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Abstract

Antiretroviral drugs have revolutionized the treatment and prevention of
HIV infection; however, adherence is critical for sustained efficacy. Cur-
rent HIV treatment consists of three-drug regimens, and current HIV pre-
exposure prophylaxis (PrEP) consists of a two-drug regimen; both generally
require adherence to once-daily dosing. Long-acting formulations are use-
ful in the treatment and prevention of other conditions (e.g., contraceptives,
antipsychotics) and help promote adherence. Newer long-acting formula-
tions of approved and investigational antiretroviral drugs in existing and
newer mechanistic classes are under study for HIV treatment and preven-
tion, including some phase III trials. Although long-acting antiretroviral
drugs hold promise, some clinical challenges exist, including managing side
effects, drug-drug interactions, pregnancy, and long-lasting drug concentra-
tions that could lead to the development of drug resistance. This review aims
to summarize currently available information on long-acting antiretroviral
drugs for HIV treatment and prevention.
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INTRODUCTION

Current antiretroviral therapy (ART) suppresses HIV replication, preserves or restores CD4 cell
counts and immune function, reduces morbidity and mortality, and now prolongs survival to
essentially that of the general population (1–3). Current treatment guidelines around the world
recommend starting ART in anyone who is HIV infected, regardless of prior illness, symptoms,
signs, HIV RNA level, or CD4 cell count (4–7). Current first-line ART regimens consist of three
antiretroviral drugs, often coformulated, allowing a one-pill, once-daily oral treatment regimen;
these regimens result in virologic suppression in more than 80% of HIV-infected patients in both
clinical trials and in clinical cohorts (4–7). HIV pre-exposure prophylaxis (PrEP) is a prevention
strategy of giving antiretroviral drugs to an uninfected individual at risk for HIV infection, which
reduces the risk of acquiring infection by over 85% in some clinical trials (8, 9).

A major factor preventing more widespread success of oral treatment is suboptimal adherence.
Long-acting antiretroviral formulations, especially parenteral ones, could improve success rates
while also helping to prevent transmission of HIV (Table 1). Low rates of adherence have also
reduced the effectiveness of orally administered PrEP, and long-acting formulations could ame-
liorate this problem as well (10). Finally, in situations where self-administration of oral medication
may be difficult because of gastrointestinal, neurologic, or psychiatric disease, parenteral therapy
would be of clinical value, even if used only temporarily (11).

No long-acting strategy for treatment or prevention works unless patients are accepting of
these forms of drug delivery. Several recently published patient surveys found broad and enthusi-
astic support for coformulated long-acting and extended-release (LA/ER) antiretroviral delivery
technologies. Of 400 adult survey respondents in two US clinics, more than 80% indicated

Table 1 Long-acting antiretroviral agents

Mechanistic drug class Agents Formulation Stage of development

Nucleoside reverse transcriptase inhibitors EFdA Implant Preclinical

MK-8591 Implant Preclinical

Tenofovir alafenamide Implant Preclinical

GS-9131 Implant Preclinical

Nonnucleoside reverse transcriptase inhibitors Rilpivirine Injectable Phase III

Elsulfavirine Injectable Preclinical

Protease inhibitors Atazanavir Injectable Preclinical

Ritonavir Injectable Preclinical

Integrase inhibitors Cabotegravir Injectable Phase III

Raltegravir Injectable Preclinical

Entry inhibitors Ibalizumab intravenous US FDA approved

PRO 140 Intravenous Phase II

Albuvirtide Intravenous and
subcutaneous

Phase III

Broadly neutralizing
antibodies

Intravenous Phase II

Combinectin Intravenous Preclinical

Capsid inhibitors GS-CA1 Injectable Preclinical

Abbreviation: EFdA, 4′-ethynyl-2-fluoro-2′-deoxyadenosine.
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they would definitely or probably consider switching from oral to parenteral antiretrovirals if
the injection frequency were once per month; interest was lower with more frequent injections
(12). In 303 adolescent patients ages 13 through 24 years, 86–90% stated they would definitely
or probably switch to parenteral antiretrovirals if the injection frequency were once every one
to three months (13). Attractions of LA/ER formulations for patients at risk of HIV or already
taking oral treatment include the convenience of less frequent dosing, avoidance of pill fatigue,
better protection of health privacy, and avoidance of treatment-related HIV stigma (14).

