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Abstract HIV reverse transcriptase (RT) inhibitors are the important components of highly active an-

tiretroviral therapies (HAARTs) for anti-HIV treatment and pre-exposure prophylaxis in clinical practice.

Many RT inhibitors and their combination regimens have been approved in the past ten years, but a re-

view on their drug discovery, pharmacology, and clinical efficacy is lacking. Here, we provide a compre-

hensive review of RT inhibitors (tenofovir alafenamide, rilpivirine, doravirine, dapivirine, azvudine and

elsulfavirine) approved in the past decade, regarding their drug discovery, pharmacology, and clinical ef-

ficacy in randomized controlled trials. Novel RT inhibitors such as islatravir, MK-8504, MK-8507,

MK8583, IQP-0528, and MIV-150 will be also highlighted. Future development may focus on the new

generation of novel antiretroviral inhibitors with higher bioavailability, longer elimination half-life, more

favorable side-effect profiles, fewer drugedrug interactions, and higher activities against circulating

drug-resistant strains.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In 2020, 37.7 million people were living with HIV infections
according to the recent update from The Joint United Nations
Programme on HIV/AIDS (www.unaids.org). Although HIV cure
is still unavailable, antiretroviral therapies were accessible to 27.5
million patients living with HIV in 2020, and nearly 66% of pa-
tients living with HIV had virological suppression (www.unaids.
org). Due to the large population of new cases (1.5 million) and
untreated patients (10.2 million), it remains important to develop
effective therapies to control HIV infections and transmission.

Highly active antiretroviral therapy (HAART) is the current
standard of care for the management of HIV infections in clinical
practice. To interrupt multiple steps of the HIV life cycle,
HAARTs are mostly comprised of three compounds (Fig. 1),
including two nucleos(t)ide reverse transcriptase inhibitors
(NRTIs) plus one non-nucleoside reverse transcriptase inhibitor
(NNRTI), one integrase inhibitor, or one protease inhibitor
(boosted by ritonavir or cobicistat)1e7. As shown in Fig. 2, NRTIs
and NNRTIs target different binding pockets near the catalytic site
of HIV reverse transcriptase (RT) to block the viral transcription
of a double-stranded viral DNA genome from a single-stranded
viral RNA genome1,4,5,8. NNRTIs can inhibit the reverse tran-
scriptase initiation complex even during the early viral transcrip-
tion9. Integrase inhibitors such as bictegravir (BIC), dolutegravir
(DTG), and elvitegravir (EVG) target the catalytic site of HIV
integrase to inhibit the viral integration of proviral DNA into host
genomes1. Protease inhibitors such as darunavir (DRV) compete
with natural substrates of HIV protease to inhibit the protease-
mediated cleavage of gag and gagpol precursors1. Among these
four drug classes, NRTIs are the key backbones of combination
regimens according to the recent update of the International
Figure 1 Approved antiretroviral regimens in the past decade (2010

nucleoside/nucleotide reverse transcriptase inhibitors plus one integrase

protease inhibitor. Dapivirine vaginal ring 25 mg was approved by the Eu

have been (tentatively) approved by the FDA.
Antiviral Society-USA (IAS-USA) guidelines10, the European
AIDS Clinical Society (EACS) guidelines11, the NIH HIV/AIDS
guidelines (https://hivinfo.nih.gov), and the WHO guidelines on
HIV/AIDS (www.who.int).

From 1987 to 2010, eight NRTIs and four NNRTIs were
officially approved to combat HIV infections. In the drug class of
NRTIs, the US Food and Drug Administration (FDA) approved
zidovudine (AZT) in March 1987, followed by didanosine (ddI) in
October 1991, zalcitabine (ddC) in June 1992, stavudine (d4T) in
June 1994, lamivudine (3TC) in November 1995, abacavir (ABC)
in December 1998, tenofovir disoproxil fumarate (TDF) in
October 2001, and emtricitabine (FTC) in July 2003. In the drug
class of NNRTIs, nevirapine (NVP), delavirdine (DLV), efavirenz
(EFV), and etravirine (ETR) were approved by the FDA4,12e14.
The “old” generation of the preceding RT inhibitors is often
challenged by the emergence of drug resistance and adverse
events. For example, (i) zalcitabine, stavudine, and delavirdine
were discontinued because of severe adverse effects, inconvenient
administration (three times daily), and low genetic barrier to
resistance1. (ii) Zidovudine, didanosine, stavudine, and nevirapine
are no longer recommended due to their toxicity, low efficacy, and
severe drug resistance10,11. (iii) Abacavir-based therapies may
increase the risk of cardiovascular diseases compared with
abacavir-free regimens15. (iv) Efavirenz is associated with a high
incidence of neuropsychiatric complications16. (v) TDF may cause
renal impairment and reduce bone mineral density17. Drug dis-
covery, drug resistance, and pharmacological features of the above
NRTIs and NNRTIs have been reviewed by previous
studies1e6,8,18e24.

From 2010 to October 2021, the FDA approved three RT in-
hibitors: rilpivirine (RPV, Edurant�, approval date: 2011-05-20),
tenofovir alafenamide (TAF, Vemlidy�, approval date: 2016-11-
to present). Most combination regimens are composed of two HIV

inhibitor, one non-nucleoside reverse transcriptase inhibitor, or one

ropean Medicines Agency on 24 July 2020, while the other regimens

http://www.unaids.org
http://www.unaids.org
http://www.unaids.org
https://hivinfo.nih.gov
http://www.who.int


Figure 2 Structural basis of NRTI (islatravir) and NNRTI (doravirine). (A) Chemical and 3D structures of islatravir. The drug binding pocket of

islatravir is highlighted in HIV-1 reverse transcriptase (PDB code: 5J2M). Islatravir triphosphate interferes with the translocation of HIV reverse

transcription on the nucleic acid substrate to slow down the viral DNA synthesis. (B) Chemical and 3D structures of doravirine. Drug binding

pocket of doravirine is highlighted at the palm domain of the P66 subunit in HIV-1 reverse transcriptase (PDB code: 4NCG). PDB codes were

obtained from the RCSB protein data bank (www.rcsb.org/). Protein 3D structures were visualized by PyMOL V1.7 (www.pymol.org/).
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10), and doravirine (DOR, Pifeltro™, approval date: 2018-08-30).
These RT inhibitors are further integrated into 10 fixed-dose
combination regimens that have been (tentatively) approved by the
FDA (Table 1). In addition to these FDA-approved drugs, elsul-
favirine (Elpida�) was approved by the Russian Ministry of
Health in June 2017. A vaginal ring containing dapivirine 25 mg
was approved by the European Medicines Agency in July 2020.
On 21 July 2021, azvudine was conditionally approved by the
National Medical Products Administration in China.

To the best of our knowledge, no review has comprehensively
characterized the drug discovery, clinical efficacy, and pharma-
cological profiles of newly-approved HIV RT inhibitors in the past
decade. Based on a large body of randomized clinical trials, this
review will summarize the clinical efficacy and pharmacological
profiles of approved HIV RT inhibitors (tenofovir alafenamide,
dapivirine, rilpivirine, doravirine, azvudine, elsulfavirine) and
their combination regimens (Descovy�, Biktarvy�, Genvoya�
Acriptega�, Symtuza�, Complera�, Juluca�, Cabenuva�,
Delstrigo™).

This review is organized as follows. First, our strategies for
literature search and selection are described. Second, for each
approved RT inhibitor, we will highlight the (i) drug discovery; (ii)
antiviral activity, drug resistance, and pharmacokinetics; and (iii)
clinical efficacy and safety of their approved combination regi-
mens in randomized clinical trials. Third, novel regimens will be
highlighted. Our drug movies and teaching slides that highlight
HIV RT inhibitors are shared online (www.virusface.com).

2. Search strategy and selection criteria

To collect relevant literature, we searched PubMed, Google
Scholar, and Journal websites using the keywords of individual

http://www.virusface.com
http://www.rcsb.org/
http://www.pymol.org/
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drug names. We extracted clinical trial data from ClinicalTrials.
gov (https://clinicaltrials.gov), drug labeling resources from the
FDA database (www.accessdata.fda.gov), and drug resistance
mutations from the IAS-USA guidelines25. To summarize the
clinical efficacy of approved combination regimens, we collected
clinical studies that fulfilled four conditions: (i) randomized,
controlled clinical trials must be at the stage of phases 2, 3, and/or
4; (ii) studies recruited adults in the absence of pregnant women;
(iii) recruited adults were confirmed with HIV infections without
other infectious diseases (e.g., tuberculosis, HBV26, HCV27,28) or
non-communicable diseases such as liver/kidney impairment; (iv)
patients were treated with the exact dosage of approved regimens
according to the drug labeling; and (v) viral suppression of plasma
HIV-1 RNA <50 copies/mL was measured at Week 48.

3. Tenofovir alafenamide (Vemlidy�)

In 2015, the FDA approved Genvoya�—the first combination
regimen that contains tenofovir alafenamide (GS-7340) for the
treatment of HIV-1 infections. Since then, five TAF-based com-
bination regimens (Genvoya�, Odefsey�, Biktarvy�, Symtuza�,
Descovy�) have been approved by the FDA and the European
Medicines Agency (Table 1). The tentative approval of dolute-
gravir, emtricitabine, and tenofovir alafenamide tablets was
granted by the FDA in December 2020, and this regimen is
currently marked with the trade name of Acriptega� in India.

3.1. Drug discovery

As shown in Fig. 3A, the discovery of tenofovir alafenamide
began with the synthesis of an adenosine nucleoside analogue
called tenofovir [(R)-9-(2-phosphonylmethoxypropyl)adenine] at
the Rega Institute in Belgium29. Tenofovir showed potent
activities against the replications of HIV-1 (EC50:
5.9 � 0.45 mmol/L)29, HIV-2 (EC50: 4.9 � 0.45 mmol/L)29, and
HBV (EC50: 6.5 � 1.1 mmol/L) in cell cultures30. However,
tenofovir carries negative charges on the phosphonate moiety,
Table 1 List of approved HIV RT inhibitors and their regimens in t

Antiretroviral drug or regimen Usage

Tenofovir alafenamide (TAF) 25 mg With o

TAF 25 mg þ Emtricitabine (FTC) 200 mg Pre-exp

TAF 25 mg þ FTC 200 mg þ RPV 25 mg Comple

TAF 25 mg þ FTC 200 mg þ BIC 50 mg Comple

TAF 25 mg þ FTC 200 mg þ DTG 50 mg Comple

TAF 10 mg þ FTC 200 mg þ EVG 150 mg þ COBI 150 mg Comple

TAF 10 mg þ FTC 200 mg þ DRV 800 mg þ COBI 150 mg Comple

Rilpivirine (RPV) 25 mg With o

RPV 25 mg þ TDF 300 mg þ FTC 200 mg Comple

RPV 25 mg þ DTG 50 mg Comple

RPV 300 mg/mL þ CAB 200 mg/mL Comple

Doravirine (DOR) 100 mg With o

DOR 100 mg þ TDF 300 mg þ 3TC 300 mg Comple

Elsulfavirine 20 mg With o

Dapivirine 25 mg vaginal ring Pre-exp

Azvudine 3 mg With o

aThe TAF þ FTC þ DTG regimen is marked as the trade name of Acript

emtricitabine, and tenofovir alafenamide tablets on 2020-12-04.
bDescovy� was approved by the FDA for HIV-1 treatment and pre-expo
cAzvudine was conditionally approved in China.
resulting in poor cellular permeability and limited oral
bioavailability31,32. Many prodrugs of tenofovir such as TDF
were subsequently developed to enhance the permeability across
the intestinal wall33. For instance, phosphoramidate prodrugs of
tenofovir could be designed by the “ProTide” strategy that offers
the efficient intracellular delivery of monophosphates and
monophosphonates of nucleoside analogues across the cell
membrane by passive diffusion34,35.

