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1. Introduction

By the end of 2017, United States Food and Administration (US
FDA) had approved 43 anti-retroviral drugs for clinical use which
include 29 single-tablets and 14 fixed-dose combinations (FDCs).
The intensity of the search for novel antiretroviral (ARV)
compounds has slowed over the last 10 years and several
traditional agents are still in phase III clinical trials. In the next
decade, to improve drug safety, adherence and efficacy, the
development of new anti-HIV-1 drugs will focus on long-acting
formulations, oral attachment inhibitors, maturation inhibitors and
new initiatives to cure the disease.

In the first decade of ARV drug therapy, these agents did not
fundamentally change the destiny of those with HIV infection,
although they could decrease virus load, increase CD4" cell
number and prolong survival over the short term. The major
shortcomings were drug toxicity, drug resistance and high drug
cost. Combination-based ARV therapy (ART) was introduced in
1996, which led to effectively sustained HIV suppression,
significantly recovered immune function, markedly improved
clinical symptoms and notably extended lifespan. In the third
decade, with further development of ARV drugs and the avail-
ability of multiple ART regimens and FDCs, acquired immune
deficiency syndrome (AIDS) has become a chronic, manageable
and infectious disease. It is noted that in the last several years,
instead of the discovery of new ARV drugs, development of
effective and well-tolerated once-daily FDCs has been extensively
investigated, but several traditional ARV drugs remain in phase III
clinical trials. This review introduces current ARV drugs in phase
III clinical trials and summarizes the development of ARV drugs
over the next decade. All of the 43 FDA-approved drugs are listed
here, but additional specialized reviews will be required to address
new trends towards the cure of this disease.

2. Anti-retroviral drugs approved by FDA

The first AIDS cases were reported in 1981 in United States'~.
The human immunodeficiency virus (HIV) was defined as
etiologic microorganism in 1983**. Just four years later, the first
HIV medicine Zidovudine was approved by US FDA and quickly
opened the new era for anti-retroviral chemotherapy. In the
following thirty years, the FDA approved a total of 43 anti-
retroviral drugs including 29 single-tablets and 14 FDCs ther-
apeutics. These agents are classified into eight categories of ARV
drugs: nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs), protease
inhibitors (PIs), integrase strand transfer inhibitors (INSTIs),
fusion inhibitors (FIs), entry inhibitors (Els), pharmacokinetic
enhancers (PEs) and fixed-dose combinations (FDCs, Table 1°7).

3. Classical ARV drugs in phase III clinical trials
3.1.  Tenofovir alafenamide (TAF)

TAF is a nucleotide transcriptase inhibitor (Fig. 1)>%. Tenofovirs
disoproxil (TDF), a new prodrug of tenofovir, has a similar
structure and is in clinical use. Initially TAF was designed to
improve TDF-induced renal and bone toxicity. TAF has achieved
50% eftective concentrations (ECso) at 11.0 and 9.7 nmol/L in
CD4% T cells and macrophage, respectively, and decrease of

plasma tenofovir by 90%. As compared with TDF, TAF demon-
strated several important improvements. The drug can be for-
mulated into small tablets of FDCs, has a low manufacturing cost,
and shows highly reduced kidney and bone toxicity. Therefore,
TAF is becoming a preferred substitute for TDF with better
efficacy. Several clinical studies of TAF combinations, including
elvitegrave/cobicistat/emtricitable/TAF (E/C/F/TAF), rilpivirine/
emtricitabine/TAF (R/F/TAF) and emtricitabine/TAF (F/TAF)
were reported on November 23, 2015, March 1, 2016 and April
25, 2016.

Phase III open-label studies have evaluated the safety of E/C/F/
TAF in virologically-suppressed adults with mild-to-moderate
renal impairment and in treatment-naive 12-17 year olds’.
Whereas E/C/F/TDF is typically reserved for patients with
creatinine clearance (CrCl) of at least 70 mL/min, E/C/F/TAF
can be used with a pre-treatment estimated CrCl of as low as
30 mL/min°. Phase 1l randomized, double-blind clinical trials
evaluating the safety and efficacy of switching to R/F/TAF in
HIV-positive individuals who are virologically suppressed by
either R/F/TDF or efavirenz/F/TDF (EVF/F/TDF)are under inves-
tigation'®. In other phase III studies, 668 and 330 HIV-1 positive
patients were recruited in F/TAF and F/TDF groups separately.
Through week 48, the success cases of virological inhibition
(HIV-1 RNA <50 copies per mL) were maintained in 314 (94%)
of patients in the F/TAF group compared with 307 (93%) in the
F/TDF group (a difference of 1.3%, 95% CI -2.5 to 5.1),
indicating the non-inferiority of F/TAF to F/TDF. Seven patients
in F/TAF (2%) and three (1%) in the F/TDF group discontinued
treatment due to adverse events. There were no cases of proximal
tubulopathy reported in these studies''.

