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Background. A long-acting injectable formulation of rilpivirine (RPV), under investigation as antiretroviral pre-exposure pro-
phylaxis (PrEP), may facilitate PrEP adherence. In contrast, cross-resistance between RPV and nonnucleoside reverse-transcriptase
inhibitors comprising first-line antiretroviral therapy (ART) could promote human immunodeficiency virus (HIV) drug resistance
and reduce PrEP’s effectiveness.

Methods. We use novel mathematical modeling of different RPV PrEP scale-up strategies in KwaZulu-Natal, South Africa, to
investigate their effects on HIV prevention and drug resistance, compared with a reference scenario without PrEP.

Results. Pre-exposure prophylaxis scale-up modestly increases the proportion of prevalent drug-resistant infections, from 33%
to ≤37%. The change in the number of prevalent drug-resistant infections depends on the interplay between PrEP factors (coverage,
efficacy, delivery reliability, and scale-up strategy) and the level of cross-resistance between PrEP and ART. An optimistic scenario of
70% effective RPV PrEP (90% efficacious and 80% reliable delivery), among women aged 20–29 years, prevents 17% of cumulative
infections over 10 years while decreasing prevalent resistance; however, prevention decreases and resistance increases with more
conservative assumptions. Uncertainty analysis assuming 40%–70% cross-resistance prevalence predicts an increase in prevalent re-
sistance unless PrEP’s effectiveness exceeds 90%.

Conclusions. Prioritized scale-up of injectable PrEP among women in KwaZulu-Natal could reduce HIV infections, but subop-
timal effectiveness could promote the spread of drug resistance.
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In 2014 globally, there were 2 million new human immunodefi-
ciency virus (HIV) infections and 1.2 million acquired immune
deficiency syndrome-related deaths [1]. South Africa is the epi-
center of the HIV pandemic, and its province KwaZulu-Natal
has the leading prevalence, reaching 17% overall, 28% among
adults aged 15–49, and 40% among women attending antenatal
clinics [2, 3].

Antiretroviral therapy (ART) is a potent intervention for HIV
treatment and prevention [4]. Antiretroviral therapy access is
increasing globally, with ambitious targets set for 2020 [5].
However, in South Africa in 2012, only approximately one

third of HIV-infected persons had access to ART and over
half were unaware of their HIV status [2].Male medical circum-
cision (MMC) and condom use are efficacious for HIV preven-
tion [6, 7], but their utility maybe limited by modest demand
[2]. Moreover, women do not directly benefit from MMC, nor
can they or other vulnerable populations reliably negotiate con-
dom use [8]. Thus, there is a crucial need for novel, effective
methods of HIV prevention.

Oral antiretroviral (ARV) pre-exposure prophylaxis (PrEP) for
HIV prevention is safe and efficacious when used consistently
[9–11], and it is recommended for persons at substantial risk of
acquiring HIV [12]. However, PrEP implementation in sub-
Saharan Africa has not yet occurred for several reasons including
unease about the following: adherence observed in clinical trials of
women, 2 of which were stopped for futility [13, 14]; drug resis-
tance and sexual risk compensation; long-term toxicity; potential
competition with ART for resources; uncertain optimal scale-up
strategies; and the fiscal impact of additional costs. Concerns
about PrEP adherence and HIV drug resistance are paramount.

Injectable ARVs that require infrequent dosing, such as the
second-generation nonnucleoside reverse-transcriptase inhibitor
(NNRTI) rilpivirine (RPV), are being investigated as long-acting
PrEP agents [15]. Rilpivirine is a promising PrEP candidate
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because of its potency, safety profile, long-acting preparation, and
anti-HIV activity against both wild-type and variants harboring
the K103N mutation that renders the first-generation NNRTIs
ineffective [15–17]. Nevertheless, in our study [16] of 102 HIV
isolates from patients failing first-line ART in South Africa
with NNRTI resistance-associated mutations, 71 (70%) had ≥3
fold-increase in RPV inhibitory concentration IC90 (RPV con-
centration required to reduce HIV replication by 90%) compared
with treatment-naive viruses from the same region, and 40 (39%)
had ≥10 fold-increase in RPV IC90. The protein-adjusted RPV
IC90 exceeded the median plasma drug concentrations achieved
28 and 56 days after a single 1200 mg RPV intramuscular dose
[18] for approximately 30% and 39% of the overall (and 80%
and 100% of the highly resistant) isolates, respectively. Thus,
cross-resistance between RPV and other NNRTIs used for ART
is common [16, 19, 20] and raises questions (1) about the poten-
tial population-level effects of long-acting RPV PrEP scale-up on
the efficacy of ARVs for prevention and treatment and (2) on the
spread of drug resistance. In addition, the principal factors that
could maximize HIV prevention and minimize drug resistance
from RPV PrEP scale-up are undefined.