A series of aryl phenoxy-amidate derivatives of tenofovir was
synthesized and one potent candidate, designated as GS-7171,
showed promising anti-HIV activity in vitro and oral bioavail-
ability in dogs36. Further purification of GS-7171 unexpectedly
led to a 1:1 diastereomeric mixture of GS-7339 and GS-7340 due
to the asymmetric center at the phosphorus atom of GS-7171 and
the non-stereoselective synthetic process37. Each stereoisomer was
isolated using batch elution chromatography37, and in vitro eval-
uations suggested that the anti-HIV-1 activity and pharmacoki-
netic profiles of GS-7340 were better than that of GS-733938. In
fasted dogs, a single oral dose of TAF 10 mg-eq/kg preferentially
produced a high concentration of tenofovir in lymphatic tissues
and the peripheral blood mononuclear cells (PBMCs)ethe pri-
mary location for HIV replication and latency38. The intracellular
concentrations of tenofovir, tenofovir-monophosphate, tenofovir-
diphosphate, and TAF were respectively 138 � 55, 89 � 8,
73 � 15, and 0 mmol/L in monocytes that were isolated from
human whole blood after the incubation with TAF 17.4 mmol/L for
1 h38. Based on the above findings, GS-7340 was selected as a
potent anti-HIV inhibitor for further evaluations in clinical trials.

As the prodrugs of tenofovir, both TAF and TDF efficiently
delivers tenofovir into lymphoid cells and tissues, and their
structural differences can be traced to the phosphonate masking
groups of TAF that harbor the phenol and alanine isopropyl ester
(Fig. 3B). Compared with TDF, TAF is not only more stable in
blood and plasma, but also maintains antiviral potency for a longer
time39 and leads to higher levels of triglycerides, low-density and
high-density lipoprotein cholesterol40. Because the prolonged
exposure to TDF 300 mg may increase the risk of renal
he past decade.

Trade name Region First approval

ther drugs Vemlidy� US, EU 2016-11-10

osure prophylaxis Descovy� US, EU 2019-10-03b

te regimen Odefsey� US, EU 2016-03-01

te regimen Biktarvy� US, EU 2018-02-07

te regimen Acriptega�a USa, India 2020-12-04a

te regimen Genvoya� US, EU 2015-11-05

te regimen Symtuza� US, EU 2018-07-17

ther drugs Edurant� US, EU 2011-05-20

te regimen Complera� US, EU 2011-08-10

te regimen Juluca� US, EU 2017-11-21

te regimen Cabenuva� US, EU 2021-01-21

ther drugs Pifeltro™ US, EU 2018-08-30

te regimen Delstrigo™ US, EU 2018-08-30

ther drugs Elpida� Russia 2017-06-30

osure prophylaxis e EU 2020-07-24

ther drugs Azvudine Tablet Chinac 2021-07-21

ega� in India. The FDA granted the tentative approval of dolutegravir,

sure prophylaxis in 2016 and 2019, respectively.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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http://www.accessdata.fda.gov/
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impairment and a loss of bone mineral density17, TAF 25 mg
offers lower systemic tenofovir exposure at reduced doses, thereby
reducing renal and bone impairments41,42. TAF 10 or 25 mg/day is
currently considered to replace TDF 300 mg/day in fixed-dose
combinations.

3.2. Antiviral activity, drug resistance, and pharmacokinetics

TAF exhibited a strong potency against broad-spectrum isolates
from HIV-1 groups/subtypes (EC50 range: 0.1e12 nmol/L) and
HIV-2 (EC50 range: 0.91e2.63 nmol/L)39. In MT-2 cells infected
with HIV-1 IIIb strain, the EC50 value of TAF
(0.005 � 0.002 mmol/L) was lower than that of TDF
(0.05 � 0.03 mmol/L) and tenofovir (5.0 � 2.6 mmol/L)38. Despite
its potency against HIV and HBV strains, TAF does not inhibit
HCV, HSV-1, HCMV, dengue, or influenza A virus39. According
to the recent update of IAS-USA guideline, TAF and TDF share
similar drug-resistance profiles that include four primary amino
acid substitutions: K65 R/E/N and K70E25.

In a phase 1b study of treatment-naı̈ve adults who received the
monotherapy for 10 days, TAF 25 mg was quickly absorbed with
the median Tmax of 0.5 h

43. At the steady-state, the plasma exposure
of tenofovir on Day 10 was much lower in the treatment of TAF
25 mg (AUCtau: 267.7 ng$h/mL) compared with TDF 300 mg
(1918.0 ng$h/mL)43. At approximately one-tenth of TDF 300 mg,
TAF 25 mg offered a higher concentration of tenofovir-diphosphate
in intracellular peripheral blood mononuclear cells (AUCtau: 21.4 vs
3.0 mmol/L$h) (Fig. 3B). Due to its high oral bioavailability and
solubility, TAF generates sufficient mass flux across the intestine to
saturate efflux transport and reduce intestinal metabolisms44. In
HIV-negative patients receiving TAF 25 mg, the pharmacokinetic
parameters of Cmax and AUCinf were two times higher in patients
with severe renal impairment than those with normal renal function
(Cmax: 364 vs 199 ng/mL, AUCinf: 513 vs 267 ng$h/mL)45. The
plasma exposure of its active metabolite tenofovir was significantly
increased in individuals with severe renal impairment versus those
with normal renal function (Cmax: 26.4 vs 9.5 ng/mL, AUCinf: 2070
vs 343 ng$h/mL)45.

The plasma concentration of TAF and its metabolites can be
altered by the coadministration of other drugs that affect P-
glycoprotein and/or breast cancer resistance protein transporters46.
Pharmacokinetic boosters such as ritonavir and cobicistat inhibit
the intestinal P-glycoprotein transporter to improve the intestinal
absorption of TAF from the gastrointestinal tract47. In the presence
of cobicistat, TAF could be reduced from 25 to 10 mg due to the
boosting effects48. In the absence of any booster, TAF and TDF
offered similar clinical efficacies and safety profiles in virologi-
cally suppressed adults with HIV-148, and both exert an equivalent
impact on the immune activation and inflammation in treatment-
naı̈ve adults49.

3.3. Efficacy and safety of TAF-based combination regimens

3.3.1. TAF 25 mg þ emtricitabine 200 mg (Descovy�)
In October 2019, the once-daily, fixed-dose, single-tablet of TAF
25 mg plus FTC 200 mg was approved by the FDA for at-risk
HIV-negative adults (body weight �35 kg) to reduce the risk of
HIV-1 infection from sexual acquisitions. The efficacy and safety
of TAF þ FTC in HIV-negative or transgender men who have sex
with men (MSM) were evaluated by a phase three study called
DISCOVER50. This randomized, double-blind, non-inferiority
study reported the comparable incidence rates of HIV-1 infection
between the TAF þ FTC arm and the TDF þ FTC arm (0.16
versus 0.34 infections per 100 person-years, P-value > 0.05), but
the TAF-based regimen offered better safety on the bone mineral
density and renal function50. Of note, the efficacy and safety of
TDF þ FTC versus the placebo group were previously
confirmed51 (Table 2).

Due to the success of TDF þ FTC in the pre-exposure pro-
phylaxis of HIV-1 infections, TAF was considered for the
replacement of TDF to develop the TAF þ FTC regimen. Similar
to TDF þ FTC, TAF þ FTC cannot be used in HIV-1-infected
adults with the estimated creatinine clearance <30 mL/min.
Ongoing clinical trials (e.g., NCT04616963, NCT04742491) will
evaluate the efficacy and safety of TAF þ FTC to prevent HIV-1
transmission in transgender-identifying or gender non-binary
individuals.

3.3.2. TAF 25 mg þ emtricitabine 200 mg þ rilpivirine 25 mg
(Odefsey�)
In March 2016, the FDA approved the three-drug, once-daily,
fixed-dose tablet of TAF þ FTC þ RPV as the initiating therapy
for treatment-naı̈ve patients or maintaining therapy for virologi-
cally suppressed patients. According to the drug labeling,
TAF þ FTC þ RPValone is not recommended for HIV-1-infected
adults with HBV or creatinine clearance <30 mL/min.

The clinical efficacy and safety of TAF þ FTC þ RPV were
evaluated by two phase 3b, non-inferiority studies
(NCT02345226, NCT02345252) (Table 3, Supporting Information
Table S1). Based on the merged data from the two studies above,
TAF þ FTC þ RPV maintained the virological suppression (HIV-
1 RNA <50 copies/mL at Week 48) in virologically suppressed
adults infected with HIV-1. The drug-associated adverse events
(e.g., upper respiratory tract infection, nasopharyngitis, headache,
and diarrhea) were observed in 10.1% (76/754) of patients who
received TAF þ FTC þ RPV.

3.3.3. TAF 25 mg þ emtricitabine 200 mg þ bictegravir 50 mg
(Biktarvy�)
In February 2018, the FDA approved the three-drug fixed-dose
regimen of TAF þ FTC þ BIC as initiating therapy for treatment-
naı̈ve patients or maintaining therapy for virologically suppressed
patients. According to the drug labeling, TAF þ FTC þ BIC alone
is not recommended for the treatment of HIV-1-infected adults
with HBV, severe hepatic impairment, or creatinine clearance
<30 mL/min.

The clinical efficacy and safety of TAF þ FTC þ BIC were
evaluated by one phase two study and seven phase three studies
(Table 3). For treatment-naı̈ve adults, 91.4% (639/699) achieved
the virological suppression after the 48-week treatment of
TAF þ FTC þ BIC, and drug-associated adverse events were
reported in 21.9% (139/634) participants. The 48-week treatment
of TAF þ FTC þ BIC maintained HIV-1 RNA <50 copies/mL in
93.6% (1020/1090) patients of treatment-experienced adults who
had been virologically suppressed for at least 3 months, while
drug-associated adverse events were reported in 12.7% (138/1090)
participants. In HIV-1-treatment-naı̈ve patients, the pre-existing
resistance substitutions did not affect the virological outcomes
of TAF þ FTC þ BIC, and no treatment-emergent resistance was
observed after the 144-week treatment of TAF þ FTC þ BIC52.
Ongoing clinical trials will evaluate the efficacy and safety of
Biktarvy� in adolescents (NCT02881320), elderly patients



Figure 3 Discovery and metabolic pathway of tenofovir alafenamide. (A) Discovery of tenofovir alafenamide. Anti-HIV-1 parameters and

pharmacokinetic values are extracted from38. (B) Metabolic pathways of TDF 300 mg and TAF 25 mg from the gut to the blood plasma and

lymphoid cells infected with HIV. At the steady-state, the plasma exposure of tenofovir at Day 10 was lower in the treatment of TAF 25 mg

(AUCtau: 267.7 ng$h/mL) compared with TDF 300 mg (1918.0 ng$h/mL)43. TAF in blood enters primary hepatocytes and undertakes hydrolysis

primarily by carboxylesterase one and cathepsin A that produce tenofovirealanine conjugates within lymphocytes. TDF and TAF are converted to

tenofovir and then phosphorylated to the intracellular active metabolite tenofovir diphosphate that blocks the catalytic site of HIV reverse

transcriptase.
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(NCT04222283), HIV-positive renal transplant patients
(NCT04530630), patients within 100 days post HIV infections
(NCT04483674), and patients co-infected with tuberculosis
(NCT04734652).

3.3.4. TAF 25 mg þ emtricitabine 200 mg þ dolutegravir 50 mg
The tentative approval of TAF þ FTC þ DTG was granted by
the FDA in December 2020, and its fixed-dose, single-tablet
is now commercialized with the brand name of Acriptega� in
India. Although it has not been marketed in the USA,
TAF þ FTC þ DTG is currently recommended by the IAS-USA
and the EACS guidelines10,11. Of note, TAF þ FTC þ DTG
alone is not recommended for HIV-1-infected patients with body
weight <40 kg, HBV infections, or creatinine clearance
<30 mL/min.