3.2.  Doravirine

Doravirine is a highly specific non-nucleoside reverse transcriptase
inhibitor (Fig. 1)>'>'?. The half maximal inhibitory concentrations
(ICsp) are only 12, 9.7 and 9.7 nmol/L against the wild type HIV
(WT) and 103N and Y181C reverse transcriptase (RT) mutants,
respectively. Doravirine exhibited consistent anti-HIV activities
against 10 different HIV-1 subtype viruses, that the resistance
suggesting that doravirine is superior overall to that efavirenz and
comparable to that of etravirine (ETR) and RPV. A two-drug
in vitro combination study reported that doravirine had no
antagonistic actions in the antiviral activity of 18 other FDA-
licensed anti-HIV drugs. In vivo, doravirine demonstrated robust
antiviral activity and good tolerability. Data from a 48 week phase
II clinical trial showed that virologic suppression (<40
copies/mL) rates were achieved in 84% of inpatients with viral
loads >100,000 copies/ml. In addition, drug-related adverse
events, including diarrhea, dizziness, and abnormal dreams, were
infrequent in the dorvirine group vs. the EFV group (56.5% versus
31.5%). Doravirine is currently undergoing its phase III clinical
development.

3.3.  Bictegravir (BIC, GS-9883)

BIC*'* is a novel unboosted HIV-1 integrase strand inhibitor
(Fig. 1). It inhibits HIV replication in both T-cells lines and in
primary human T lymphocytes, with ECso values ranging from
1.5 to 2.4nmol/L. and selectivity indices of up to 8700. BIC
demonstrates synergy of anti-HIV effects in vitro when combined
with TAF, emtricitabine and darunavir. BIC is showing an
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Table 1  US FDA approval of HIV medicines.
Year Drug Year Drug
1987 Zidovudine (NRTI) 2004 Epzicom (FDC), Truvada (FDC), Cobicistat (PE), Fosamprenavir (PI)

1991 Didanosine (NRTI) 2005
1992 Zalcitabine (NRTI)* 2006
1994 Stavudine (NRTT) 2007
1995 Lamivudine (NRTI), Saquinavir (PI) 2008
1996 Indinavir (PI), Nevirapine (NNRTI), Ritonavir (PI) 2011
1997 Combivir (FDC), Delavirdine (NNRTI), Nelfinavir (PI) 2012
1998 Abacavir (NRTI), Efavirenz (NNRTT) 2013
1999 Amprenavir (PI)* 2014
2000 Didanosine EC (NRTI), Kaletra (FDC), Trizivir (FDC) 2015
2001 Tenofovir DF (NRTI) 2016

2003 Atazanavir (PI), Emtricitabine (NRTI), Enfuvirtide (FI)

Tipranavir (PT)

Darunavir (PI), Atripla (FDC)

Maraviroc (EI)

Raltegravis ((INSTI)

Complera (FDC), Viramune XR (NNRTI), Rilpivirine (NNRTTI)
Stribild (FDC)

Dolutegravir (INSTI)

Cobicistat (PE), Triumeq (FDC)

Evotaz (FDC), Genvoya (FDC), Prezcobix (FDC)

Descovy (FDC), Odefsey (FDC)

“Drugs are no longer recommended for use in the United States by the HHS HIV/AIDS medical practice guidelines.