To address these knowledge gaps, we construct and analyze a
novel mathematical model that is calibrated to longitudinal HIV
prevalence and incidence estimates from KwaZulu-Natal using
a Bayesian framework and is informed by cross-resistance data
[16].We simulate optimistic and conservative scenarios of RPV
PrEP scale-up, using unprioritized and prioritized population-
level strategies. We compare simulation results with a reference
HIV prevention scenario without PrEP, and we explore the ex-
tent of our prediction uncertainty and the sensitivity of findings
to modeling assumptions. Our results herein provide critical in-
sight into the dynamics and determinants of HIV prevention
and drug resistance from RPV PrEP scale-up in KwaZulu-
Natal. An economic evaluation is reported elsewhere [21].

METHODS

Model Structure and Calibration
We constructed a mathematical model using coupled ordinary
differential equations. The model population was stratified by
gender, age (15–54 years), sexual behavior, HIV infection status
and disease progression, MMC status, and ARV use. We used
Bayesian melding [22] to calibrate the model to (1) longitudinal
gender- and age-stratified HIV prevalence data and aggregate
HIV incidence data from KwaZulu-Natal (Figure 1, Supplemen-
tary Figures 2–4) [24, 25] and (2) cross-sectional behavioral risk-
stratified HIV prevalence data from South Africa [26]. Prior
probability distributions for model inputs were informed by lit-
erature from KwaZulu-Natal, South Africa, and sub-Saharan
Africa. After model calibration, we used the posterior mode
input estimates. Pre-exposure prophylaxis-related assumptions
are shown in Table 1, and model details are provided in the
Supplementary Data.

Interventions
We compared scenarios of combined ART, MMC, and PrEP
scale-up to a reference scenario of just ART and MMC scale-up
reflecting South Africa’s National Strategic Plan [29] and HIV
guidelines [30], ie, 80% coverage of MMC by 2017 and 80% cov-
erage of ART initiated at CD4 cell count ≤500 cells/μL by 2020.

We simulated 3 PrEP strategies: (1) unprioritized PrEP cov-
ered 2.5%–15% of uninfected adults regardless of age, gender,
or sexual behavior; (2) age-prioritized PrEP covered 15%–85%
of women aged 20–29 years, while also reaching 2.5%–15%
population-level coverage; (3) risk-prioritized PrEP covered
80% (range, 50%–90%) of uninfected female sex workers and
their clients, but it reached only 0.8% in overall coverage due
to the group’s small size (0.4% of women and 2.1% of men)
and high HIV prevalence (57% at 2015). Pre-exposure prophy-
laxis scale-up began at 2015, reached its coverage target over
5 years, and was then maintained until 2025.

Human Immunodeficiency Virus Drug Resistance
The model characterizes HIV variants as drug-sensitive or
drug-resistant. Drug-resistant variants are either acquired
from selection pressure from PrEP or ART or transmitted
from a donor with drug-resistant HIV. Drug-resistant HIV
may revert to drug-sensitive wild-type off of ARVs or in a
new host, but archived resistance may re-emerge with subse-
quent ARV exposure. The model does not represent specific
drug resistance mutations. Instead, it assumes the presence or
absence of resistance to the first-generation NNRTIs (common-
est drug-resistance pattern observed in subjects failing first-
line ART in sub-Saharan Africa [31]), resistance to RPV, or
cross-resistance between the two. We assume drug-resistant
infection reduces the efficacy of ARVs for treatment and
prevention.

