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Abstract: The history of the human immunodeficiency virus (HIV)/AIDS therapy, which spans over 30
years, is one of the most dramatic stories of science and medicine leading to the treatment of a disease.
Since the advent of the first AIDS drug, AZT or zidovudine, a number of agents acting on different drug
targets, such as HIV enzymes (e.g. reverse transcriptase, protease, and integrase) and host cell factors
critical for HIV infection (e.g. CD4 and CCRSY), have been added to our armamentarium to combat
HIV/AIDS. In this review article, we first discuss the history of the development of anti-HIV drugs, dur-
ing which several problems such as drug-induced side effects and the emergence of drug-resistant vi-
ruses became apparent and had to be overcome. Nowadays, the success of Combination Antiretroviral
Therapy (cART), combined with recently-developed powerful but nonetheless less toxic drugs has trans-
DoI: formed HIV/AIDS from an inevitably fatal disease into a manageable chronic infection. However, even
10.2174/1365026619666190712204603 it such potent cART, it is impossible to eradicate HIV because none of the currently available HIV

@CrossMark drugs are effective in eliminating occult "dormant" HIV cell reservoirs. A number of novel unique

treatment approaches that should drastically improve the quality of life (QOL) of patients or might actu-
ally be able to eliminate HIV altogether have also been discussed later in the review.

Keywords: HIV, AIDS, Combination antiretroviral therapy, Reverse transcriptase inhibitors, Protease inhibitors, Integrase

inhibitors.

ARTICLE HISTORY

Received: April 25,2019
Revised: June 14,2019
Accepted: June 21,2019

1. INTRODUCTION tion, reduced plasma HIV-1 viral load resulting in a signifi-
cant reconstitution of the immune system [7-9]. The life ex-
pectancy of HIV-1-infected patients treated with cART im-
proved significantly after 1996, and mortality rates for HIV-
1-infected persons have now become close to general mortal-
ity rates [10-12]. Thus, successful development of cART has
changed HIV-1 infection and AIDS from an inevitably fatal
disease into a manageable chronic infection. However, a
number of obstacles were encountered when conducting
cART in the early days, such as drug-related toxicities and
the emergence of drug resistance against all the then-existing
antiretroviral regimens.

Since the identification of the first acquired immunodefi-
ciency syndrome (AIDS) patient in the US in 1981, the pro-
gress of antiretroviral therapy for HIV-1 infection and AIDS
has been very rapid, making it unique in the history of medi-
cine [1, 2]. The first AIDS drug, zidovudine (or AZT) was
developed and deployed within 10 years of the identification
of the virus [3, 4]. First generation anti-HIV-1 drugs, such as
AZT, are all HIV-1 reverse transcriptase inhibitors (RTIs)
[3]. Subsequently, efforts by scientists enabled the identifica-
tion of several additional targets for antiviral therapy, such as
HIV-1 protease (PR) and Integrase (IN) [5, 6]. In the mid-
1990s, treatment of HIV-1 infection/AIDS was revolution-
ized by the development of HIV-1 protease inhibitors and
the introduction of combination antiretroviral therapy
(cART). This new therapy strongly suppressed viral replica-

To overcome these problems, attempts have been made
to develop more potent and safer anti-HIV-1 drugs effective
against any existing drug-resistant HIV-1 strains and as a
result, some new generation RTIs (e.g. tenofovir disoproxil
fumarate) and protease inhibitors (PIs) (e.g. darunavir) were
developed [13, 14]. In addition, new regimens focusing on
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other targets, such as integrase inhibitors (INSTI, e.g. do-
lutegravir) and entry inhibitors, have also been developed
[15-18]. Thus, we can now say that most patients, even those
with prehistory of treatment failure, can be successfully
treated if they receive a new recommended Combination
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Antiretroviral Therapy (cART) regimen (consisting of 2
"backbone" NRTIs and a "key-drug" INSTI or PI). However,
while nearly 22 million people with HIV-1/AIDS worldwide
are receiving ART at present, that number accounts for
slightly less than two-thirds of infected individuals world-
wide, due to limited diagnosis and ineffective treatment in
developing countries [19-21]. The UN has committed to the
goal of ending the AIDS pandemic by 2030. In order to
achieve this, UN has aimed for diagnosis of 90% of HIV-1
cases and treatment with cART to have sustained viral sup-
pression by 2020 [22]. Hence, a continuous effort is still
needed to establish a way to provide effective antiretroviral
drugs around the world, including low-income countries in a
cost-effective way.