Figure 1 Classical ARV drugs in phase III clinical trials. (A) Tenofovir alafenamide (GS-7340, Vemlidy, C,;H>9N¢OsP), a nucleotide reverse
transcriptase inhibitor and a prodrug of tenofovir. (B) Doravirine (MK-1439, C;7H;;CIF;N505), a non-nucleoside reverse transcriptase inhibitor.
(C) Bictegravir (BIC, GS-9883, C,1H;gF3N30s), an integrase inhibitor.
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Figure 2 ARV drugs in the pipeline for the next 10 years. (A) Rilpivirine hydrochloride (Edurant; TMC278 hydrochloride, C,,H;9CINp),
a second-generation NNRTI. (B) Cabrotegravir (S/GSK1265744 or GSK744, Ci9H;;F,N30s), an integrase inhibitor. (C) Fostemsavir,
BMS-663068, C,5H,6N;0gP), the phosphonooxymethyl prodrug of BMS-626529, a novel small-molecule attachment inhibitor. (D) Temsavir
(BMS-626529, C24H23N704), a novel small-molecule attachment inhibitor. (E) Bevirimat, BVM (MPC-4326, PA-457, C3¢Hs60g), the first
maturation inhibitor. (F) BMS-955176 (C4,Hg;N,04S), the second generation HIV maturation inhibitor.

improved resistance profile compared to the INSTI raltegravir and
elvitegravir, and was comparable to that of dolutegravir, against
nine INSTI-resistant site-directed HIV-1 mutants.

Although the BIC/F/TAF combination is currently being tested
in phase III clinical trials, no data from completed phase I or
ongoing phase II trials has been reported. Phase III trials of BIC/F/
TAF include two head-to-head comparisons with dolutegravir plus
F/TAF in treat-naive adults, with each study enrolling 600
participants in the US, Canada and other countries. Three switch
phase III studies are also under evaluation, including the safety and
efficacy of switching from dolutegravir plus abacavir/lamivudine
(ABC/3BC) to BIC/F/TAF, a switch from boosted atazanavir or
darunavir plus either F/TDF or ABC/3TC, and a switch in a cohort

comprised of HIV-positive women to all in virologically sup-
pressed participants'”.

4. ARV drugs in the pipeline for the next 10 years

4.1. Long-acting ARV formulation

Currently, ARV drugs are administered through lifelong daily
oral regimens. However, poor compliance is often observed
with ARVs in HIV-1 patients. When suboptimal compliance
occurs, circulating ARVs are insufficient to inhibit viral replica-
tion, thereby increasing the chances of viral mutation and drug



134

Xingquan Zhang

resistance. Thus, long-acting, effective AVRs circumvent the
limitations of daily oral regimens, and provide long-lasting ARV
efficacy in either pre-exposure or post-exposure prophylaxis.

RPV is a second-generation NNRTI that has a longer half-life
and reduced toxicity compared with previous NNRTIs (Fig. 2)'°. It
has been widely used as a single ARV or a combination
component for HIV therapy at the oral 25 mg dose. To further
extend its half-life, long-acting RPV has been investigated
recently'"~'°. Single dose administration of the long-acting RPV
achieved constant drug retention in plasma for more than 6 months
and 100% drug bioavailability in a pharmacokinetic study. In one
phase I study of the long-acting formulation with 60 healthy HIV-
negative volunteers, intramuscular or abdominal subcutaneous
administered RPV was retained in the plasma for 12-26 weeks
at more than 10 ng/mL. Another study of long-acting RPV
reported that maximum drug concentrations of 34, 82, and
160 ng/mL at 300, 600 and 1200 mg treatment, respectively,
following intramuscular administration. The half-life of this RPV
formulation was more than 3 months. All of these reports indicate
that the long-acting formulation of RPV is devoid of adverse drug
events””. More importantly, no hypersensitivity reactions or EGG
abnormalities were observed. Currently, there is an ongoing phase
II clinical trial for RPV.