Model Analyses
Base-Case Analyses

We simulated optimistic and conservative base-case scenarios
with PrEP (Table 1). In the optimistic scenario, PrEP had
90% efficacy against wild-type HIV; 80% of PrEP injections suc-
cessfully yielded efficacious drug levels (reliability), whereas
20% did not; and only successful injections caused PrEP resis-
tance to emerge after breakthrough infection. The conservative
scenario assumed the following: 70% PrEP efficacy against wild-
type HIV; 70% PrEP reliability; and all injections promoted
drug resistance emergence after breakthrough infection.
Model assumptions related to cross-resistance were primarily
informed by our in vitro work [16]. The prevalence of cross-
resistance was 40% in the optimistic and 70% in the conserva-
tive scenario, whereas PrEP’s relative (to wild-type) efficacy
against RPV-resistant virus was 0%–50%. Persons could receive
6 PrEP injections per year for 5 years with HIV testing biannu-
ally; however, 40% dropped out early. In primary analysis, we
assumed that both PrEP efficacy and resistance selection upon
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breakthrough infection occurred over the 2-month interval be-
tween scheduled injections. In secondary analysis, we assumed
that although HIV preventive efficacy disappeared after 2
months, plasma RPV drug concentrations and risk for resis-
tance selection persisted for 3 (optimistic) to 6 (conservative)
months after an injection [18, 28].

Sensitivity and Uncertainty Analyses

We performed sensitivity and uncertainty analyses using 20 000
simulations of the reference scenario and each PrEP strategy,
with intervention-related inputs drawn via Latin hypercube
sampling (Table 1, Supplementary Tables 2–5). We quantified
uncertainty in projections using medians and interquartile
ranges (IQRs), and we computed standardized regression coef-
ficients (SRCs) to measure the influence of model inputs on
outcomes. We fitted response hypersurfaces using multivariate
regression to illustrate the influence of key inputs.

RESULTS

Base-Case Analyses
Human Immunodeficiency Virus Prevention

Our reference scenario predicted approximately 0.7 million
new HIV infections during 2015–2025. Figure 2 shows the

cumulative new HIV infections prevented over 10 years in
PrEP scenarios using different strategies in comparison with
the reference scenario. Human immunodeficiency virus preven-
tion was greater for the optimistic versus conservative PrEP
scenario; for higher versus lower PrEP coverage; and for prior-
itized versus unprioritized PrEP scale-up. At 15% (uppermost)
population-level coverage, 9.1% of infections were prevented
in the optimistic unprioritized PrEP scenario, increasing to
17.2% when PrEP was age-prioritized (covering 85% of
women aged 20–29 years). Risk prioritization reduced infec-
tions (8.1%) to a similar extent as unprioritized PrEP, but at a
fractional population-level coverage (<1%). Human immunode-
ficiency virus prevention by all strategies was considerably
reduced in the conservative PrEP scenario; to 5.5% when
unprioritized, 10.3% when age prioritized, and 4.4% when
risk prioritized. Supplementary Tables 6 and 7 give data for
all coverage levels.

Human Immunodeficiency Virus Drug Resistance

Without PrEP scale-up, drug-resistance prevalence (the propor-
tion of HIV-infected persons with drug resistance) increased
from 11.7% at 2015 to 33.1% (0.44 million cases) at 2025, due
to scale-up of first-line ART. Compared with the reference