Participants in the 96-week phase IIb LATTE (long-acting antiretroviral treatment enabling)-2
trial also showed exceedingly high levels of satisfaction with intramuscular long-acting cabotegravir
(CAB LA) and long-acting rilpivirine (RPV LA) administered every 4 or 8 weeks (15); it should
be noted that participants in this study were self-selected on the basis of wanting access to such
formulations and may have higher opinions of these products than the general population.

THE USE OF LONG-ACTING/EXTENDED RELEASE FORMULATIONS
FOR THE TREATMENT AND PREVENTION OF OTHER DISEASES

Long-acting parenteral agents have proven useful in the treatment and prevention of other impor-
tant and common human health-related conditions. The greatest experience involves parenteral
delivery of hormonal contraceptives to prevent pregnancy, the so-called long-acting reversible
contraceptives (16). This includes intramuscular and implantable progesterone analogs, as well
as hormone-imbedded intrauterine devices. Contraceptive implants allow continuous release of
drug products over several years from a single implant. Etonogestrel implants deliver effective
systemic concentrations of hormones for up to three years, and levonorgestrel implants for up to
five years, after a single implant (17).

Implantable and injectable hormones are now the most popular form of birth control in many
parts of the world and are being used by millions of women. In some sub-Saharan African coun-
tries, injections and implants now account for 60–80% of contraceptive use in women, whereas
daily oral contraceptives are used by 10% or fewer of women (18). In fact, because HIV infec-
tion is so prevalent in this part of the world, many HIV-infected women are already receiving
regular injections or implants for contraception (19), resulting in unwanted adverse drug interac-
tions involving concurrent antiretroviral drugs. The nonnucleoside reverse transcriptase inhibitor
(NNRTI) efavirenz—a known cytochrome P450 enzyme inducer—decreased levonorgestrel con-
centrations by up to 57% and resulted in three unwanted pregnancies in 20 Ugandan women using
levonorgestrel implants (20).

A long-acting injectable nanoformulated version of the antipsychotic paliperidone palmitate is
widely used for the treatment of chronic schizophrenia, especially in patients unable to adhere to
daily oral medications (21). This formulation technology is very similar to that used to create the
injectable versions of CAB and RPV for HIV and can be given at a dosing interval of once every
one to three months.

Similar technology has been applied to develop sustained release formulations for other drugs
in noninfectious diseases settings. A subcutaneous implant for the systemic delivery of leupro-
lide (Viadur R©), a gonadotropin-releasing hormone agonist, was widely used for the treatment of
advanced prostate cancer, breast cancer, endometriosis, uterine fibroids, and precocious puberty
but is no longer marketed because of increased manufacturing costs (22). Drug-eluting cardiac
stents treat and prevent recurrent coronary artery disease (23). Biodegradable polymer systems
like drug-eluting cardiac stents are designed to dissolve completely within nine months after stent
implantation, and development of biodegradable implants for HIV should also be possible.
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LONG-ACTING ANTIRETROVIRALS (FOR TREATMENT
AND PREVENTION) IN CLINICAL DEVELOPMENT

Cabotegravir

Cabotegravir (CAB, GSK1265744) is an investigational HIV integrase inhibitor structurally sim-
ilar to dolutegravir. It demonstrates potent activity against HIV in vitro, across HIV clades (24),
including against some strains resistant to other integrase inhibitors (25). The compound is being
developed both in oral and long-acting injectable preparations for both treatment and preven-
tion of HIV (26). Phase I and IIa studies tested both single and daily oral doses over 10 days
in HIV-uninfected and -infected participants and demonstrated dose-proportional increases in
drug concentrations, a prolonged mean plasma half-life of 31.5 h, and in HIV-infected sub-
jects, a significant 2.2–2.3 log10 copies/mL decrease in HIV RNA levels over 11 days (27). A
phase I open-label study tested a 200 mg/mL nanosuspension of CAB LA administered at single
increasing doses given either intramuscularly or subcutaneously in HIV-uninfected individuals
and found prolonged plasma concentration-time profiles with measurable concentrations of CAB
up to 52 weeks after dosing (28). CAB LA was generally well tolerated, although a majority of
subjects reported mild injection site reactions (pain, erythema, and/or nodule formation). Two
phase II prevention studies, ECLAIR and HIV Prevention Trials Network (HPTN) study 077,
demonstrated injectable CAB was generally safe and well tolerated in HIV-uninfected individuals,
although injection-site reactions were common (29, 30). HPTN study 083, NCT02720094, is an
ongoing phase III noninferiority study in HIV-uninfected high-risk men who have sex with men
and transgender women; the study compares daily oral tenofovir/emtricitabine with intramuscular
CAB given every 8 weeks for HIV PrEP.