4.1.1.  Cabotegravir

Cabotegravir (Fig. 2) is an HIV-1 integrase strand transfer
inhibitor. The long-acting injectable formulations of cabotegravir
are being studied for clinical development®'**. It is known that
carbotegravir has superior ARV activity with an ICsq of 0.22 and
0.34 nmol/L. against HIV-1g, and HIV-1y 43. This novel inte-
grase inhibitor specifically binds to plasma albumin protein
leading to a protein-adjusted ICyg of 166 ng/mL. with an oral
plasma half-life of 40 h. In a phase II study, once daily treatment
with 5 or 30 mg cabotegravir for 10 days demonstrated excellent
antiviral efficacy, with a decrease of plasma HIV-1 RNA for
2.2-2.3 logl0 copies/mL. Interestingly, the long-acting formula-
tion of cabotegravir is packaged into crystal nanoparticles.
Following subcutaneous or intramuscular administration, long-
acting cabotegravir is slowly absorbed into blood from tissue
injection sites. In a phase I trial, the long-acting injectable
nanosuspension of cabotegravir were evaluated following 100-
800 mg intramuscular and 100-400 mg subcutaneous injections.
The therapeutically relevant plasma concentrations were achieved
within 3 days after drug injection and remained in circulation from
21-50 days. Up to now, no severe injectable site reactions (ISRs),
or ISR-related withdrawals have been reported for this long-acting
cabotegravir formulation.

In addition, a combination of cabotegravir with RPV is being
tested as a double-drug regimen for the HIV therapy>*. The phase
II investigation was performed to evaluate the efficacy and safety
with the oral combination of cabotegravir+RPV in HIV-1-infected

patients. At 48 week, 82% of participants across the three
cabotegravir+RPV arms achieved the primary endpoint, with
similar response rates across cabotegravir doses, relative to a
71% response rate in the EFV control arm. Although follow-up
viral load data are not yet available, cabotegravir+RPV was
generally well tolerated with no drug-related serious adverse
events and few adverse event-related withdrawals.

4.1.2.  Nanoformulated ART (NanoART)

NanoART is another long-acting strategy for extending the half-
life of ARV drugs for HIV treatment®">>. In the past ten years,
nanotechnology has been employed to manipulate the formulation
of the traditional ARV drug at the level of drug size, shape, and
surface charge®®. Several studies have shown that solid crystal
nanoparticles can remarkably increase drug level in blood circula-
tion and lymphoid tissue’’®. This nanoART, which selectively
targets mononuclear macrophage as a cellular drug depot, delivers
ARV drugs such as atazanavir to tissue reservoirs. This macro-
phage-mediated drug delivery facilitates long-acting drug release
and achieves viral suppression for more than two weeks or even
one month after single dose regimen®. It was reported that the
advanced nanoART, which is coated with folic acid receptors, can
improve drug concentration tenfold (compared to the first genera-
tion of nanoART) in serum and lymph node over two weeks with
one injection”®. Moreover, the novel mixed-lineage kinase 3 inhi-
bitor (URMC-099) was observed to slow down the release of
nanoART, leading to significant increases in the long-acting
efficacy of nanoART**!. URMC-099 was originally discovered
as an anti-neuroinflammation drug for the treatment of HIV-1
associated neurocognitive disorders (HAND) and Alzheimer's
disease®> . However, the combination of anti-neuroinflammation
drug URMC-099 and ARV drug nanoART has created a novel
long-acting strategy for HIV eradication and further improves the
cell-based drug delivery platform direct for translational
application.

4.2.  New attachment inhibitors

HIV-1 entry into target cells involves viral attachment, co-
receptor-engagement and fusion. New attachment inhibitors which
target each step of the entry process have been developed recently
(Table 2). Fostemsavir (BMS-663068, Fig. 2)*>-*° is the phospho-
nooxymethyl prodrug of BMS-626529 (Fig. 2), a novel small-
molecule attachment inhibitor that targets HIV-1 gpl120 and
prevent its binding to CD4" T cells. Fostemsavir inhibits
HIV-1y 41 infection at EC 50 of 0.7 nmol/L. In a study of a cohort
of laboratory strains, it exhibited an ECsy of 0.01 nmol/L against
the most susceptible HIV and an ECs, value of 2 pmol/L against
the least susceptible HIV. In addition, the virus was found to be
resistant to other HIV entry inhibitors, such as enfuvirtide (ENF)

Table 2  Entry inhibitors that have reached late stage clinical trials.
Inhibitor Development status Drug class Action against entry stage
BMS-663068 Phase III Small molecular Binds to region with CD4
Ibalizumab Phase IIT Post-attachment inhibitor (mAb) Binds to CD4
Aplaviroc Phase IIb and III Small molecular CCR5 antagonist Binds to CCRS
Cenicriviroc Phase IIb and III Small molecular CCRS and CCR2 antagonist Binds to CCRS and CCR2
Sifuvirtide Early phase Peptides fusion inhibitor Binds to gp41
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and ibalizumab, and maintained susceptibility to BMS-626529°".
A phase III study of fostemsavir was initiated in February 2015.

