary, we demonstrated that two biodegradable PCL
implants releasing a total of 0.7 mg of tenofovir alafenamide
per day resulted in high and sustained tenofovir diphosphate le-
vels in PBMCs that was associated with full protection against va-
ginal SHIV infection, although the observed local toxicities
emphasize the need for implant modifications to improve their
safety. The identification of tenofovir diphosphate levels
needed for full vaginal protection with tenofovir alafenamide
also provides benchmark drug levels required for protection
by other implant technologies that safely release tenofovir
alafenamide.
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