The efficacy and safety of TAF þ FTC þ DTG were reported
by four clinical studies (Table 3). In treatment-naı̈ve patients
who received TAF þ FTC þ DTG, 88.3% (626/709) achieved
the virological response of HIV-1 RNA <50 copies/mL at Week
48. In virologically suppressed patients who received
TAF þ FTC þ DTG, 91% (256/281) maintained the virological
response of HIV-1 RNA <50 copies/mL at Week 48. The drug-
associated adverse events were reported in 10% (28/281) pa-
tients (Table S1).



Table 2 Efficacy of approved therapies for HIV-1 pre-exposure prophylaxis.

Clinical trial

(phase)

Recruited individuals Trial arm HIV infection

no./patient no.

Person-

yearsa
Incidence

rateb
P-

value

Ref.

DISCOVER

(phase 3)

HIV-negative or

transgender MSM

TAF þ FTC 7/2694 8756 0.16% >0.05 50

TDF þ FTC 15/2693 0.34%

iPrEx

(phase 3)

HIV-negative or

transgender MSM

TDF þ FTC 38/1251 3324 NA NA 51

Placebo 72/1248 NA

MTN-020eASPIRE
(phase 3)

HIV-negative women

(18e45 years)

Dapivirine vaginal ring 71/1313 4280 3.3% 0.046 77

Placebo 97/1316 4.5%

Ring

(phase 3)

HIV-negative women

(18e45 years)

Dapivirine vaginal ring 77/1307 1888 4.1% 0.04 78

Placebo 56/652 6.1%

MSM: men who have sex with men.
aThe person-years of follow-up are summarized for individual studies.
bIncidence rate equals the number of HIV-1 infections divided by person-years of follow-up. P-value indicates the statistical difference of

incidence rates between the intervention arm and the placebo arm.
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3.3.5. TAF 10 mg þ emtricitabine 200 mg þ elvitegravir
150 mg þ cobicistat 150 mg (Genvoya�)
In November 2015, the FDA approved the once-daily, fixed-dose,
single-tablet of TAF þ FTC þ EVG/c as initiating therapy and
maintaining therapy to treat HIV-1-infected patients with no his-
tory of resistance to TAF, FTC, or EVG. According to the drug
labeling, TAF þ FTC þ EVG/c alone is not recommended for
HIV-1-infected patients with HBV infections, severe hepatic
impairment, or creatinine clearance <30 mL/min. The clinical
efficacy and safety of TAF þ FTC þ EVG/c were evaluated by
one phase two study and four phase three studies (Table 3). The
virological response of HIV-1 RNA <50 copies/mL at Week 48
was observed in 91.9% (899/978) of treatment-naı̈ve patients who
received TAF þ FTC þ EVG/c (Table 3). By merging data from
three phase three studies, this regimen offered the virological
response up to 96.5% (1184/1227) of virologically suppressed
patients (Table 3). Drug-associated adverse events were observed
in 19.9% (244/1228) of patients receiving TAF þ FTC þ EVG/c.

A switch from TDF-based regimens to Genvoya� improved
the bone mineral density in virologically suppressed patients �60
years (Table 3). Genvoya� also improved the bone mineral den-
sity in HIV-infected adults with renal impairment53 or with end-
stage renal diseases on chronic hemodialysis54. In a retrospec-
tive study of 6704 treatment-naive patients, HIV-1 RT amino acid
substitutions such as T215 A/C/D/E/G/H/I/L/N/P/Q/R/S/V
showed no measurable impact on virological responses to
TAF þ FTC þ EVG/c55. A low prevalence of resistant RT mu-
tations, including K65 R/N (2 cases, 0.2%) and M184V/I (11
cases, 1.3%) was observed in 866 treatment-naı̈ve adults who
received TAF þ FTC þ EVG/c for 144 weeks56.

3.3.6. TAF 10 mg þ emtricitabine 200 mg þ darunavir
800 mg þ cobicistat 150 mg (Symtuza�)
In July 2018, the FDA approved the once-daily fixed-dose
regimen of TAF þ FTC þ DRV/c as initiating therapy and
maintaining therapy to treat HIV-1-infected patients with no
history of resistance to TAF, FTC, or DRV. According to the drug
labeling, TAF þ FTC þ DRV/c alone is not recommended for
HIV-1-infected patients with body weight <40 kg, HBV in-
fections, severe hepatic impairment, or creatinine clearance
<30 mL/min.

The clinical efficacy and safety of TAF þ FTC þ DRV/c were
evaluated by one phase two study and two phase three studies:
AMBER and EMERALD (Table 3, Table S1). After the 48-week
treatment with TAF þ FTC þ DRV/c, the virological response of
HIV-1 RNA <50 copies/mL was observed in 88.2% (410/465) of
treatment-naı̈ve adults and 95% (724/763) of virologically sup-
pressed adults with virological suppression �6 months (Table 3).
The most common drug-associated adverse event was upper res-
piratory tract infection (10.6%, 81/763) and nasopharyngitis
(10.6%, 81/763) (Table S1).

4. Dapivirine

Dapivirine is a potent NNRTI against HIV-1 infections. On 24
July 2020, the European Medicines Agency approved dapivirine
vaginal ring (a silicone elastomer dapivirine vaginal ring con-
taining dapivirine 25 mg) for the pre-exposure prophylaxis of
HIV-1 infection. The monthly application of dapivirine vaginal
ring can be administered to reduce the risk of HIV-1 infection
through vaginal intercourse in sexually active HIV-negative
women (�18 years) in combination with safer sex practices
when oral pre-exposure prophylaxis is not/cannot be used or is not
available.

4.1. Drug discovery

As shown in Fig. 4, the discovery of dapivirine can be traced back to
the development of the alpha-anilinophenylacetamide (a-APA)
derivatives57, the imidoyl thiourea (ITU) derivatives58, the diary-
ltriazine (DATA) derivatives59, and the diarylpyrimidine (DAPY)
derivatives60 based on the multidisciplinary collaborations between
ourRega Institute in Belgium61, Janssen Pharmaceutica inBelgium,
and Rutgers University in the USA62. In 1991, Pauwels et al.57 from
our Rega Institute used a high-flux screening system to screen the
Janssen library of 2000 different compounds for their cytotoxicity
and capacity to inhibit HIV-1 replication in MT-4 cells. This led to
the discovery of an alpha-anilinophenylacetamide lead called
R1534557. Further optimization led to R89439 (loviride, loveride)
that effectively inhibited HIV-1 strains in vitro at the nanomolar
concentration (IC50: 13 nmol/L)57. However, R89439 was later
discontinued because it failed to show sufficient potency in clinical
trials. Stemming from alpha-anilinophenylacetamide derivatives,
imidoyl thiourea analogues with a unique diarylated imidoylth-
iourea structure was subsequently synthesized58. However, these
candidates were not further pursued due to the hydrolytic instability
of the imidoyl thiourea functionality58. During the synthesis of the
imino-N-cyanoguanidine derivatives of imidoyl thiourea analogues,



Table 3 Clinical efficacy of approved anti-HIV regimens in phase 2/3 clinical trials.

Brand name Prior

treatment

Arm Efficacya P-value Study (phase) Ref.

Biktarvy� Treatment-

naive

TAF þ FTC þ BIC 97% (63/65) 0.17 NCT02397694

(phase 2)

178

TAF þ FTC þ DTG 91% (30/33)

Treatment-

naive

TAF þ FTC þ BIC 89% (286/320) 0.12 NCT02607956

(phase 3)

179

TAF þ FTC þ DTG 93% (302/325)

Treatment-

naive

TAF þ FTC þ BIC 92% (290/314) 0.78 NCT02607930

(phase 3)

180

ABC þ 3TC þ DTG 93% (293/315)

Virologically

suppressed

TAF þ FTC þ BIC 94% (264/282) 0.59 NCT02603120

(phase 3)

181

ABC þ 3TC þ DTG 95% (267/281)

Virologically

suppressed

TAF þ FTC þ BIC 92% (267/290) 0.20 NCT02603107

(phase 3)

182

PI-based regimen 89% (255/287)

Virologically

suppressed

TAF þ FTC þ BIC 96% (224/234) 1.00 NCT02652624

(phase 3)

183

Baseline regimen 95% (225/236)

Virologically

suppressed

TAF þ FTC þ BIC 93% (265/284) 0.28 NCT03110380

(phase 3)

184

TAF þ FTC þ DTG 91% (256/281)

Odefsey� Virologically

suppressed

TAF þ FTC þ RPV 90% (394/438) 0.35 NCT02345226

(phase 3)

185

TDF þ FTC þ EFV 92% (402/437)

Virologically

suppressed

TAF þ FTC þ RPV 94% (296/316) 1.00 NCT02345252

(phase 3)

186

TDF þ FTC þ RPV 94% (294/313)

Acriptega� Treatment-

naive

TAF þ FTC þ DTG 84% (294/351) 0.07 NCT03122262

(phase 3)

187

TDF þ FTC þ DTG 85% (298/351)

TDF þ FTC þ EFV 79% (276/351)

Symtuza� Treatment-

naive

TAF þ FTC þ DRV/c 77% (79/103) 0.41 NCT01565850

(phase 2)

188

TDF þ FTC þ DRV/c 84% (42/50)

Treatment-

naı̈ve

TAF þ FTC þ DRV/c 91% (331/362) <0.0001 NCT02431247

(phase 3)

189

TDF þ FTC þ DRV/c 88% (321/363)

Virologically

suppressed

TAF þ FTC þ DRV/c 95% (724/763) 0.39 NCT02269917

(phase 3)

190

TDF þ FTC þ PI 94% (354/378)

Genvoya� Treatment-

naive

TAF þ FTC þ EVG/c 88% (99/112) 0.84 NCT01497899

(phase 2)

191

TDF þ FTC þ EVG/c 88% (51/58)

Treatment-

naive

TAF þ FTC þ EVG/c 92% (800/866) 0.17 NCT01780506

NCT01797445

(phase 3)

40

TDF þ FTC þ EVG/c 90% (784/867)

Virologically

suppressed

TAF þ FTC þ EVG/c 97% (932/959) 0.0002 NCT01815736

(phase 3)

192

TDF-based regimen 93% (444/477)

Virologically

suppressed

TAF þ FTC þ EVG/c 94% (150/159) 0.13 NCT01705574

(phase 3)

193

TDF þ FTC þ ATV/r 87% (46/53)

Virologically

suppressed

TAF þ FTC þ EVG/c 94% (102/109) 1.0 NCT02616783

(phase 3)

194

TDF þ FTC þ EVG/c 95% (52/55)

aClinical efficacy was defined by HIV-1 RNA <50 copies/mL at Week 48.
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a ring closure was unexpectedly identified62, leading to the first
compound of the DATA derivatives with improved stability59.
However, the DATA derivatives such as R106168 showed subopti-
mal activities against HIV-1 strains with the double mutant
L100I þ K103N59. After the exploration of the structure‒activity
and structureemetabolism relationships, the replacement of the
central aminotriazine ring of DATA with a pyrimidine ring was
evaluated, leading to the class of diarylpyrimidine derivatives such
as dapivirine (TMC120, R147681)63 and etravirine (TMC125,
R165335, Intelence�, approved by the FDA in 2008)64.

A vaginal microbicide of dapivirine was later considered
because dapivirine has long half-life time, high potency, and low
cytotoxicity65,66. Although the applications of vaginally adminis-
tered gel, film, tablet, soft gel capsules, and ring were considered
to deliver dapivirine, the vaginal ring was eventually selected due
to its easy use and a low frequency of the monthly administra-
tion67. To prevent the male-to-female transmission of HIV-1 in-
fections, the silicone elastomer intravaginal ring could provide the
sustained and controlled delivery of dapivirine into cervicovaginal
fluids and vaginal tissues68. Other drug delivery methods such as
gel products, fast-dissolving insert, lubricants and douches are still
under investigation69.