Rilpivirine

Rilpivirine (RPV, TMC278) is an NNRTI that demonstrated efficacy and safety as part of an oral
combination ART regimen in phase III randomized studies (31, 32) and was approved for the
treatment of HIV infection. The drug’s physiochemical and pharmacological properties enable
formulation as a long-acting injectable nanosuspension, which can be dosed every 4–8 weeks (33,
34). A phase I study of long-acting rilpivirine (RPV LA, 300 mg/mL) demonstrated plasma drug
concentrations comparable to those seen with the oral drug (35). Another study explored single
doses of RPV LA for PrEP and found RPV concentrations peaked at 6–8 days and were detected in
plasma, cervicovaginal fluid, and vaginal and rectal tissue through 12 weeks (36). One participant
was found newly HIV-infected at 12 weeks with resistance to RPV (37). A third study found RPV
LA suppressed viral replication significantly in ex vivo rectal tissue but not in vaginal or cervical
tissue (38). HPTN 076, a phase II prevention study, demonstrated that the RPV concentrations
achieved were consistently greater than the protein-adjusted 90% inhibitory concentration for
the 8 weeks postinjection (39).

Combination Therapy with Cabotegravir and Rilpivirine

The LATTE study enrolled 243 treatment-naive, HIV-infected participants who received dual
nucleoside analogs and either oral CAB (10, 30, or 60 mg daily) or efavirenz (control) for 24 weeks
and then, if virologically suppressed, continued CAB and substituted oral RPV 25 mg daily for
their nucleoside analogs or continued nucleoside analogs and efavirenz (control) (40). At 96 weeks,
68–84% of participants had HIV RNA levels <50 copies/mL across the study regimens. With
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virologic activity similar to efavirenz, CAB 30 mg was selected as the optimal dose for subsequent
studies. In the first study of the combination of two long-acting injectable antiretroviral agents,
40 HIV-uninfected individuals received oral CAB 30 mg daily for a 14-day lead-in period and then
were randomized to receive parenteral regimens (41). All parenteral dosing cohorts achieved target
therapeutic drug plasma concentrations within 3 days of dosing with prolonged exposure, and the
injections were generally well tolerated. The investigators concluded that a dual regimen of CAB
LA and RPV LA should be further explored for an all-injectable regimen of HIV treatment.

LATTE-2 was a randomized, open-label phase IIb study in 286 treatment-naive HIV-infected
adults who originally received oral abacavir/lamivudine plus oral CAB 30 mg daily for 20 weeks
and then were randomized 2:2:1 to all-injectable maintenance antiretroviral regimens with CAB
400 mg and RPV 600 mg every 4 weeks, or CAB 600 mg and RPV 900 mg every 8 weeks, or
to continue the oral regimen (15). At week 96, HIV RNA was suppressed to <50 copies/mL in
84–94% across the regimens. Injection site reactions occurred commonly, but only two (<1%)
participants discontinued the study for that reason. The investigators concluded that this two-
drug, all-injectable maintenance antiretroviral regimen was comparable to the oral regimen. This
was a landmark study and supported further clinical development.

Several larger phase III studies of a maintenance regimen with injectable CAB and RPV are
ongoing:

The First Long-Acting Injectable Regimen study, FLAIR (NCT02938520), a noninferiority
study that enrolled individuals suppressed on abacavir/lamivudine/dolutegravir and randomized
them to continue that regimen or change to the all-injectable regimen given every 4 weeks

� The Antiviral Therapy as Long-Acting Suppression study, ATLAS (NCT02951052), a non-
inferiority study that randomized individuals on ART with suppressed viremia to continue
their current ART regimen or receive the all-injectable regimen every 4 weeks

� ATLAS-2M (NCT03299049), which is randomizing individuals with suppressed viremia to
the all-injectable ART dosed every 4 weeks versus every 8 weeks.