Figure 1. Model outputs for calibration and validation. Model calibration to human immunodeficiency virus (HIV) prevalence among (A) women and (B) men by age. Error bars
show 95% confidence intervals for data and 95% credible intervals for model posterior estimates. (C) Model calibration to HIV incidence in the Africa Centre Demographic
Surveillance Site (ACDSS) and comparison to the UNAIDS’ Spectrum model [23]. (D) Model validation against HIV prevalence in KwaZulu-Natal among adults aged 15–24 and
15–49 from the 4 South African national household surveys [2]. Abbreviation: CrI, credible interval.
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scenario, all simulations with PrEP scale-up increased drug re-
sistance prevalence; however, the bulk of resistance was from
ART, whereas PrEP contributed <7% of the 0.42–0.46 million
cases (Supplementary Tables 6 and 7). In contrast, PrEP
scale-up could increase or decrease the number of prevalent
drug-resistant cases (total resistance) after 10 years compared
with the reference, depending on the PrEP scenario and strategy
(Figure 3A). At 15% coverage, both unprioritized and age-
prioritized PrEP strategies decreased total resistance in the
optimistic scenario (by 2.6% and 4.5%, respectively), which
conversely increased (by 1.5% and 3.6%) in the conservative
scenario having less-optimistic PrEP- and resistance-related
assumptions. In contrast, resistance cases were almost un-
changed in the optimistic scenario with risk prioritization
(0.1% decrease) and increased the most (by 5.1%) in the conser-
vative scenario, reflecting this group’s high HIV transmission
risk. Supplementary Tables 6 and 7 give data for all coverage
levels.

Secondary Analysis

The primary analysis reported above assumed that RPV PrEP’s
efficacy and drug levels persisted for an average of 2 months. In
secondary analysis, we assumed that although PrEP’s efficacy
disappeared after 2 months, drug levels persisted for 3 to 6
months with continued opportunity for resistance selection
[18, 28]. Ten years after PrEP scale-up began (2025), total resis-
tance modestly increased by 0.05%–2% in the secondary relative
to primary analysis, mainly from an increase in resistance at-
tributable to PrEP (Supplementary Tables 6 and 7). Although
the resistance trends observed in the PrEP scenarios were qual-
itatively similar in the primary and secondary analyses, the de-
creases in total resistance were attenuated and, conversely, the
increases were exacerbated by prolonged drug persistence in
the latter (Figure 3B). In the secondary optimistic scenario at
2025, cases of PrEP resistance increased up to 25% with both
unprioritized and age-prioritized PrEP strategies and by 21%
with risk-prioritized PrEP (Supplementary Tables 6 and 7).

Table 1. Model PrEP-Related Input Parameters

Base-Case Scenarios
Uncertainty

Range SourceParameter Symbol Optimistic Conservative

Initial year of PrEP scale-up, year tP1 2015 2015 2015–2020 Assumed

Time to reach target PrEP coverage, years tP2 � tP1 5 5 2.5–7.5 Assumed

Intended duration of PrEP use, years 5 5 2.5–7.5 Assumed

Proportion of PrEP users who drop out early, % 40 40 5–60 [27]

Average duration of PrEP use, years 1/η 3 3 Calculateda

PrEP injection frequency, per year ψ 6 6 6 [18]

HIV testing frequency in the PrEP program, per year σψ 2 2 1–6 Assumed

PrEP reliability (% of injections that are efficacious), % χ 80 70 50–99 [18]

PrEP efficacy against wild-type HIV, % uW 90 70 50–99 [9, 10]

PrEP efficacy against ART-resistant HIV without PrEP cross-resistance (<3-fold
change in RPV IC90), %

uR1 90 70 50–99 [9, 10, 16]

PrEP efficacy against ART-resistant HIV with PrEP cross-resistance (3–9-fold
change in RPV IC90), %

uD1 45 35 0–50 [9, 10, 16]

PrEP efficacy against ART-resistant HIV with PrEP cross-resistance (≥10-fold
change in RPV IC90), %

b
uC1 0 0 0 [9, 10, 16]

PrEP efficacy against PrEP-resistant HIV, % uQ1 22.5 0 0–50 Assumed

Time to acquisition of PrEP resistance with wild-type HIV in entire cohort, years ZW 0.08 0.08 0.04–0.12 [28]

Time to acquisition of PrEP resistance with reverted PrEP-resistant or cross-
resistant HIV variant v in entire cohort, years

Zv 0.5ZW 0.5ZW 0.5ZW Assumed

Rate of PrEP resistance emergence after a successful injection, per year z1v –ln(1–0.99)/Zv –ln(1–0.99)/Zv –ln(1–0.99)/Zv Calculated