4.2. Antiviral activity, drug resistance, and pharmacokinetics

Dapivirine effectively prevented the HIV-1-induced syncytium
formation (EC50: 1 nmol/L, IC50: 24 nmol/L) in CEM T cells
infected with HIV-1 strain HTLV-IIIB

63. A 24-h treatment of
dapivirine to the MOeDC/CD4þ T-cell cocultures also prevented
the HIV-1 proviral integration (EC50: 4 nmol/L, range:
0.5e15 nmol/L)70. Over a 28-day use of the vaginal ring con-
taining dapivirine 25 mg, dapivirine distributed throughout the
lower genital tract of HIV-negative women at a concentration of
4000 times higher than the required EC50 against wildtype HIV-1
strains in MT4 cells71. After the ring insertion for 1.5 h, the Cmax

value of dapivirine was the highest near the ring
(79.90 � 23.20 mg/g), followed by the cervix (66.61 � 20.12 mg/g)
and the introitus (31.38 � 10.95 mg/g) in healthy women72.

A high concentration of dapivirine in the genital tractmaintained a
strong inhibition against HIV-1 resistant viruses including those with
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K103N and/or Y191C73. However, L100I and/or K103N mutations
may cause significant resistance to dapivirine74. Under suboptimal
concentrations in vitro, drug resistance mutations were less frequent
in the dapivirineþ tenofovir group than in the dapivirine alone75. A
significant decrease of fasting lipids (e.g., cholesterol, triglycerides,
high-density lipoprotein cholesterol, low-density lipoprotein
cholesterol) was observed in doravirine-treated patients76.

4.3. Efficacy and safety of dapivirine vaginal ring

Based on two large-scale phase three studies77,78, the monthly
application of dapivirine vaginal ring was evaluated for the pre-
exposure prophylaxis of HIV-1 transmission in sexually active
HIV-negative women (Table 2). The ASPIRE study, which was
conducted between August 2012 and June 2015, reported the
reduced incidence ofHIV-1 infections atmonth 33 in the dapivirine-
ring arm compared with the placebo arm (3.3 versus 4.5 serocon-
versions per 100 person-years, P-valueZ 0.046)77. Adverse events
were 14% (180/1313) in the dapivirine-ring arm77. A follow-up
study called HOPE was conducted between 16 July 2016 and 10
October 2018, and this study reported the reduced HIV-1 incidences
Figure 4 Discovery of dapivirine from the alpha-anilinophenylacetamide

derivatives, and the diarylpyrimidine derivatives. Drug binding pocket of

1S6Q). Amino acid positions with drug resistant residues are highlighted

resistance to dapivirine74,78.
of 2.7 per 100 person-years in the dapivirine-ring arm compared
with the expected incidence of 4.4 per 100 person-years from the
ASPIRE study79. Moreover, the dapivirine ring made of the flexible
silicone matrix polymers unlikely causeed cervical cytology ab-
normalities80. In the ring study, the overall incidence rate of HIV-1
infections in the dapivirine arm was significantly lower than that in
the placebo arm (4.1 versus 6.1 seroconversions per 100 person-
years, P-value Z 0.04)78. Three NNRTI resistance mutations
were identified, including E138A (11.7%, 9/77), A98G (3.9%,
3/77), and K103N (3.9%, 3/77)78. As an open-label extension of the
Ring study, the DREAM study supported the clinical use of the
dapivirine ring with low HIV-1 incidences and improved adher-
ence81. Ongoing open-label studies will evaluate the dapivirine-
containing vaginal ring in young women between 16 and 21 years
(NCT03593655), pregnant women (NCT03965923), and women
who are breastfeeding (NCT04140266).

5. Rilpivirine (Edurant�, Rekambys�)

Rilpivirine (other names: TMC278, R278474) is a diarylpyrimidine
NNRTI approved by the FDA in 2011. Rilpivirine tablets
(a-APA) derivatives to imidoyl thiourea derivatives, the diaryltriazine

dapivirine is highlighted in HIV-1 reverse transcriptase (PDB code:

. Three amino acid substitutions (L100I, K103N, A98G) may cause
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(Edurant�) and injection (Rekambys�) are both marketed. Ac-
cording to the FDA labeling, the once-daily tablet of rilpivirine
25 mg in combination with other antiretroviral drugs can be orally
taken with a meal to treat HIV-1 infections in treatment-naı̈ve pa-
tients (>12 years) with bodyweight �35 kg, CD4þ cell count
>200 cells/mm3, and HIV-1 RNA�100,000 copies/mL. According
to the drug labeling, rilpivirine should not be coadministered with
cytochrome P450 inducers (e.g., rifabutin, rifampin, rifapentine) or
drugs (e.g., cimetidine, famotidine, nizatidine) that increase gastric
pH, because these drugs may reduce the plasma concentration of
rilpivirine and cause the reduced virologic response and possible
drug resistance.

5.1. Drug discovery

Rilpivirine is the E-isomer of the p-cyanovinyl analogue of
dapivirine. As shown in Fig. 5, the discovery of rilpivirine began
with the prototype of the diarylpyrimidine dapivirine62. Molecular
modeling analyses suggested that the para substitutions on the
trisubstituted phenyl ring of compound 5 may improve the drug
interactions with the conserved W229 region in the drug-binding
pocket of HIV-1 RT, therefore benefiting its antiviral activity
against HIV-1 mutants82. This hypothesis led to the introduction
of a spacer group G between the trisubstituted phenyl ring and the
cyano group in the 4-position of compound 6 (Fig. 5). A series of
substitutions at the G position was subsequently evaluated, leading
to the discovery of rilpivirine with the promising potency against
single- and double-mutant HIV-1 strains in vitro82.

5.2. Antiviral activity, drug resistance, and pharmacokinetics

Rilpivirine exhibits broad-spectrum antiviral activities against viral
strains from HIV-1 genotypes (A1, C, D, F1, G, H) and CRFs (AE,
AG,BG)with theEC50 values ranging from0.13 to 0.44nmol/L83,84.
Based on in vitro experiments, rilpivirine actively inhibits HIV-1
group O isolates (EC50: 2.88e8.45 nmol/L)83. According to the
IAS-USA guideline, resistance mutations to rilpivirine include
L100I, K101 E/P, E138 A/G/K/Q/R, V179L, Y181C/I/V, Y188L,
H221Y, F227C, and M230I/L25. Importantly, common NNRTI-
associated resistance mutations (e.g., V106 and G190) do not
decrease the sensitivity to rilpivirine83.

In a phase 2a study of treatment-naı̈ve patients (n Z 9) who
received rilpivirine 25 mg for 7 days, the pharmacokinetic pa-
rameters of rilpivirine included mean Cmax: 263 ng/mL, Tmax: 4 h,
t1/2: 34e55 h, and AUC24 h: 3659 � 885 ng h/mL85. Rilpivirine is
largely insoluble in water and oils, supporting its development as a
nanosuspension86. In HIV-infected adults who received the
monthly injection of rilpivirine plus cabotegravir, the total drug
concentration was 134 (83e187) ng/mL of rilpivirine and 3.02
(2.37e5.10) mg/mL of cabotegravir in plasma that were collected
7 (�3) days post-injection87.

5.3. Efficacy and safety of rilpivirine-based combination
regimens

5.3.1. Rilpivirine 25 mg þ TDF 300 mg þ emtricitabine 200 mg
(Complera�)
In August 2011, the FDA approved the regimen of
RPVþTDFþ FTC as the initial therapy for treatment-naı̈ve patients
and the maintaining therapy for virologically-suppressed patients.
According to the drug labeling, TDF þ FTC þ RPV alone is not
recommended for HIV-1-infected adults with HBV, bodyweight
<35 kg, or creatinine clearance<50mL/min. The efficacy and safety
of TDF þ FTC þ RPV were evaluated by at least three phase three
studies (Table 4). When TDF þ FTC þ RPV was used as the initial
therapy, 84.5% (625/740) of treatment-naı̈ve patients achievedHIV-1
RNA<50 copies/mL atWeek 48. When this regimen was applied as
the maintaining therapy, 93.9% (294/313) of virologically-
suppressed patients maintained HIV-1 RNA <50 copies/mL at
Week 48. The drug-associated adverse eventswere reported in 11.8%
(37/314) of patients who received TDF þ FTC þ RPV.

5.3.2. Rilpivirine 25 mg þ dolutegravir 50 mg (Juluca�)
In November 2017, the two-drug complete regimen of
RPV þ DTG was approved as the maintaining therapy to treat
virologically suppressed patients who had no history of treatment
failure and no drug resistance profiles associated with RPV or
DTG. The efficacy and safety of RPV þ DTG were reported by
one phase three study88. The virological suppression of HIV-1
RNA <50 copies/mL at Week 48 was identified in 94.7% (486/
513) of virologically suppressed patients (Table 4). The drug-
associated adverse events were reported in 19% (97/513) of pa-
tients who received RPV þ DTG.

5.3.3. Rilpivirine 300 mg/mL þ cabotegravir 200 mg/mL
(Cabenuva�)
In January 2021, the FDA approved the monthly intramuscular
injection of rilpivirine (RPV) plus cabotegravir (CAB) extended-
release injectable suspension for virologically-suppressed patients
with no history of treatment failure and with no known resistance
to RPVor CAB. According to the drug labeling, the tolerability of
RPV and CAB should be assessed before the initiating therapy of
RPV þ CAB. Due to drugedrug interactions, the coadministration
of RPV þ CAB plus other drugs with a known risk of Torsade de
Pointes should be cautious.

The efficacy and safety of the RPV þ CAB injection was
evaluated by one phase two study called LATTE-2 and three
phase three clinical trials called FLAIR, ATLAS, and ATLA-2M
(Table 4). By merging the data from the four studies above, the
virological response of HIV-1 RNA <50 copies/mL at Week 48
was maintained in 93.1% (1144/1229) of virologically sup-
pressed patients who received the monthly intramuscular injec-
tion of RPV þ CAB. The drug-associated adverse events were
reported in 28.3% (167/591) of patients who received
RPV þ CAB. The 96-week findings from the FLAIR study
reaffirmed the durability of RPV þ CAB in virologically sup-
pressed adults89. Ongoing clinical trials will evaluate the oral and
long-acting injectable regimen of rilpivirine plus cabotegravir in
virologically suppressed children and adolescents
(NCT03497676), patients across European countries
(NCT04399551), and patients treated with the RPV þ CAB in-
jection every 2 months (NCT03299049).

6. Doravirine (DOR, Pifeltro™)

Doravirine, also named MK-1439, is an FDA-approved NNRTI
with the brand name Pifeltro™ (Table 1). According to the drug
labeling, the oral use of doravirine 100 mg should be combined
with other antiretroviral drugs for the treatment of HIV-1 in-
fections in treatment-naı̈ve adults.



Figure 5 Discovery of rilpivirine based on the template of dapivirine. EC50 values are obtained from Ref. 82. Drug binding pocket of rilpivirine is

highlighted in HIV-1 reverse transcriptase (PDB code: 3MEG). Amino acid positions with known resistant residues are highlighted.
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6.1. Drug discovery

As shown in Fig. 6, the discovery of doravirine began with the high-
throughput screening that identified the lead tetrazole thioacetanilide
inhibitor (compound 7) of HIV-1 RT using a cell-based assay90.
Subsequent optimizations were conducted by the substitution of the
labile 2-nitroanilidewith themore stable anilide structure (compound
8), thereby improving the oral bioavailability and decreasing the
plasma clearance90. However, these tetrazole thioacetanilide ana-
logues showed suboptimal pharmacokinetic profiles (t1/2 � 1.1 h) in
animal models91. Inspired by the structural comparisons of com-
pounds 8 and 9, a series of diaryl ether analogues such as compound
10 was synthesized because the diaryl ether may improve the drug
binding to inhibit HIV-1 mutant strains with better pharmacokinetic
results91. Further analysis of structureeactivity relationship led to the
optimization of a diaryl ether/indazole compound 11 that inhibited
HIV-1 wildtype and mutant strains with L100I, K103N, Y181C and/
or G190 A/S (IC50 range: 2.6e171 nmol/L)91.