Ibalizumab

Ibalizumab is a humanized IgG4 antibody that inhibits HIV-1 entry by binding to the extracellu-
lar domain of CD4, preventing subsequent entry into CD4+ T cells through allosteric inhibition
(42). The ibalizumab binding site is distinct from the major histocompatibility complex sites of
CD4, thus reducing the likelihood of immunosuppression. This drug was recently approved by
the US Food and Drug Administration (FDA) for use in heavily treatment-experienced adults with
a multidrug-resistant HIV-1 infection who are failing current therapy. Ibalizumab is given intra-
venously as a single loading dose of 2,000 mg, followed by maintenance dosing of 800 mg every two
weeks. In clinical trials in antiretroviral-experienced patients, ibalizumab demonstrated antiviral
activity, but treatment was frequently associated with early rebound of viremia and resistance (43,
44). In a phase III clinical trial, 43–50% of participants reached viral loads <50 copies/mL by
week 25 when ibalizumab was combined with an optimized background regimen (45). Compared
to other long-acting antiretrovirals being used clinically, ibalizumab has the disadvantage of intra-
venous administration and a biweekly dosing interval. Subcutaneous administration of this drug
has been investigated.

PRO 140

PRO 140 is a humanized monoclonal IgG4 antibody that binds to the HIV-1 binding domain of
the CCR5 receptor and inhibits binding and entry of CCR5-tropic viruses (46). Its binding site is
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distinct from that of the CCR5 antagonist maraviroc, and PRO 140 is active against maraviroc-
resistant viruses (47). PRO 140 monotherapy, given weekly for three weeks at an intravenous
dose of 5 mg/kg or a subcutaneous dose of 324 mg, rapidly suppressed viral load in patients
whose HIV was exclusively R5 tropic (48, 49). Anti-PRO 140 antibodies have developed in some
patients but do not appear to affect pharmacokinetics, antiviral responses, or the likelihood of
adverse events, which are quite infrequent. PRO 140 is being studied as a weekly maintenance
monotherapy for patients whose baseline HIV was CCR5 tropic and as salvage therapy for patients
with viremia on their current antiretroviral regimen. Like maraviroc, this drug can only be used in
patients previously demonstrated as infected exclusively with CCR5-tropic HIV-1. The drug was
recently granted Orphan Drug status by the FDA and is progressing toward approval for heavily
treatment-experienced patients with multidrug-resistant HIV.

Albuvirtide

Albuvirtide is a 32-amino acid synthetic peptide analog of the fusion region of HIV gp-41, similar
to enfuvirtide (T-20). It has the advantage of a much longer plasma half-life than enfuvirtide
(12–14 days) but is expensive to manufacture and must be given parenterally. At present, this
drug is being developed exclusively in China. In an open-label phase III trial, 389 treatment-
experienced patients were randomized to receive either lopinavir/ritonavir plus albuvirtide
320 mg intravenously once weekly or lopinavir/ritonavir plus WHO-recommended NRTIs. After
48 weeks of treatment, 80% of albuvirtide recipients had a viral load of <50 copies/mL, com-
pared to 66% of controls (difference 14.4%, 95% CI −3.0 to 31.9) (50). To date, albuvirtide
appears to be quite well tolerated. A subcutaneous formulation is in development that would allow
self-administration every 2–4 weeks, and there are plans to study the drug in additional countries.

4′-Ethynyl-2-Fluoro-2′-Deoxyadenosine

Novel agents suitable for long-acting or extended release formulation need to have high po-
tency to provide a reasonable mass of the active pharmaceutical ingredient per dose. In addition,
the active pharmaceutical ingredient or its active metabolite should have slow systemic clear-
ance to support infrequent dosing. 4′-Ethynyl-2-fluoro-2′-deoxyadenosine (EFdA, MK8591) is a
highly potent nucleoside reverse transcriptase inhibitor (NRTI) that, unlike any other currently
approved NRTI, retains its 3′-hydroxyl group. EFdA has higher affinity than other NRTIs for
the HIV reverse transcriptase active site, contributing to its potency (51). The incorporation of
EFdA-monophosphate into the enzyme active site blocks primer translocation and halts repli-
cation without causing direct chain termination because the drug contains a 3′-hydroxyl group.
The halogen (fluorine) substitution at the second position of the adenine ring impairs degradation
by adenosine deaminase and contributes to the long intracellular half-life of EFdA-triphosphate,
estimated at >72 h (52). EFdA is safe and well tolerated in animals, and it has remarkable po-
tency in treating or preventing HIV using doses as low as 0.1 mg/kg/day (53). Like lamivudine
and emtricitabine, the major resistance mutation associated with EFdA use is M184V, although
achievable concentrations of the drug in vivo are generally high enough to suppress replication of
HIV isolates harboring this mutation (54).