Ibalizumab (TMB-355, also known as TNX-355) is a non-
immunosuppressive monoclonal antibody that targets membrane
protein CD4, the primary receptor for HIV entry. This MAb is a
potent inhibitor of HIV-1 in vitro and shows synergy when
combined with HIV gpl20 antibodies or the fusion inhibitor
enfuvirtide. It does not interfere with antigen presentation of
immune cells*****. In phase I studies’, intravenous injection of
ibalizumab decrease the plasma HIV-1 RNA for up to 1.5 log10-
fold at Day 14-21 after single dose treatment. A phase II study*’
of ibalizumab reported that ibalizumab plus an optimized back-
ground regimen resulted in further decrease in plasma HIV-1 RNA
compared to the background regimen alone. A subsequent phase II
study also demonstrated that intravenous infusion of ibalizumab
every two weeks, leading to significant viral load reduction
over 24 weeks. Currently, heavily treatment-experienced patients
have been enrolled in the nonrandomized arm of the phase III
study to evaluate the combination treatment of fostemsavir and
ibalizumab*'.

4.3.  The maturation inhibitors

The maturation inhibitors have been developed as a novel category
of ARV drugs which targets the final step of HIV virion assembly
and packaging. Unlike the PI, HIV maturation inhibitors directly
bind to the HIV capsid protein and inhibit viral protein assembly
into infectious HIV particle. Maturation inhibition leads to the
production of noninfectious, immature virus particles. No other
class of drugs shares this mechanism of action. Thus, maturation
inhibitors retain inhibitory activity against HIV strains that are
resistant to other classes of drugs. Several clinical trials with
maturation inhibitors are underway.

Bevirimat (BVM, Fig. 2)42 is the first maturation inhibitor,
which preferentially inhibits cleavage of SP1 from the C-terminus
of HIV capsid (CA) protein. BVM has strong anti-HIV-1 IIIB
activity with ICsy of 1.3 nmol/L. Several studies have demon-
strated the following: 1. BVM induces the accumulation of the
unspliced CA-SP1 intermediate in both intracellular space and
virus-associated protein fractions from HIV-1-infected cells; 2.
BVM has no effect on divergent sequences at the CA-SP1
junction; 3. The majority of BVM drug-resistance mutations are
found on the CA-PS1 junction or within SP1.

BMS-955176 (Fig. 2)** and its backup candidate BM986173
represent second generation maturation inhibitors. BMS-955176
has a maximum reduction of viral load of 1.7 log10 on a 40-mg
once daily dose. This compound, unlike the first generation of
maturation inhibitors, exhibits potent ARV activity against wild
type HIV or HIV with baseline Gag polymorphisms. In a ten-day
study of BMS-955176 monotherapy, similar antiviral activity was
found in subjects with either wild type HIV or HIV with Gag
polymorphisms, and in subjects with either HIV-1 subtype B or
subtype C. In another study, evaluation of BMS-95166 in
combination with atazanavir (with or without ritonavir boosting)
showed similar maximum median declines in viral loads through
Day 42. Until now, it has been found that BMS-955176 is
generally well tolerated, with no adverse events requiring dis-
continuation. Phase II studies are under investigation including a
safety and efficacy comparison with EFV (with both BMS-176 and
EFV combined with TDF/FTC) and an open-label evaluation of
BMS-955176 combined with dolutegravir and atazanavir in

treatment-experienced adults. Pharmacokinetics and additional

safety trials are also ongoing.
5. Conclusions

In the last ten years, ART research has switched from a focus on
new drug development to optimization of current fixed dose
combinations™!. To approach the 90-90-90 goals of World Health
Organization (WHO) by 2020 (90% of HIV-1 infected people
diagnosed; 90% of those who are diagnosed started on ART; 90%
of those on ART virally suppressed), current FDCs are still
considered as the major therapeutic agents to fight against HIV
infection. Thus, the development of long-acting formulations, oral
attachment inhibitors and maturation inhibitors is urgently needed
and essential for improvement of HIV therapy in the coming
decade.
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