Due to the low solubility and poor oral bioavailability of
compound 11 (F: 3.3% in rats), a pyridine ring was considered to
modify the phenyl ring of the indazole moiety in compound 11,
leading to the development of compound 12 with better pharma-
cokinetic profiles (e.g., F: 52%)92. Next, the aryl ether core of
compound 12 was replaced by a pyridone ring to increase the
polarity and the binding affinity, thereby identifying the pyridone
compound 13 with better antiviral activity against HIV-1 strains
with the K103N þ Y181C mutation93. To improve the plasma
half-life, the replacement of chlorine in compound 13 (t1/2: 2 h)
with the strong electron withdrawing CF3 group led to compound
14, resulting in a longer elimination half-life (t1/2: 7 h in rats)94.
The alkylated pyridone in compound 14 was modified to disrupt
the strong donoreacceptor hydrogen bonds to improve aqueous
solubility, eventually leading to the discovery of doravirine with
potent pharmacokinetic and antiviral activities against HIV-1
strains with the K103N þ Y181C mutation94.

6.2. Antiviral activity, drug resistance, and pharmacokinetics

Drug resistance to doravirine is mostly associated with three
primary RT mutations (V106 A/M, Y188L) and 11 secondary
RT mutations (V106T/I, Y188 C/H, G190E, P225H, F227
C/L/R, M230L, L234I)25. In vitro assays supported the antiviral
potency of doravirine against a broad range of different HIV-1
subtype strains and mutant viruses with K101E, K103N,
E138K, Y181C, M184V/I, and/or G190A95e98. Doravirine-
associated resistance mutations were very rare (1.4%;
137/9764) according to a large-scale cohort of 9764 treatment-
naı̈ve patients from Greece, Italy, and France99. A significant
increase of doravirine-associated resistance mutations (V106
A/M, V108I, Y188 L/C/H, G190E, F227L, M230L,
K103N þ P225H) was observed in a large cohort of 6893
patients treated with other NNRTIs (delavirdine, efavirenz, ne-
virapine, etravirine, rilpivirine)100.

Doravirine 100 mg/day can be orally taken with or without food
and its clinical potency is unlikely altered by host factors
(e.g., gender, age, race)101, severe renal impairment102, and modest
hepatic impairment103. In six healthy males, the pharmacokinetic
profiles of single-dose doravirine 100mgwere estimated, including
mean Cmax: 1713.17 nmol/L, C24 h: 593.43 nmol/L, AUCinf:
38.32 mmol/L$h, and AUC24 h: 22.84 mmol/L$h104. In 12 healthy
males who received the intravenous injection of a single-dose
doravirine 100 mg, doravirine metabolites were mostly distributed
in feces (84.1% of the dose recovered up to 168 h) and urine (2.2%
of the dose recovered up to 96 h)105.



Table 4 Clinical efficacy of approved anti-HIV regimens in phase 2/3 clinical trials.

Brand name Prior treatment Arm Efficacya P-value Study (phase) Ref.

Complera� Treatment-naive RPV þ TDF þ FTC 83% (287/346) 0.17 NCT00540449

(phase 3)

195

EFV þ TDF þ FTC 83% (285/344)

Treatment-naive RPV þ TDF þ FTC 86% (338/394) 0.12 NCT01309243

(phase 3b)

196

EFV þ TDF þ FTC 82% (320/394)

Juluca� Virologically

suppressed

RPV þ DTG 95% (486/513) 0.90 NCT02429791

NCT02422797

(phase 3)

88

ART regimen 95% (485/511)

Cabenuva� Virologically

suppressed

RPV þ CAB (monthly) 91% (105/115) 0.82 NCT02120352

(phase 2b)

197

RPV þ CAB (bimonthly) 92% (106/115)

ABC þ 3TC þ CAB 89% (50/56)

Virologically

suppressed

RPV þ CAB (monthly) 94% (265/283) 0.87 NCT02938520

(phase 3)

198

ABC þ 3TC þ DTG 93% (264/283)

Virologically

suppressed

RPV þ CAB (monthly) 93% (285/308) 0.13 NCT02951052

(phase 3)

199

ART regimen 96% (294/308)

Virologically

suppressed

RPV þ CAB (monthly) 93% (489/523) 0.61 NCT03299049

(phase 3b)

200

RPV þ CAB (bimonthly) 94% (492/522)

Delstrigo™ Treatment-naive DOR þ TDF þ 3TC 84% (307/364) 0.24 NCT02403674

(phase 3)

201

EFV þ TDF þ FTC 81% (294/364)

Treatment-naive DOR þ TDF þ 3TC 83% (278/333) 0.34 NCT02275780

(phase 3)

202

DOR þ ABC þ 3TC 86% (43/50)

PI-based regimen 80% (306/383)

Virologically

suppressed

DOR þ TDF þ 3TC 91% (406/447) 0.12 NCT02397096

(phase 3)

203

Baseline regimen 95% (211/223)

aClinical efficacy was defined by HIV-1 RNA <50 copies/mL at Week 48.
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According to the drug labeling, doravirine should not be co-
administered with strong CYP3A4 inducers (e.g., efavirenz,
rifampin) that significantly decrease the plasma concentration of
doravirine, resulting in the reduced virological response and
possible drug resistance. However, doravirine is unlikely involved
with other CYP enzymes (e.g., CYP3A5, CYP1A2, CYP2B6,
CYP2C8) and drug transporters (e.g., organic anion transporting
polypeptide 1B1)106,107. Moreover, doravirine unlikely interacts
with other drugs such as TDF, lamivudine, atorvastatin, metha-
done, elbasvir, grazoprevir, ledipasvir, and sofosbuvir108,109.

6.3. Efficacy and safety of doravirine-based combination
regimens

6.3.1. Doravirine 100 mg þ TDF 300 mg þ lamivudine 300 mg
(Delstrigo™)
In August 2018, the FDA approved the once-daily fixed-dose
regimen of TDF þ 3TC þ DOR for treatment-naı̈ve adults infected
with HIV-1 infections. According to the drug labeling,
TDF þ 3TC þ DOR alone is not recommended for HIV-1-infected
adults with HBVor creatinine clearance <50 mL/min. The clinical
efficacy and safety of TDF þ 3TC þ DOR were evaluated by one
phase two study110 and three phase three studies: DRIVE-AHEAD,
DRIVE-FORWARD, and DRIVE-SHIFT (Table 4 and Table S1). In
treatment-naı̈ve patients who received TDF þ 3TC þ DOR for 48
weeks, the clinical efficacy of HIV-1 RNA <50 copies/mL at Week
48 was 83.5% (278/333) in the DRIVE-FORWARD study, 84.3%
(307/364) in the DRIVE-AHEAD study, and 100% (8/8) in the
single-arm, open-label, phase two study110. Drug-associated adverse
events were observed in 31% (113/364) of patients receiving
TDF þ 3TC þ DOR. The most common adverse events include
dizziness, abnormal dreams, and nausea. In the DRIVE-SHIFT
study of treatment-experienced patients with the virological sup-
pression for �6 months, treatment switching from the baseline
regimen to TDFþ3TC þ DOR maintained the virological sup-
pression of HIV-1 RNA <50 copies/mL at Week 48 in 90.8% (406/
447) patients (Table 4). Ongoing clinical trials will report the po-
tential application of doravirine 100 mg plus TAF 25 mg and FTC
200 mg to maintain the viral suppression in treatment-experienced
adults (NCT04079452, NCT04097925).

6.3.2. Doravirine 100 mg þ islatravir 0.75 mg þ lamivudine
300 mg (novel regimen)
Doravirine was evaluated with the once-daily combination of lam-
ivudine and islatravir for the treatment of previously untreated adults
withHIV-1 infections based on a phase 2b, randomized, double-blind
study111. AtWeek 48, the virological suppression ofHIV-1RNA<50
copies/mLwas observed in 90% (27/30) of participants receiving the
regimen of doravirine 100 mg þ islatravir 0.75 mg þ lamivudine
300mg111. The clinical efficacywas 84% (26/31) in the control group
of doravirine 100 mgþ TDF 300 mgþ lamivudine 300 mg111. The
ongoing phase three studies will evaluate doravirine 100 mg plus
islatravir 0.75 mg in treatment-naı̈ve adults (NCT04233879), viro-
logically suppressed adults (NCT04223778, NCT04223791), pedi-
atric patients (NCT04295772), and heavily treatment-experienced
adults (NCT04233216).

7. Azvudine (FNC)

On2021July21,azvudinewasconditionallyapprovedby theNational
Medical Products Administration in China. As shown in Fig. 7, the
discovery of azvudine (20-deoxy-20-b-fluoro-40-azidocytidine) began
with the initial search of antiviral inhibitors that target HCV RNA-
dependent RNA polymerase112. In 2001, 20-C-methylcytidine (com-
pound 15, NM107) was discovered as a potent nucleoside inhibitor of
Flaviviridae virus in cell cultures, but its further development was
hampered by its low oral bioavailability113. Subsequent design of 40-
substituted cytidine analogues led to the synthesis of 40-azidocytidine



Figure 6 Discovery of doravirine based on a template of the lead tetrazole thioacetanilide inhibitor 7. Drug binding pocket of rilpivirine is

highlighted in HIV-1 reverse transcriptase (PDB code: 4NCG). Amino acid positions with known resistant residues are highlighted.
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(compound 16, R1479) to inhibit HCV chain elongation112. With the
inversion of the 20-hydroxyl group, the 40-azido-arabinocytidine
(compound 17, RO-9187) showed better phosphorylation efficiency
than compound 16114. Because fluoronucleosides are often good
substrates of RNA polymerases, the monofluoro and difluoro ana-
logues of 40-azidocytidinewere subsequently designed, leading to the
optimizationofazvudine(RO-0622)andcompound18113. IntheHCV
replicon system, azvudine (EC50: 24 nmol/L) showed better antiviral
potency than compound 18 (EC50: 4020 nmol/L)113. Moreover,
azvudine exhibited broad-spectrum antiviral activities against
HIV115, HBV116, and SARS-CoV-2117, but not respiratory syncytial
virus or influenza A virus118. In cell cultures, azvudine inhibited
various strains from HIV-1 subtype B and recombinants B/C and
CRF01_AE(EC50: 0.03e6.92nmol/L)115.Regarding itsmechanisms
ofaction,azvudinemay inhibitHIV-1RTand target theVif-containing
E3 ubiquitin ligase complex to block the Vif-induced degradation of
APOBEC3G119. Moreover, azvudine is mainly metabolized by
CYP3A120, and its absolute oral bioavailability is 82.7% in dog
plasmas121.

A phase two study evaluated the safety and efficacy of azvu-
dine (NCT04109183, completion date: 6 March 2019), but its
clinical results have not been published as of today. An ongoing
phase three trial will evaluate the efficacy and safety of azvudine
3 mg plus TDF 300 mg and EFV 200 mg in treatment-naive pa-
tients infected with HIV-1 (NCT04303598). Future studies also
need to address the advantage of azvudine over FDA-approved
NRTIs such as TAF.

8. Elsulfavirine (Elpida�)

Elsulfavirine, the prodrug of the active NNRTI VM1500A
(Fig. 8A), was approved by the Russian Ministry of Health in
2017. Although the discovery of elsulfavirine has not been
documented yet in peer-reviewed literature, pharmacokinetic
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features of elsulfavirine 20 mg were characterized by a pre-
clinical study122. In four healthy individuals treated with a
single-dose of elsulfavirine 20 mg, the VM-1500A metabolite was
measured with a mean half-life t1/2: 8.9 � 2 days, Tmax:
0.15 � 0.04 days, Cmax: 98 � 74.3 ng/mL, and AUCinf:
829 � 507 ng$h/mL122. In HIV-infected patients receiving elsul-
favirine 20 mg for 7 days, the pharmacokinetic parameters of the
VM-1500A metabolite included (i) t1/2: 7.4 � 1.6 days, (ii) Tmax:
6.3 � 0.5 days, (iii) Cmax: 148 � 8 ng/mL, and (iv) AUCinf:
2123 � 266 ng$h/mL122.