A particular attraction of EFdA is its suitability for incorporation into polymer implants similar
to those used for hormonal contraception (55). Two EFdA-containing polymer implants produced
an apparent plasma half-life in rats of nearly 100 days (56), suggesting the possibility of eventual
development of human implants that could have a dosing interval of one year or longer. EFdA
implants could be used for HIV PrEP or combined with other antiretrovirals for HIV primary
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treatment or maintenance therapy. Phase I clinical studies of oral EFdA have been completed in
human subjects, and phase IIb studies are in progress (52).

Broadly Neutralizing Antibodies

HIV broadly neutralizing antibodies (bNABs), originally isolated from HIV-infected individuals
with high-level anti-HIV neutralizing activity, target specific antigens on the HIV external mem-
brane glycoprotein 120, and several of these bNABs have reached clinical development for both
HIV treatment and prevention, including VRC01, 3BNC117, and 10–1074 (57, 58). Early clinical
studies demonstrated the bNABs were generally well tolerated, were associated with virologic ac-
tivity, and enhanced immune function. Although bNABs must be given parenterally, a two-amino
acid substitution (called LS for the substituted amino acids) introduced into the crystallizable
fragment domain increases the serum half-life of bNABs by two- to threefold, conferring the po-
tential for infrequent dosing (59). Pilot clinical studies of combination bNABs are currently under
way, and plans for clinical studies with a combination of a bNAB (e.g., VRC01) and a long-acting
antiretroviral (e.g., CAB) also are in progress.

LONG-ACTING ANTIRETROVIRAL DRUGS FOR HIV TREATMENT
AND PREVENTION IN PRECLINICAL DEVELOPMENT

Existing Antiretroviral Drug Classes

Tenofovir, elsulfavirine, atazanavir, ritonavir, and raltegravir are derived from drugs or prodrugs in
existing antiretroviral drug classes. Some of these agents are already approved as oral formulations;
others are investigational.

Nucleoside reverse transcriptase inhibitors: tenofovir. Tenofovir (TFV) is a widely used an-
tiretroviral NRTI with a long history of safety and tolerability. Because its intracellular active
metabolite, TFV diphosphate, has an estimated half-life of 60–100 h, TFV could be administered
infrequently while maintaining antiviral activity (60). The newer oral TFV prodrug tenofovir
alafenamide (TAF) is 10 times more potent than the originally approved prodrug tenofovir diso-
proxil fumarate (TDF) (61). In phase III clinical trials, TAF was less toxic to kidneys and bone than
TDF, possibly because it produces much lower plasma concentrations of TFV (62). A polyvinyl
alcohol TAF implant produced measurable plasma concentrations of TFV in beagles for more
than six weeks after insertion of a single implant, delivering TFV at a nearly constant rate for
up to 40 days (63). In these animal studies, the intracellular concentrations of TFV diphosphate
were at least tenfold higher than those associated with effective PrEP in humans taking standard
daily doses of oral TDF. Like TAF, the nucleotide prodrug GS-9131 also has a favorable toxic-
ity, resistance, and pharmacokinetic profile, suggesting that it may be a promising candidate for
long-acting formulation (64). The availability of more long-acting NRTI formulations will greatly
facilitate combination therapy or maintenance regimens for patients already fully suppressed with
daily pills.

Nonnucleoside reverse transcriptase inhibitors: elsulfavirine. Elsulfavirine (VM1500A) is
an HIV NNRTI that as an oral drug in a combination antiretroviral regimen showed safety and
efficacy comparable to efavirenz-based regimens in clinical studies (65). The drug was approved
recently for the treatment of HIV infection in Russia (66). A long-acting injectable formulation of
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elsulfavirine with the potential for monthly injection recently was reported in preclinical studies
(67), and clinical studies are planned.