Rate of PrEP resistance emergence after an unsuccessful injection, per year z2v 0 z1v z1v Assumed

Persistence time of PrEP drug levels that may select drug resistance, monthsc 3 6 Approximately
2–6

[18, 28]

Prevalence of PrEP cross-resistance among persons with ART-resistant HIV, % 40 70 0–100 [16, 19, 20]

Proportion of cross-resistant variants that have ≥10-fold change in RPV IC90, % 100 50 50 [16]

Proportion of cross-resistant variants with ≥10-fold change in RPV IC90 that PrEP
has 0% efficacy against, %b

80 100 80–100 [16]

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; IC, inhibitory concentration; PrEP, pre-exposure prophylaxis; RPV, rilpivirine.
a The average duration of PrEP use is (1 – p)x when x is the intended duration of use and p is the proportion who drop out of PrEP early for noncompliance.
b We assume that PrEP has 0% efficacy against a fraction of HIV variants with ≥10-fold change in RPV IC90 and partial efficacy against the remainder (ie, same efficacy as against HIV variants
with 3- to 9-fold change in RPV IC90) [16].
c In primary base-case analyses, PrEP efficacy and drug levels disappear simultaneously after 2 months. In sensitivity analysis and secondary base-case analyses, PrEP levels may persist after
efficacy disappears.
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Increases were comparable in the secondary conservative PrEP
scenario: up to 35% when unprioritized, 37% when age priori-
tized, and 18% when risk prioritized. Despite the increases in
total resistance seen in the secondary analysis, PrEP’s contribu-
tion to total resistance remained small (<9%) compared with
ART (Figure 4A and B), and there was minimal attenuation
of HIV prevention from PrEP scale-up. Supplementary Tables 6
and 7 give data for all coverage levels.

Prediction Uncertainty
At coverage ranging between 2.5% and 15%, a median 3.9%
(IQR, 2.5%–5.6%) of cumulative new infections were prevented
by the unprioritized PrEP strategy; the preventive effect nearly

doubled to 7.1% (IQR, 4.5%–10.1%) with age-prioritized PrEP
and was comparable at 4.6% (IQR, 3.5%–6.1%) with risk-
prioritized PrEP despite much lower (range, 0.4%–1.0%) cover-
age (Supplementary Table 8).

Although PrEP decreased cumulative new infections overall,
it increased cumulative new infections having transmitted drug
resistance (Supplementary Table 8), by 2.0% (IQR, 0.2%–4.3%)
with unprioritized PrEP, which rose intermediately to 4.5%
(IQR, 1.1%–9.2%) with age-prioritized PrEP and maximally
to 14.8% (IQR, 9.4%–21.9%) with risk-prioritized PrEP. Like-
wise, PrEP increased total resistance (prevalent drug-resistant
infections) in a majority of these simulations, given inclusion
of conservative PrEP assumptions including prolonged drug
persistence; unprioritized PrEP increased total resistance by a
median of 1.9% (IQR, 0.5%–3.9%), age-prioritized PrEP in-
creased total resistance by a median of 3.9% (IQR, 1.3%–

7.7%), whereas risk-prioritized PrEP maximally increased
drug-resistant infections by 7.3% (IQR, 4.4%–10.8%).

Sensitivity Analysis
We were not surprised to find that higher coverage with more
effective PrEP prevented more infections: PrEP coverage, effica-
cy against wild-type virus, and reliability together explained
82% of the variance in infections prevented by unprioritized
and age-prioritized PrEP (Supplementary Table 9). Results
were qualitatively similar for risk-prioritized PrEP.