Elsulfavirine 20 mg is now considered with the once-daily
combination of TDF 300 mg and emtricitabine 200 mg. A phase
2b study evaluated the efficacy and safety of elsulfavirine 20 mg
versus efavirenz 600 mg in combination with TDF þ FTC123. In
treatment-naı̈ve patients, the efficacy of HIV-1 plasma RNA <50
copies/mL at Week 48 was higher in the elsulfavirine arm (81%,
44/55) than in the elsulfavirine arm (74%, 35/47)123. A follow-up
study reported the virological suppression of HIV RNA <50
copies/mL at week 96 in 83.9% (73/87) of treatment-naı̈ve pa-
tients who continued the treatment of elsulfavirine 20 mg plus
TDF þ FTC124. The drug-associated adverse events were reported
in 23.3% (14/60)124. Ongoing trials will report the drugedrug
interactions (NCT03709355) and the feasibility of the once-
weekly administration of elsulfavirine (NCT03730311).

9. Development of novel NRTIs and NNRTIs

A large number of novel NRTIs and NNRTIs have been re-
ported in the literature6,125e128, but only a few candidates are
currently evaluated by clinical trials. Most candidates were
discontinued because of their limited efficacy, unfavorable side
effects, and/or high toxicity. For example, (i) lersivirine (UK-
453061) was discontinued in 2013 because lersivirine showed
no advantage over the existing NNRTIs; (ii) fosdevirine was
halted in 2014 due to unexpected side effects such as seizures;
(iii) censavudine was discontinued in 2015 due to the success
of tenofovir alafenamide with better clinical efficacy and
safety profiles129; and (iv) apricitabine was discontinued in
2016 due to a lack of funding and interests from its sponsor.
Here, we summarize the recent development of three NRTIs
(islatravir, MK-8504, MK-8583) and three NNRTIs (MK-8507,
IQP-0528, MIV-150) that have been evaluated by phase one
clinical trials.

9.1. Islatravir (MK-8591, EFdA)

Islatravir, known as MK-8591 or EFdA (40-ethynyl-2-fluoro-20-
deoxyadenosine), is a deoxyadenosine nucleoside analogue
(Fig. 8B) that targets the reverse transcriptase of HIV-1, HIV-2,
and SIV130e133. Unlike the conventional chain-terminating
NRTIs, islatravir acts as an effective immediate or delayed
chain terminator depending on the sequence of the nucleic
acid substrate134. The biocatalytic cascade synthesis of islatravir
could be efficiently made by five engineered enzymes with
four auxiliary enzymes135. Islatravir offers potent antiviral activ-
ities (EC50 � 11 nmol/L) against broad-spectrum viral isolates
with multi-drug resistant mutations (e.g., K65R, Q151M,
M184V)133. The EC50 values of islatravir were less than 21 nmol/
L against a variety of HIV-1 strains (e.g., HIV-1NL4-3, HIV-1MDR,
HIV-1Ba-L)

136. In cell-based assays, an apparent synergism of
islatravir plus rilpivirine may enhance the antiviral and
prophylactic activity against HIV-1137. Pharmacokinetics features
such as Cmax: 3.2 nmol/mL, Tmax: 0.5 h, and AUC12 h: 9.5 nmol/h/
mL were measured after the oral administration of islatravir in 25
humanized mice infected with HIV-1NL4-3

138.
The once-weekly oral dosing of islatravir (1.3 or 0.43 mg/kg/

week for 6 weeks) protected all male rhesus macaques (n Z 8)
from intrarectal challenges with SIV and HIV139. A single sub-
cutaneous administration of islatravir-eluting implants in rodents
and rhesus macaques sustained the drug release at clinically
relevant concentrations for at least 6 months140. In a phase one
study (NCT02217904), a single dose of islatravir 0.5 mg sup-
pressed HIV-1 RNA levels by more than one log on Day 7 in 30
treatment-naı̈ve adults141. The prophylaxis activity of islatravir is
currently evaluated by phase three clinical studies of cisgender
women (NCT04644029) and men and transgender women who
have sex with men (NCT04652700).

9.2. MK-8504 and MK-8583

Similar to TAF, MK-8504 and MK-8583 are prodrugs of tenofovir
that can be intracellularly converted to the active form of teno-
fovir-diphosphate142. Two phase one studies evaluated the single-
dose pharmacokinetics, antiviral activities, and safety of MK-8504
(NCT03188523) and MK-8583 (NCT03552536). In HIV-negative
patients, MK-8504 and MK-8583 were rapidly absorbed (Tmax:
0.5 h) and eliminated from plasma142. Both compounds were well-
tolerated with only mild to moderate adverse events142. The effi-
cacy and safety of MK-8503 and MK-8583 in once-weekly regi-
mens are yet to be clarified.

9.3. MK-8507

As a novel NNRTI with two trifluoromethyl groups, MK-8507
could be a potential once-weekly oral regimen against HIV-1
infection143. In healthy adults without HIV infection, a long ter-
minal half-life of MK-8507 (t1/2 range: 58e84 h) was observed
across different doses and MK-8507 was unlikely a strong inducer
of CYP3A4144. In treatment-naı̈ve patients infected with HIV-1,
the single-dose monotherapy of MK-8507 (80 mg) reduced the
plasma HIV-1 RNA by �1.5 (�1.8 to �1.19) log10 copies/mL at
7-day post-dose and its plasma pharmacokinetics were measured
as follows: terminal t1/2: 69.4 h, Tmax: 2.0 h, Cmax: 2.11 mmol/L
and AUC0-inf: 129 mmol/L$h145. In vitro IC50 of MK-8507 was
51.3 nmol/L based on the Monogram’s PhenoSense assay145.
Moreover, MK-8507 maintained the in vitro potency against
NNRTI resistant-associated variants such as K103N, Y181C and
G190A145. A phase 2 study (NCT04564547) was planned to
evaluate the once-weekly two-drug regimen of MK-8507 (100,
200, 400 mg) plus islatravir 20 mg for the treatment of HIV-1
infection. On 18 November 2021, however, the development of
MK-8507 was temporarily paused by Merck due to side effects
(e.g., decreases in total lymphocyte and CD4þ T-cell counts) in
the phase 2 study.

9.4. IQP-0528

IQP-0528 (SJ-3991) is a novel NNRTI that inhibits the viral
reverse transcription and the viral entry of HIV-1 and HIV-2146.
A dual chamber vaginal/rectal microbicide gel called DuoGel™
inhibited the CCR5-tropic subtype B strain HIV-1US/92/727 with
the EC50 values of 4.11e4.79 nmol/L147. IQP-0528 gel is a



Figure 7 Discovery of azvudine. Synthesis pathways and in vitro results can be found in Refs. 112e115.
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promising candidate to protect human polarized ectocervical
tissues against HIV-1 infections, because of its dual mechanisms
of action and its minimal toxicity to vaginal cells and natural
flora148. In a phase one study, seven HIV-negative individuals
received one 10 mL rectal dose of 1% IQP-0528 gel, and no
drug-associated adverse event was observed (NCT03082690).
However, the application of IQP-0528 is limited because of its
rapid clearance and its inability to penetrate vaginal tissues
following the rectal dosing149.
Figure 8 Chemical structures of elsulfavi
9.5. MIV-150

MIV-150 (Fig. 8B) is a novel NNRTI with antiviral activities
against HIV-1 replications73. Although the oral use of MIV-150
was discontinued because of its poor systemic absorption and
rapid systemic clearance150, a novel core-matrix intravaginal ring
called PC-1005 was proposed in the combination of (i) MIV-150
plus zinc acetate to prevent HSV-2 infections; (ii) MIV-150 plus
carrageenan to prevent the infections of HSV-2 and human
rine, islatravir, IQP-0528, and MIV-150.



Figure 9 Efficacy and safety of approved antiretroviral regimens in the treatment of treatment-naı̈ve and virologically-suppressed adults with

HIV-1 infections. (A) Clinical efficacy was defined by the proportion of patients achieving HIV-1 RNA <50 copies/mL at Week 48. Data from

Tables 3 and 4 were merged to demonstrate the clinical efficacy of approved antiretroviral regimens. (B) Proportions of adverse events during the

treatment of approved antiretroviral regimens in randomized clinical trials. Missing data are indicated by white-colored cells. Original data are

available in Table S1.
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papillomavirus; and (iii) MIV-150 plus levonorgestrel to prevent
the HIV-1, HSV-2, human papillomavirus, and unintended preg-
nancy151. In a phase one study (NCT02033109), the vaginal use of
PC-1005 was well-tolerated with low systemic levels in sexually
abstinent, HIV-negative women152. Another phase one study will
evaluate PC-1005 as a rectal microbicide in HIV-negative adults
with a history of consensual anal intercourse (NCT03408899).

10. Conclusions

In this study, we provide a comprehensive review of approved
RT inhibitors and their combination regimens in the past
decade. Although the development of each approved RT in-
hibitor had a different story, their drug discovery all requires
coordinated multidisciplinary efforts from medicinal chemists,
virologists, pharmacists, crystallographers, and many others153.
Tenofovir alafenamide was discovered as the phenyl monoester
isopropyl alaninyl phosphoramidate of tenofovir based on an
unexpected observation of the mixture GS-7171, while its
clinical approval was only granted 15 years later after its dis-
covery. Although rilpivirine and dapivirine were both origi-
nated from the a-APA derivatives, rilpivirine was developed as
once-daily oral tablets and dapivirine was applied as the
vaginal ring application due to their different oral bioavail-
ability and half-life time. Elsulfavirine has been approved only
in Russian, while its clinical advantage requires further in-
vestigations. Moreover, many drugs (e.g., doravirine) were
developed with a series of structure-guided optimizations,
thereby highlighting the importance of crystallography in
antiviral drug discovery.
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Our review summarized the clinical efficacy and safety of
approved anti-HIV regimens based on randomized controlled tri-
als. In clinical studies of HIV-1 pre-exposure prophylaxis,
TAF þ FTC and dapivirine vaginal ring significantly reduced the
incidence rate of HIV infections (Table 2). To treat HIV-1 in-
fections in treatment-naı̈ve patients, the highest efficacy was
observed in the initial therapy of TAF þ FTC þ EVG/c (91.9%,
899/978), followed by 3TC þ DTG (91.5%, 655/716),
TAF þ FTC þ BIC (91.4%, 639/699), ABCþ3TC þ DTG
(90.1%, 657/729), TDF þ FTC þ EVG/c (89.5%, 1456/1626),
TAF þ FTC þ DTG (88.3%, 626/709), TAF þ FTC þ DRV/c
(88.2%, 410/465), TDF þ FTC þ RPV (84.5%, 625/740), and
TDFþ3TC þ DOR (83.9%, 585/697) (Fig. 9A). Drug-associated
adverse events of preceding regimens included diarrhea, head-
ache, and nasopharyngitis (Fig. 9B). In the treatment of virolog-
ically suppressed patients with HIV-1 infections, the highest
efficacy was observed in the maintaining therapy of
TAF þ FTC þ EVG/c (96.5%, 1184/1227), followed by
TAF þ FTC þ DRV/c (94.9%, 724/763), RPV þ DTG (94.7%,
486/513), TDF þ FTC þ EVG/c (94.5%, 52/55),
TDF þ FTC þ RPV (93.9%, 294/313), TAF þ FTC þ BIC
(93.6%, 1020/1090), RPV þ CAB (93.1%, 1144/1229),
3TC þ DTG (93.0%, 384/413), TAF þ FTC þ RPV (91.5%, 690/
754), TAF þ FTC þ DTG (91.1%, 256/281), TDFþ3TC þ DOR
(90.8%, 406/447), and ABCþ3TC þ DTG (90.3%, 758/839)
(Fig. 9A). The drug-associated adverse events of the preceding
regimens include nasopharyngitis, diarrhea, and headache
(Fig. 9B). Among these regimens, only two NRTI-free regimens
(RPV þ DTG, RPV þ CAB) have been approved, but they are
often used as maintaining therapies rather than initial therapies.