Protease inhibitors: atazanavir and ritonavir. Atazanavir is an HIV protease inhibitor that was
approved in its oral form for the treatment of HIV infection on the basis of safety, tolerability,
and virologic suppression (68, 69). When boosted with the HIV protease inhibitor and potent
CYP3A4 inhibitor ritonavir, it is considered an alternative drug as part of HIV treatment regimens
(US Department of Health and Human Services, European AIDS Clinical Society, World Health
Organization). A nanoformulated long-acting combination of atazanavir and ritonavir was injected
subcutaneously or intramuscularly to mice and monkeys and achieved levels many times higher
than oral administration in plasma and target tissues, including macrophages that may promote
sustained drug release (70).

Integrase inhibitors: raltegravir. Raltegravir (RAL), an HIV integrase inhibitor, was approved
in its oral form for the treatment of HIV infection on the basis of safety, tolerability, and virologic
suppression (71) and is commonly used for HIV treatment. RAL is also recommended as part of a
postexposure prophylaxis regimen to prevent the acquisition of HIV infection following exposure
(4–6). A new long-acting preparation of RAL, targeted for HIV treatment and prevention, demon-
strated favorable pharmacokinetic properties in rhesus macaques and potent antiretroviral activity
in infected humanized BLT (bone marrow–liver–thymus) mice with a functional human immune
system as well as long-term protection from repeated vaginal HIV challenges in uninfected BLT
mice (72).

Newer Antiretroviral Drug Classes

Combinectin and capsid inhibitors are examples of newer mechanistic class agents.

Entry inhibitors: combinectin. Combinectin (GSK 3732394, BMS-986197) is an investiga-
tional drug with three different synergistic mechanisms of action and the potential for a long-acting
formulation (73, 74). Adnectins are small proteins derived from a domain of human fibronectin
and have modifiable binding loops similar to an antibody. Combinectin was developed to contain
an anti-CD4 adnectin, an anti-gp41 adnectin, and a fusion inhibitor peptide with the potential for
weekly subcutaneous dosing.

Capsid inhibitors. HIV capsid assembly is a novel antiviral target for which no antiretrovirals are
yet approved. GS-CA1 is a highly potent HIV-1 capsid assembly inhibitor with a 50% effective
concentration of 140 pM in vitro that is active against all major HIV-1 clades (75). Although
some resistance mutations in the HIV capsid gene can be selected in vitro by GS-CA1, preex-
isting resistance mutations could not be detected in 137 treatment-naive patients and 14 heavily
treatment-experienced patients with virologic failure (76). This suggests that GS-CA1 resistance
mutations may reduce the fitness of HIV isolates. Both the pharmacokinetic and physicochemical
properties of GS-CA1 indicate that it will be an excellent candidate for long-acting formulation.

CHALLENGES AND OPPORTUNITIES FOR HIV TREATMENT
AND PREVENTION

Although LA/ER formulations hold great promise for long-term treatment and prevention
of HIV infection, these approaches also carry important challenges. Management of possible
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drug-associated adverse effects is particularly challenging if the formulation is not removable or
reversible, as is the case with intramuscular injections. For CAB LA and RPV LA, this issue was
dealt with by selecting agents that were already known to be exceedingly well tolerated in studies
using oral formulations of the same drugs. Oral RPV was already FDA approved before studies of
its long-acting counterpart began. The main reason for requiring an oral lead-in phase in studies
of these two formulations is to ensure tolerability before starting injections.

Other challenges include what to do if recipients become pregnant and how to manage HIV-
infected patients who miss visits required for intramuscular or intravenous administration of these
formulations. Subcutaneous formulations could be self-administered, but no subcutaneous for-
mulations of any LA/ER antiretrovirals have been approved. Injected formulations are associated
with an extended half-life and a long low-level tail if dosing is not repeated at regular intervals.
At present, research participants who are receiving these agents for treatment or prevention are
required to begin taking daily oral antiretrovirals for a period of several months when they stop
therapy to prevent the emergence of drug resistance. For treatment indications, it is important to
be able to combine two or more active agents, but the only formulations with reasonably matched
pharmacokinetic profiles are CAB LA and RPV LA. Several investigational formulations that could
alleviate this problem are in preclinical development (see the section titled Long-Acting Antiretro-
viral Drugs for HIV Treatment and Prevention in Preclinical Development), and there is also the
possibility of combining long-acting versions of bNABs with small-molecule formulations.