The extent of cross-resistance between ART and PrEP was
the strongest driver of increases in cumulative transmitted resis-
tance from unprioritized and age-prioritized PrEP (SRCs 0.38
and 0.36, respectively), because breakthrough infection was
more likely among PrEP users whose partners harbored
cross-resistant infection. The increase in total resistance from
unprioritized PrEP also grew with increasing cross-resistance
(SRC 0.30), as well as rising PrEP coverage (SRC 0.31) and

Figure 3. Percentage change in prevalent drug-resistant cases after 10 years of pre-exposure prophylaxis (PrEP) scale-up in base-case analyses. Figures show results of (A)
primary analysis, in which PrEP efficacy and drug levels persisted for 2 months after an injection, and (B) secondary analyses, in which PrEP efficacy disappeared after 2 months
but drug levels persisted for 3 (optimistic) or 6 (conservative) months. Optimistic (conservative) scenario assumptions were as follows: 90% (70%) PrEP efficacy vs wild-type
human immunodeficiency virus (HIV), 0%–50% relative efficacy vs rilpivirine-resistant HIV, 80% (70%) PrEP reliability, 40% (70%) cross-resistance between antiretroviral
treatment and PrEP, and successful (all) PrEP injections select drug-resistant HIV after breakthrough infection.

Figure 2. New human immunodeficiency virus (HIV) infections prevented over
10 years of pre-exposure prophylaxis (PrEP) scale-up in primary base-case analysis.
The PrEP coverage levels of 2.5%–15% are shown for unprioritized and age-
prioritized PrEP. Optimistic (conservative) scenario assumptions were as follows:
90% (70%) PrEP efficacy vs wild-type HIV, 0%–50% relative efficacy vs rilpivirine-
resistant HIV, 80% (70%) PrEP reliability, 40% (70%) cross-resistance between anti-
retroviral treatment and PrEP, and successful (all) PrEP injections select drug-resistant
HIV after breakthrough infection.
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longer persistence of acquired PrEP resistance (SRC 0.28),
whereas higher PrEP efficacy and reliability reduced total resis-
tance (SRCs −0.25 and −0.32). Results for prioritized PrEP
were qualitatively similar (Supplementary Table 9).

Age-prioritized PrEP tended to increase total resistance un-
less PrEP’s efficacy (against wild-type virus) and reliability were
both high; at 40%–70% cross-resistance, if effectiveness (the
product of efficacy and reliability) was above approximately
90%, age-prioritized PrEP tended to decrease drug resistance
(Figure 5B). The effectiveness threshold below which PrEP in-
creased total resistance was proportional to the extent of cross-
resistance between ART and PrEP (Figure 5A–C). Results were
similar for unprioritized PrEP (Supplementary Figure 5A).

Risk-prioritized PrEP increased total resistance regardless of
PrEP’s effectiveness (Supplementary Figure 5B), but the in-
crease was less with more effective PrEP.

DISCUSSION

Pre-exposure prophylaxis is an efficacious intervention against
HIV [9–11]. However, the optimal role of PrEP for HIV preven-
tion in resource-limited settings is undefined. Pre-exposure pro-
phylaxis scale-up is impeded by concerns about suboptimal
adherence and the deleterious effects of more frequent drug resis-
tance. Several injectable long-acting ARVs for PrEP, such as RPV,
are currently under study [15]. Although there is optimism that
injectable ARVs could provide a desirable and adherence-friendly
delivery platform for PrEP, this is tempered by the knowledge that
HIV drug resistance is increasing due to ART scale-up in sub-
Saharan Africa [31], and that there is cross-resistance between
the second-generation NNRTI PrEP candidates and the first-
generation NNRTIs used for ART [16, 19, 20]. In this study,
we constructed and analyzed a detailed mathematical model,
calibrated using a Bayesian framework and informed by regional
cross-resistance data [16], to explore scenarios of RPV PrEP
scale-up in combination with ART andMMC, for HIV prevention
in the KwaZulu-Natal province of South Africa. We determined
outcomes over 10 years, relative to a reference scenario of ART
and MMC without PrEP, reflecting South Africa’s National
Strategic Plan and HIV management guidelines [29, 30].