This review will first describe the development of anti-
HIV-1 drugs, especially the dramatic progress in increasing
activity and reducing the toxicity of recently developed small
molecule agents. Later some novel unique approaches to-
ward developing safer and more effective treatment options
have been discussed.

2. REVERSE TRANSCRIPTASE INHIBITORS (RTIS):
DISCOVERY OF THE FIRST HIV-1/AIDS DRUGS

2.1. Factors Involved in the HIV-1 Life Cycle as Targets
for Anti-HIV-1 Agents

The HIV-1 life cycle (Fig. 1) consists of several steps,
starting with the attachment of an HIV-1 particle to the host
cell membrane, where interactions between HIV-1-gp120
(HIV-1 envelope) and the cell surface CD4 molecule are
followed by binding to the chemokine receptors CXCR4 or
CCRS [23-32]. These specific interactions induce the activa-
tion of the HIV-1 fusion protein (gp41) and consequently
fusion between the cell membrane and the viral membrane
[33-36]. Thereafter, the contents of the virion are released
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into the cell's cytoplasm, where viral RNA is transcribed to
double-stranded DNA by RNA-dependent DNA polymerase
or HIV-1 reverse transcriptase (HIV-1-RT). Subsequently,
viral DNA is integrated into the host chromosome. After
transcription and translation into viral proteins using the
cell's own machinery, Gag and Gag-Pol polyproteins thus
produced the move to the cell membrane, where the assem-
bly, budding, and maturation of virions occurs to finally re-
lease the functional HIV-1 particles.

In principle, anti-HIV-1 drugs should target either viral
proteins or cellular proteins that are related to the HIV-1 life
cycle (Fig. 1). In addition, the interaction of such small
molecules with target proteins should ideally yield HIV-1-
specific inhibitory effects with low toxicity [37-39]. In fact,
the first anti-HIV-1 small molecule agent, an HIV-1-RT in-
hibitor, had already been developed in the mid-1980s, based
on this strategy [3, 38].

2.2. Development of Nucleoside/Nucleotide Reverse
Transcriptase Inhibitors (NRTIs) and Non-nucleoside
Reverse Transcriptase Inhibitors (NNRTIs)

The reverse transcriptase (RT) of HIV-1, which is a DNA
polymerase capable of using RNA as a template, converts a
single-stranded viral RNA into a double-stranded proviral
DNA, which is subsequently integrated into the host cell
genome. HIV-1-RT is a heterodimer consisting of a 66-kD
polypeptide (p66) and a 51-kD polypeptide (p51) subunits.
The structure of RT can be compared to that of the human
hand. The palm domain contains the catalytic site for DNA
polymerization. The flexible fingers and thumb domains fold
over the nucleic acid form a cavity, where the template-
primer is positioned for DNA synthesis. A connecting do-
main in the p66 subunit links the active site of RT to the
RNase H domain, which contains the catalytic site for ribo-
nuclease H [40, 41].
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Fig. (1). HIV-1 replication cycle and anti-HIV-1 agents that target its several steps. Molecular mechanisms of replication cycle (life cycle)
are well understood from entry of HIV to generation of new matured viral particles; (i) adsorption and membrane fusion, (ii) reverse tran-
scription, (iii) integration, (iv) processing, (v) assembly, (vi) budding, (vii) maturation, efc. Several anti-HIV drugs have been reported in the
last three decades: reverse transcriptase (RT) inhibitors including nucleoside reverse transcriptase inhibitors (NRTIs) and non-nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase inhibitors (INIs), entry/fusion inhibitors, efc.
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The first-ever approved anti-HIV-1 drug, 3'-azido-2',3'-
dideoxythymidine (zidovudine or AZT) was a nucleoside
analog (Fig. 2 and Table 1) [3]. Subsequently, several other
nucleoside analogues, such as 2,3 -dideoxynucleosides, have
been approved for treating HIV-1/AIDS (Fig. 2) [38, 42].
Such nucleoside analogs lack 3'-OH in their ribose moiety,
which enables HIV-1-RT to differentiate them from physiol-
ogic dNTP substrates. Thus, the mechanism of action of
NRTIs includes both competitive inhibition and termination
of polymerization once the drug is incorporated. Chain ter-
mination occurs either during RNA-dependent DNA or
DNA-dependent DNA synthesis, inhibiting the production of
a strand of the proviral DNA [39, 43-45]. Nucleoside RT
inhibitors enter cells and are then phosphorylated to achieve
their active triphosphate form. On the other hand, Tenofovir
disoproxil fumarate (TDF), a nucleotide RT inhibitor, exists
in a monophosphate form and needs only two additional
phosphorylation steps inside cells to become active. Cur-
rently, there are nine Food and Drug Administration (FDA)-
approved NRTIs (excluding drug combinations), namely,
zidovudine (AZT), didanosine (ddI), zalcitabine (ddC), sta-
vudine (d4T), lamivudine (3TC), Abacavir (ABC), Teno-
fovir Disoprovil Fumarate (TDF), a nucleotide analog, em-
tricitabine (FTC), and Tenofovir Alafenamide (TAF) (Table
1 and Fig. 2).