In clinical practice, once-daily fixed-dose regimens of two
NRTIs (TAF þ FTC, TDF þ FTC, TDFþ3TC) plus another drug
(e.g., integrase inhibitors) have been widely applied as the stan-
dard of care for most patients infected with HIV-1 infections. Of
note, TAF is now gradually replacing TDF as the backbone in the
once-daily, fixed-dose, single-tablet regimens such as Odefsey�,
Genvoya�, and Descovy� because TAF offers high potency and
safety profiles in the life-long treatment of HIV infections154.
NNRTIs are now gradually replaced by HIV integrase inhibitors in
the first-line combination regimens according to the IAS-USA and
the EACS guidelines10,11. First, NNRTIs are only limited to the
treatment of HIV-1 but not HIV-21. Second, many NNRTIs have
clinically significant drugedrug and drugefood interactions since
they are the substrates (e.g., doravirine, rilpivirine) or inducers
(e.g., efavirenz) of cytochrome P450 3A4 (CYP3A4)ean impor-
tant oxidizing enzyme in humans. Third, NNRTIs usually have
low genetic barriers to resistance and there is an increasing
prevalence of NNRTI-associated transmitted drug resistance in
treatment-naı̈ve patients from North America, Latin America/
Caribbean, Sub-Saharan Africa, South/Southeast Asia, and Upper-
Income Asian Countries155. Fourth, transmitted NNRTI resistance
before first-line treatment is potentially associated with the long-
term failure of first-line regimens containing integrase inhibitors
such as dolutegravir156. Fifth, NNRTIs may cause neuropsychi-
atric adverse effects and these drug-related adverse effects should
be closely monitored in clinical practice157.

Despite the success of many approved RT inhibitors, HIV
strains evolve fast especially under the drug selective pres-
sure158,159 and mutated residues near the drug-binding pocket of
HIV RT may reduce the drug-target binding affinity5. To
encounter emerging drug resistance mutations, many strategies
have been proposed to develop the next generation of RT in-
hibitors with better drug resistance profiles5,6,8,160. (i) Multi-target
strategy that designs novel RT inhibitors to target evolutionarily
conserved binding pockets, divalent metal binding pockets, the
substrate-envelope pocket, and/or the RNase H domain8. (ii)
Conformation-based strategy that designs novel RT inhibitors with
conformational flexibility to target ever-changing binding pockets
with multiple drug positioning, covalent bonding, multivalent
binding, and van der Waals forces5,6,8,161. (iii) RT inhibitors
without overlapping resistance profiles could be combined to act
synergistically for the maximize suppression against diverse
strains of the highly mutable HIV5,6,8. Additionally, novel anti-
retroviral agents such as lenacapavir (GS-6207) that targets the
viral capsid162 may provide alternative options in the long-acting
fixed-dose regimens.

HIV RT inhibitors can be repurposed for the treatment of other
human diseases. (i) Three NRTIs (TAF, TDF, lamivudine) have
also been approved and recommended for the treatment of HBV
infections163e165. (ii) Anti-inflammasome NRTIs such as lam-
ivudine may improve insulin sensitivity and prevent the devel-
opment of type two diabetes166. (iii) NRTIs may reduce the risk of
age-related macular degeneration that causes blindness in
humans167. (iv) NRTIs such as lamivudine might be repurposed as
anti-cancer drugs168. (v) HIV RT inhibitors have been initially
proposed to treat coronavirus disease 2019 (COVID-19)168,169,
which has caused a global pandemic with severe morbidity and
mortality since the end of 2019170e174. As of today, no anti-HIV
drug has been approved for the treatment of COVID-19175,
whereas TDF þ FTC could reduce the risk of COVID-19 and
hospitalization in HIV-positive patients176.

Future development of antiretroviral regimens could be
conceived as follows: (i) the development of novel inhibitors with
better potency and safety profiles, and longer half-life for long-
acting application; (ii) new applications of approved inhibitors in
two-drug regimens, long-acting formulations, and once-daily,
fixed-dose, single-tablet regimens; and (iii) weekly or monthly
applications of novel regimens in the HIV pre-exposure prophy-
laxis. Novel extended-release delivery devices such as vaginal
rings, nanoformulations, and subcutaneous implants also provide
new options to deliver antiretroviral drugs weekly, monthly, and
maybe even yearly177. In the foreseeable future, antiretroviral
regimens will still play a significant role in saving the lives of
millions of human beings worldwide.
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29. Balzarini J, Holý A, Jindrich J, Naesens L, Snoeck R, Schols D, et al.

Differential antiherpesvirus and antiretrovirus effects of the (S) and

(R) enantiomers of acyclic nucleoside phosphonates: potent and se-

lective in vitro and in vivo antiretrovirus activities of (R)-9-(2-

phosphonomethoxypropyl)-2,6-diaminopurine. Antimicrob Agents

Chemother 1993;37:332e8.

30. Ying C, De Clercq E, Neyts J. Lamivudine, adefovir and tenofovir

exhibit long-lasting anti-hepatitis B virus activity in cell culture. J

Viral Hepat 2000;7:79e83.
31. Cundy KC, Sueoka C, Lynch GR, Griffin L, Lee WA, Shaw JP. Phar-

macokinetics and bioavailability of the anti-human immunodeficiency

virus nucleotide analog 9-[(R)-2-(phosphonomethoxy)propyl]adenine

(PMPA) in dogs. Antimicrob Agents Chemother 1998;42:687e90.

32. Deeks SG, Barditch-Crovo P, Lietman PS, Hwang F, Cundy KC,

Rooney JF, et al. Safety, pharmacokinetics, and antiretroviral activity

of intravenous 9-[2-(R)-(phosphonomethoxy)propyl]adenine, a novel

anti-human immunodeficiency virus (HIV) therapy, in HIV-infected

adults. Antimicrob Agents Chemother 1998;42:2380e4.

33. Cihlar T. Nucleotide HIV reverse transcriptase inhibitors: tenofovir

and beyond. Curr Opin HIV AIDS 2006;1:373e9.

34. Serpi M, Pertusati F. An overview of ProTide technology and its impli-

cations to drug discovery. Expet Opin Drug Discov 2021;16:1149e61.

35. Mehellou Y, Rattan HS, Balzarini J. The ProTide prodrug technol-

ogy: from the concept to the clinic. J Med Chem 2018;61:2211e26.

36. Chapman H, Kernan M, Rohloff J, Sparacino M, Terhorst T. Purifi-

cation of PMPA amidate prodrugs by SMB chromatography and X-

ray crystallography of the diastereomerically pure GS-7340. Nucleos

Nucleot Nucleic Acids 2001;20:1085e90.

37. Chapman H, Kernan M, Prisbe E, Rohloff J, Sparacino M, Terhorst T,

et al. Practical synthesis, separation, and stereochemical assignment

of the PMPA pro-drug GS-7340. Nucleos Nucleot Nucleic Acids

2001;20:621e8.

38. Lee WA, He GX, Eisenberg E, Cihlar T, Swaminathan S, Mulato A,

et al. Selective intracellular activation of a novel prodrug of the

human immunodeficiency virus reverse transcriptase inhibitor

https://doi.org/10.1016/j.apsb.2021.11.009
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref1
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref1
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref1
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref2
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref2
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref2
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref3
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref3
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref3
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref3
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref4
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref4
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref4
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref4
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref5
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref5
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref5
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref5
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref5
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref6
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref6
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref6
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref6
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref7
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref7
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref7
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref7
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref7
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref8
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref8
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref8
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref9
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref9
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref9
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref9
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref10
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref10
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref10
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref10
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref10
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref11
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref11
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref11
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref11
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref11
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref12
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref12
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref12
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref12
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref12
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref13
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref13
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref13
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref13
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref13
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref14
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref14
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref14
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref14
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref15
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref15
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref15
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref15
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref15
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref16
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref16
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref16
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref16
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref17
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref17
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref17
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref18
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref18
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref18
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref19
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref19
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref19
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref20
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref20
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref20
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref20
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref21
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref21
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref21
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref22
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref22
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref22
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref22
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref22
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref23
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref23
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref23
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref23
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref24
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref24
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref24
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref24
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref25
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref25
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref25
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref25
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref26
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref26
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref26
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref26
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref26
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref27
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref27
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref27
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref28
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref28
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref28
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref28
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref29
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref30
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref30
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref30
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref30
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref31
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref31
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref31
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref31
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref31
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref32
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref33
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref33
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref33
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref34
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref34
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref34
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref35
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref35
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref35
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref36
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref36
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref36
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref36
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref36
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref37
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref37
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref37
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref37
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref37
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38


HIV reverse transcriptase inhibitors 1585
tenofovir leads to preferential distribution and accumulation in

lymphatic tissue. Antimicrob Agents Chemother 2005;49:1898e906.

39. Callebaut C, Stepan G, Tian Y, Miller MD. In vitro virology profile of

tenofovir alafenamide, a novel oral prodrug of tenofovir with

improved antiviral activity compared to that of tenofovir disoproxil

fumarate. Antimicrob Agents Chemother 2015;59:5909e16.

40. Sax PE, Wohl D, Yin MT, Post F, DeJesus E, Saag M, et al. Tenofovir

alafenamide versus tenofovir disoproxil fumarate, coformulated with

elvitegravir, cobicistat, and emtricitabine, for initial treatment of

HIV-1 infection: two randomised, double-blind, phase 3, non-

inferiority trials. Lancet 2015;385:2606e15.

41. Wang H, Lu X, Yang X, Xu N. The efficacy and safety of tenofovir

alafenamide versus tenofovir disoproxil fumarate in antiretroviral

regimens for HIV-1 therapy: meta-analysis. Medicine (Baltim) 2016;

95:e5146.

42. Fletcher CV, Podany AT, Thorkelson A, Winchester LC, Mykris T,

Anderson J, et al. The lymphoid tissue pharmacokinetics of tenofovir

disoproxil fumarate and tenofovir alafenamide in HIV-infected per-

sons. Clin Pharmacol Ther 2020;108:971e5.
43. Ruane PJ, DeJesus E, Berger D, Markowitz M, Bredeek UF,

Callebaut C, et al. Antiviral activity, safety, and pharmacokinetic-

s/pharmacodynamics of tenofovir alafenamide as 10-day mono-

therapy in HIV-1-positive adults. J Acquir Immune Defic Syndr 2013;

63:449e55.

44. Babusis D, Phan TK, Lee WA, Watkins WJ, Ray AS. Mechanism for

effective lymphoid cell and tissue loading following oral adminis-

tration of nucleotide prodrug GS-7340.Mol Pharm 2013;10:459e66.
45. Custodio JM, Fordyce M, Garner W, Vimal M, Ling KH,

Kearney BP, et al. Pharmacokinetics and safety of tenofovir alafe-

namide in HIV-uninfected subjects with severe renal impairment.

Antimicrob Agents Chemother 2016;60:5135e40.

46. Begley R, Das M, Zhong L, Ling J, Kearney BP, Custodio JM.

Pharmacokinetics of tenofovir alafenamide when coadministered

with other HIV antiretrovirals. J Acquir Immune Defic Syndr 2018;

78:465e72.