Our study highlights several important findings. First, the ef-
fects of RPV PrEP on HIV prevention and drug resistance are
determined by PrEP’s scale-up strategy (HIV prevention and
total resistance increase with prioritization and higher cover-
age); PrEP efficacy against wild-type virus and PrEP reliability
(both factors increase infections prevented and decrease total
resistance); and the prevalence of cross-resistance between
RPV PrEP and ART (increases transmitted drug resistance).
Second, for both unprioritized and age-prioritized strategies,
the extent of cross-resistance between PrEP and ART defines
the minimum threshold for PrEP’s effectiveness (the product
of efficacy and reliability) that is required to mitigate an increase
in total resistance. Third, persistence of RPV drug levels with
opportunity for resistance selection, beyond the duration of ef-
ficacy, increases PrEP’s contribution to total drug resistance
(the number of prevalent infections with drug resistance); how-
ever, this effect remains modest compared with ART’s contribu-
tion to resistance. Fourth, the prevalence of drug resistance
(proportion of prevalent infections with drug resistance) in-
creases (although modestly; from 33% to at most 37%) with the
combined scale-up of ART with RPV PrEP compared with
without PrEP. Finally, an optimistic scenario of 80% reliable
RPV PrEP prioritized to women aged 20–29 years, assuming
90% efficacy against wild-type HIV and 40% cross-resistance
with first-line ART, achieves almost double the HIV prevention
at 10 years, compared with unprioritized PrEP, and decreases

Figure 4. Prevalent drug-resistant cases after 10 years of pre-exposure prophylax-
is (PrEP) scale-up. Panels show results of (A) optimistic and (B) conservative base-
case scenarios. Optimistic (conservative) scenario assumptions were as follows:
90% (70%) PrEP efficacy, 80% (70%) PrEP reliability vs wild-type human immuno-
deficiency virus (HIV), 0%–50% relative efficacy vs rilpivirine-resistant HIV, 40%
(70%) cross-resistance between antiretroviral treatment (ART) and PrEP, and suc-
cessful (all) PrEP injections select drug-resistant HIV after breakthrough infection.
In primary analysis, PrEP drug levels cleared when PrEP efficacy disappeared after
2 months (“Clear”); in secondary analysis, drug levels persisted for 3 (optimistic) or 6
(conservative) months, whereas efficacy disappeared after 2 months (“Persist”). Data
are shown for 15% unprioritized and age-prioritized PrEP coverage. Abbreviations:
ADR, acquired drug resistance; TDR, transmitted drug resistance.
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the total drug resistance in contrast to risk-prioritized PrEP.
However, the total resistance prevalence increases in most un-
certainty simulations regardless of the scale-up strategy.

For simulations of injectable RPV PrEP scale-up in KwaZulu-
Natal, we confirm that HIV prevention is proportionate to the
examined levels of PrEP’s coverage and effectiveness, and that
prevention is amplified by strategies that focus PrEP to key at-
risk populations; our data extend findings from previous model-
ing of oral and topical PrEP, performed by us [32–36] and others
[37–39].Risk-prioritized RPV PrEP having high efficacy, reliabil-
ity, and coverage prevents close to 10% of cumulative infections
over 10 years, similar to unprioritized PrEP but at a fraction of
population-level coverage (<1% vs 15%). On the other hand, at
the same population-level coverage (ranging from 2.5% to
15%), age-prioritized PrEP focusing on 20- to 29-year-old
women prevents almost twice as many infections as unprioritized
PrEP. Commercial sex workers, their clients, and young women
have high HIV incidence and prevalence in South Africa [2, 24,
26, 40].Although the former 2 groups may be difficult to identify
and reach [40], prioritization of PrEP to 20- to 29-year-old
women may be logistically more feasible. Prioritization could
be considered for women of other ages in KwaZulu-Natal; how-
ever, HIV prevention would be less due to lower HIV incidence
compared with women aged 20–29 years [24].

We identify and interpret complex drug resistance patterns
from different RPV PrEP scale-up strategies. As we and others
have demonstrated previously for oral PrEP, the prevalence of
drug resistance always increases when PrEP is scaled-up in
combination with ART [32, 35, 36]; however, most of the resis-
tance is from ART and not PrEP. If RPV PrEP drug levels per-
sist long beyond their efficacious effect with ongoing risk of
resistance selection [18, 28], our projections of PrEP resistance
increase by 18%–37%; however, the increase in total resistance
is limited (≤2%) because PrEP’s relative contribution to the
total drug resistance remains modest (<9%), with little change