A potential solution to many of the drawbacks of intramuscular formulations is subcutaneous
implants that can deliver drug systemically. Advantages of this technology include the ability to re-
move the device in the case of side effects or the desire to end therapy, less frequent dosing because
of the slow release of drug, and a lower drug dose per day because of potency and formulation
properties. If there is concern about a prolonged low-level pharmacokinetic tail, the device can
simply be removed. Although implants have some advantages over injectable formulations, they
also have disadvantages. These include the need for insertion and removal by trained personnel
using sterile techniques. Because these devices can be removed in the case of adverse effects, novel
agents developed for this indication may not require the availability of an oral formulation or oral
lead-in period.

New drug delivery technologies also hold promise. These include biodegradable implants (77),
microneedle patches for transdermal drug delivery (78), and slowly dissolving gastric reservoirs
(79). Many of these technologies allow coformulation such that two or more antiretrovirals, or
a combination of an antiretroviral for HIV prevention and a hormonal contraceptive, could be
combined in the same device. Despite their promise, these new formulations should be developed
while also considering those with the greatest need in the HIV epidemic, such as those living
in low- and middle-income countries, infants, children, adolescents, and pregnant women. Of
the two LA/ER antiretroviral formulations in phase III clinical development, RPV LA requires
refrigeration and therefore may not be appropriate for use in many low- and middle-income
countries.

IMPLICATIONS FOR OTHER DISEASES

Long-acting antimicrobial preparations could be used to treat or prevent other infectious diseases,
and much can be learned in the development of LA/ER formulations for HIV that can be applied to
other microbes. Tuberculosis remains one of the world’s greatest preventable causes of death, and
the main reason for treatment failure is the inability to complete a nine-month or longer course
of oral therapy. A modeling exercise based on physicochemical properties found that rifabutin,
rifapentine, delamanid, and bedaquiline all have properties similar to other long-acting small
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molecules, but other antituberculosis drugs do not (80). This finding, combined with recent data
demonstrating the efficacy of a one-month combination regimen to prevent tuberculosis, support
the feasibility of such an approach (81).

Long-acting formulations of antimalarials could be used to prevent malaria infection and in
chemoprophylactic campaigns could be used in place of a malaria vaccine. For example, a nanofor-
mulated version of atovaquone protected mice from challenge with Plasmodium berghei for up to
four weeks after a single intramuscular injection (82). Widespread use of such a formulation could
effectively block transmission of malaria in humans.

The chronic hepatitis C virus (HCV) infection is now responsible for more US deaths annually
than HIV. Despite the availability of curative oral regimens, the prevalence of chronic HCV is
unchanged in many parts of the world. There is concern that oral antivirals alone may not be
sufficient as a global public health measure. A test-and-treat strategy for HCV could theoretically
end this epidemic if there were an effective two-drug injectable long-acting formulation that could
deliver antiviral therapy for 8–12 weeks, as is feasible with current nanoformulations of CAB.

The management of other noncommunicable diseases will also benefit from long-acting agents
to promote adherence to treatment, including asthma (83), diabetes (84), and hyperlipidemia (85).

CONCLUSIONS

Current HIV treatment and prevention regimens are potent, safe, tolerable, and convenient with
one-pill, once-daily dosing. However, adherence is critical for long-term efficacy, and new long-
acting regimens have the potential to improve convenience over the standard current oral regi-
mens. Although only one long-acting antiretroviral drug is approved to date, many investigational
long-acting formulations of drugs both in existing antiretroviral drug classes (reverse transcriptase
inhibitors, protease inhibitors, integrase inhibitors) and newer classes (entry inhibitors, capsid
inhibitors) are under investigation in preclinical and clinical studies. Even though long-acting
antiretroviral regimens appear promising, the challenges of managing side effects, drug-drug in-
teractions, pregnancy, and long-lasting drug concentrations that could lead to the development
of drug resistance exist. Further progress in the treatment and prevention of HIV infection will
result from development of these long-acting formulations.
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