47. Lepist EI, Phan TK, Roy A, Tong L, Maclennan K, Murray B, et al.

Cobicistat boosts the intestinal absorption of transport substrates,

including HIV protease inhibitors and GS-7340, in vitro. Antimicrob

Agents Chemother 2012;56:5409e13.

48. Hill A, Hughes SL, Gotham D, Pozniak AL. Tenofovir alafenamide

versus tenofovir disoproxil fumarate: is there a true difference in

efficacy and safety?. J Virus Erad 2018;4:72e9.
49. Funderburg NT, McComsey GA, Kulkarni M, Bannerman T,

Mantini J, Thornton B, et al. Equivalent decline in inflammation

markers with tenofovir disoproxil fumarate vs. tenofovir alafena-

mide. EBioMedicine 2016;13:321e7.

50. Mayer KH, Molina JM, Thompson MA, Anderson PL, Mounzer KC,

De Wet JJ, et al. Emtricitabine and tenofovir alafenamide vs emtri-

citabine and tenofovir disoproxil fumarate for HIV pre-exposure

prophylaxis (DISCOVER): primary results from a randomised,

double-blind, multicentre, active-controlled, phase 3, non-inferiority

trial. Lancet 2020;396:239e54.

51. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, Vargas L,

et al. Preexposure chemoprophylaxis for HIV prevention in men who

have sex with men. N Engl J Med 2010;363:2587e99.

52. Acosta RK, Chen GQ, Chang S, Martin R, Wang X, Huang H, et al.

Three-year study of pre-existing drug resistance substitutions and effi-

cacy of bictegravir/emtricitabine/tenofovir alafenamide in HIV-1 treat-

ment-naive participants. J Antimicrob Chemother 2021;76:2153e7.

53. Pozniak A, Arribas JR, Gathe J, Gupta SK, Post FA, Bloch M, et al.

Switching to tenofovir alafenamide, coformulated with elvitegravir,

cobicistat, and emtricitabine, in HIV-infected patients with renal

impairment: 48-week results from a single-arm, multicenter, open-

label phase 3 study. J Acquir Immune Defic Syndr 2016;71:530e7.
54. Eron Jr JJ, Lelievre JD, Kalayjian R, Slim J, Wurapa AK,

Stephens JL, et al. Safety of elvitegravir, cobicistat, emtricitabine,

and tenofovir alafenamide in HIV-1-infected adults with end-stage
renal disease on chronic haemodialysis: an open-label, single-arm,

multicentre, phase 3b trial. Lancet HIV 2018;6:e15e24.

55. Margot NA, Wong P, Kulkarni R, White K, Porter D, Abram ME,

et al. Commonly transmitted HIV-1 drug resistance mutations in

reverse-transcriptase and protease in antiretroviral treatment-naive

patients and response to regimens containing tenofovir disoproxil

fumarate or tenofovir alafenamide. J Infect Dis 2017;215:920e7.

56. Margot N, Cox S, Das M, McCallister S, Miller MD, Callebaut C.

Rare emergence of drug resistance in HIV-1 treatment-naive patients

receiving elvitegravir/cobicistat/emtricitabine/tenofovir alafenamide

for 144 weeks. J Clin Virol 2018;103:37e42.

57. Pauwels R, Andries K, Debyser Z, Van Daele P, Schols D, Stoffels P,

et al. Potent and highly selective human immunodeficiency virus type

1 (HIV-1) inhibition by a series of alpha-anilinophenylacetamide

derivatives targeted at HIV-1 reverse transcriptase. Proc Natl Acad

Sci U S A 1993;90:1711e5.
58. Ludovici DW, Kukla MJ, Grous PG, Krishnan S, Andries K, de

Bethune MP, et al. Evolution of anti-HIV drug candidates. Part 1:

from alpha-anilinophenylacetamide (alpha-APA) to imidoyl thiourea

(ITU). Bioorg Med Chem Lett 2001;11:2225e8.

59. Ludovici DW, Kavash RW, Kukla MJ, Ho CY, Ye H, De Corte BL,

et al. Evolution of anti-HIV drug candidates. Part 2: diaryltriazine

(DATA) analogues. Bioorg Med Chem Lett 2001;11:2229e34.
60. Ludovici DW, De Corte BL, KuklaMJ, Ye H, Ho CY, Lichtenstein MA,

et al. Evolution of anti-HIV drug candidates. Part 3: diarylpyrimidine

(DAPY) analogues. Bioorg Med Chem Lett 2001;11:2235e9.

61. De Clercq E. An Odyssey in antiviral drug development-50 years at

the Rega Institute: 1964‒2014. Acta Pharm Sin B 2015;5:520e43.

62. Janssen PA, Lewi PJ, Arnold E, Daeyaert F, de Jonge M, Heeres J,

et al. In search of a novel anti-HIV drug: multidisciplinary coordina-

tion in the discovery of 4-[[4-[[4-[(1E)-2-cyanoethenyl]-2,6-

dimethylphenyl]amino]-2-pyrimidinyl]amino]benzonitrile (R278474,

rilpivirine). J Med Chem 2005;48:1901e9.

63. Van Herrewege Y, Michiels J, Van Roey J, Fransen K, Kestens L,

Balzarini J, et al. In vitro evaluation of nonnucleoside reverse tran-

scriptase inhibitors UC-781 and TMC120-R147681 as human im-

munodeficiency virus microbicides. Antimicrob Agents Chemother

2004;48:337e9.
64. Andries K, Azijn H, Thielemans T, Ludovici D, Kukla M, Heeres J,

et al. TMC125, a novel next-generation nonnucleoside reverse tran-

scriptase inhibitor active against nonnucleoside reverse transcriptase

inhibitor-resistant human immunodeficiency virus type 1. Antimicrob

Agents Chemother 2004;48:4680e6.

65. Malcolm RK, Woolfson AD, Toner CF, Morrow RJ, McCullagh SD.

Long-term, controlled release of the HIV microbicide TMC120 from

silicone elastomer vaginal rings. J Antimicrob Chemother 2005;56:

954e6.

66. Chen BA, Panther L, Marzinke MA, Hendrix CW, Hoesley CJ, van

der Straten A, et al. Phase 1 safety, pharmacokinetics, and pharma-

codynamics of dapivirine and maraviroc vaginal rings: a double-

blind randomized trial. J Acquir Immune Defic Syndr 2015;70:

242e9.

67. Devlin B, Nuttall J, Wilder S, Woodsong C, Rosenberg Z. Devel-

opment of dapivirine vaginal ring for HIV prevention. Antivir Res

2013;100(Suppl):S3e8.

68. Romano J, Variano B, Coplan P, Van Roey J, Douville K, Rosenberg Z,

et al. Safety and availability of dapivirine (TMC120) delivered from an

intravaginal ring. AIDS Res Hum Retrovir 2009;25:483e8.

69. Baeten JM, Hendrix CW, Hillier SL. Topical microbicides in HIV

prevention: state of the promise. Annu Rev Med 2020;71:361e77.
70. Van Herrewege Y, Vanham G, Michiels J, Fransen K, Kestens L,

Andries K, et al. A series of diaryltriazines and diarylpyrimidines are

highly potent nonnucleoside reverse transcriptase inhibitors with

possible applications as microbicides. Antimicrob Agents Chemother

2004;48:3684e9.

71. Nel A, Smythe S, Young K, Malcolm K, McCoy C, Rosenberg Z,

et al. Safety and pharmacokinetics of dapivirine delivery from matrix

http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref38
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref39
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref39
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref39
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref39
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref39
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref40
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref41
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref41
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref41
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref41
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref42
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref42
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref42
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref42
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref42
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref43
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref44
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref44
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref44
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref44
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref45
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref45
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref45
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref45
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref45
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref46
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref46
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref46
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref46
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref46
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref47
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref47
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref47
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref47
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref47
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref48
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref48
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref48
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref48
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref49
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref49
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref49
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref49
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref49
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref50
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref51
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref51
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref51
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref51
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref52
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref52
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref52
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref52
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref52
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref53
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref54
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref55
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref56
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref56
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref56
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref56
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref56
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref57
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref58
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref58
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref58
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref58
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref58
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref59
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref59
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref59
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref59
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref60
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref60
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref60
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref60
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref61
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref61
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref61
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref62
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref63
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref64
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref65
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref65
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref65
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref65
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref65
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref66
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref67
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref67
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref67
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref67
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref68
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref68
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref68
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref68
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref69
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref69
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref69
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref70
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref71
http://refhub.elsevier.com/S2211-3835(21)00443-3/sref71


1586 Guangdi Li et al.
and reservoir intravaginal rings to HIV-negative women. J Acquir

Immune Defic Syndr 2009;51:416e23.

72. Nel A, Haazen W, Nuttall J, Romano J, Rosenberg Z, van Niekerk N.

A safety and pharmacokinetic trial assessing delivery of dapivirine

from a vaginal ring in healthy women. AIDS 2014;28:1479e87.

73. Giacobbi NS, Sluis-Cremer N. In vitro cross-resistance profiles of

rilpivirine, dapivirine, and MIV-150, nonnucleoside reverse tran-

scriptase inhibitor microbicides in clinical development for the pre-

vention of HIV-1 infection. Antimicrob Agents Chemother 2017;61.

e00277-17.

74. Penrose KJ, Wallis CL, Brumme CJ, Hamanishi KA, Gordon KC,

Viana RV, et al. Frequent cross-resistance to dapivirine in HIV-1

subtype C-infected individuals after first-line antiretroviral therapy

failure in South Africa. Antimicrob Agents Chemother 2017;61:

e01805e16.

75. Schader SM, Oliveira M, Ibanescu RI, Moisi D, Colby-

Germinario SP, Wainberg MA. In vitro resistance profile of the

candidate HIV-1 microbicide drug dapivirine. Antimicrob Agents

Chemother 2012;56:751e6.
76. Thompson M, Orkin C, Molina JM, Sax P, Cahn P, Squires K, et al.

Once-daily doravirine for initial treatment of adults living with

human immunodeficiency virus-1: an integrated safety analysis. Clin

Infect Dis 2020;70:1336e43.
77. Baeten JM, Palanee-Phillips T, Brown ER, Schwartz K, Soto-

Torres LE, Govender V, et al. Use of a vaginal ring containing

dapivirine for HIV-1 prevention in women. N Engl J Med 2016;375:

2121e32.

78. Nel A, van Niekerk N, Kapiga S, Bekker LG, Gama C, Gill K, et al.

Safety and efficacy of a dapivirine vaginal ring for HIV prevention in

women. N Engl J Med 2016;375:2133e43.
79. Baeten JM, Palanee-Phillips T, Mgodi NM, Mayo AJ, Szydlo DW,

Ramjee G, et al. Safety, uptake, and use of a dapivirine vaginal ring

for HIV-1 prevention in African women (HOPE): an open-label,

extension study. Lancet HIV 2021;8:e87e95.

80. Reddy K, Kelly C, Brown ER, Jeenarain N, Naidoo L, Siva S, et al.

Use of the dapivirine vaginal ring and effect on cervical cytology

abnormalities. AIDS 2020;34:559e67.

81. Nel A, van Niekerk N, Van Baelen B, Malherbe M, Mans W,

Carter A, et al. Safety, adherence, and HIV-1 seroconversion among

women using the dapivirine vaginal ring (DREAM): an open-label,

extension study. Lancet HIV 2021;8:e77e86.

82. Guillemont J, Pasquier E, Palandjian P, Vernier D, Gaurrand S,

Lewi PJ, et al. Synthesis of novel diarylpyrimidine analogues and

their antiviral activity against human immunodeficiency virus type 1.

J Med Chem 2005;48:2072e9.
83. Azijn H, Tirry I, Vingerhoets J, de Béthune MP, Kraus G, Boven K,
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