in its impact on prevention. A key insight from our study (ob-
served in base-case and sensitivity analyses) is that the level of
cross-resistance between RPV PrEP and ART plays a critical
role in determining the direction and magnitude of the change
in total drug resistance at a given level of PrEP effectiveness, as
well as the extent of increase in transmitted drug resistance: in
base-case analyses, scale-up of highly effective PrEP having 40%
cross-resistance decreased total resistance, whereas less-effective
PrEP having 70% cross-resistance increased resistance; sensitiv-
ity analysis identified cross-resistance as a key factor driving in-
creases in incident and prevalent resistance. Raising PrEP
coverage magnifies these increases or decreases in drug resis-
tance. Risk-prioritization increases total resistance proportion-
ate to the level of cross-resistance, demonstrating that high
behavioral-risk groups not only make a disproportionate con-
tribution to HIV transmission in the absence of interventions,
but also to the spread of drug resistance, and would require
more intensive resistance monitoring with PrEP scale-up. The
thresholds for PrEP efficacy and reliability, below which total
drug resistance rises from the scale-up of unprioritized and
age-prioritized PrEP, are proportional to the level of cross-
resistance. Our modeling suggests that at the current level of
cross-resistance between RPV and first-generation NNRTIs in
South Africa (40%–70%), scale-up of PrEP will likely increase
total drug resistance unless PrEP is highly efficacious against
wild-type virus and reliable (approximately 90% effective).

This study has several caveats. Precise details of our model’s
projections will be affected by variations in the structural and
parameter assumptions embedded within it, especially those re-
garding sexual behavior [35]. Nevertheless, we used rigorous
model construction, calibration, parameterization, and analysis.
Because injectable PrEP agents are currently in development,
their efficacy and drug resistance potential are unknown. To ac-
count for this knowledge gap, we consider different scenarios
and strategies in our analyses. Our base-case PrEP efficacy

Figure 5. Response surfaces showing the percentage change in prevalent drug-resistant cases after age-prioritized pre-exposure prophylaxis (PrEP) scale-up. Response
surfaces were calculated as a function of PrEP effectiveness and coverage from sensitivity analysis simulations with (A) <40%, (B) 40%–70%, or (C) >70% cross-resistance
between antiretroviral treatment and PrEP. Resistance decreases are shown in blue, increases are shown in red.
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assumptions are informed by oral PrEP studies [9, 10], which
may not be representative of injectable PrEP agents from other
ARV classes. Thus, we explore a wider efficacy range in sensitivity
analysis. Our assumptions regarding cross-resistance between
ART and PrEP and the potential efficacy of PrEP and ART
against cross-resistant HIV are primarily informed by laboratory
studies involving a limited set of 102 HIV isolates from patients
failing first-line ART in South Africa [16];nevertheless, we exam-
ine a wide estimate range in uncertainty and sensitivity analyses.
We assume scale-up of only first-line ART because of limited
(approximately 5%) current access to second-line ART in re-
source-constrained settings [41]; however, this may change in
the future. We represent PrEP adherence by assuming delivery
of regular injections with programmatic dropout but with main-
tenance of target coverage once achieved. We also represent PrEP
reliability as the proportion of injections that successfully yield
efficacious drug levels [18, 28]. In real-world use, if PrEP injec-
tions are irregular and PrEP coverage drops or conversely PrEP
injections are 100% reliable, we may have respectively overesti-
mated or underestimated RPV PrEP’s impact on HIV preven-
tion. Because HIV is predominantly transmitted heterosexually
in South Africa [26], we did not model men who have sex with
men or injection drug users; however, these at-risk populations
may also benefit from PrEP [39]. Finally, our modeling context
is the mature, generalized, high-prevalence HIV epidemic in
KwaZulu-Natal, South Africa. Thus, our quantitative findings
may not be directly generalizable to other contexts. Nonetheless,
the qualitative insights from our modeling are likely to be robust.

CONCLUSIONS

Prioritized RPV PrEP scale-up could have considerable public
health benefit. However, prevalent drug resistance will likely in-
crease if PrEP efficacy and reliability are modest, given current
levels of cross-resistance between first- and second-generation
NNRTIs.
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