Small molecule inhibitors in clinical use that act by
blocking HIV-1-RT are either nucleoside reverse tran-
scriptase inhibitors (NRTIs) (Fig. 2) or non-nucleoside re-
verse transcriptase inhibitors (NNRTIs) (Fig. 3). The latter
consist of chemically diverse compounds that bind to a hy-
drophobic pocket [the non-nucleoside inhibitor binding
pocket (NNIBP)] located approximately 10 angstroms from
the RT polymerase active site [46]. NNRTIs do not directly
prevent template-primer or ANTP binding to RT, but cause
misalignment of the template-primer to the catalytic site,
thereby preventing incoming dNTP from being incorporated
[47, 48]. Unlike NRTIs, NNRTIs do not inhibit RTs of other
lentiviruses such as HIV-1-2 and simian immunodeficiency
virus (SIV) [40, 49]. The first-generation NNRTIs were dis-
covered by screening compounds that inhibited RT activity.
Currently, there are 6 approved NNRTIs, namely etravirine
(ETR), delavirdine (DLV), nevirapine (NVP), efavirenz
(EFV), rilpivirine (RPV) and doravirine (DOR) (Fig. 3).

2.3. Emergence of NRTI Drug Resistance and the Devel-
opment of New NRTIs Active Against Drug-resistant
HIV-1 Strains

The emergence of NRTI and NNRTI drug resistance dur-
ing long-term therapy has been one of the biggest problems
since AZT resistance was first recognized [50] (Table 2).
Resistance to NRTIs is caused by two mechanisms: 1) in-
creased discrimination between the native deoxyribonucleo-
tide substrate (ANTP) and the NRTI-triphosphate (NRTI-
TP), resulting in decreased NRTI incorporation, and 2) ATP-
mediated excision of incorporated NRTIs, resulting in the
reversal of chain termination.

Among mutations associated with the first mechanism,
QI151M was previously reported in patients during combina-
tion therapy with NRTIs. It resulted in high-level NRTI
cross-resistance [51]. Multidrug-resistant HIV-1 strains with
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Q151M mutations were also found to contain common muta-
tions at amino acid positions A62, V75, F77, and F116 of RT
(referred to as the Q151M complex). The loss of the Q151
amide group causes a disruption in the hydrogen bond net-
work necessary for positioning the 3'-OH of the incoming
dNTP substrate. However, NRTIs that lack the 3'-OH are
more sensitive to changes in the hydrogen bond network
caused by QI151M substitution, resulting in the selective in-
corporation of dANTP over most NRTIs [52]. M184V and
M184I are mutations that confer high-level resistance to 3TC
and FTC [53-55]. M184 is located in the highly conserved
YMDD motif found in all retroviruses and contributes two of
the three catalytic aspartic acid residues of the RT polym-
erase domain. The side chains of either valine or isoleucine
in the M184V or -1 mutants lead to increased contact with
the ANTP or NRTI-TP sugar ring. The bulky L-oxathiolane
rings of NRTIs such as 3TC and FTC make these com-
pounds particularly vulnerable to steric hindrance resulting
from these mutations. Thus, M184V/I results in high-level
resistance to lamivudine or emtricitabine [56-58]. K65 is
located in the fingers domain and conformational changes
initiated by nucleotide binding bring it into the proximity of
the dNTP binding site, where it serves to orient the triphos-
phate moiety of the nucleotide [58, 59]. K65R is an impor-
tant mutation found in clinical isolates that engenders resis-
tance to NRTIs such as ddI, ddC, d4T, 3TC, ABC and Teno-
fovir (TDF) [60-63].

ATP-mediated excision of incorporated NRTIs represents
another mechanism of NRTI resistance. Combined muta-
tions, referred to as thymidine analog mutations (TAMs) or
nucleoside analog mutations (NAMs), consist of changes at
the following RT amino acid positions: M41L, D67N, K70R,
T215Y/F, and K219Q/E/N [50]. These confer high levels of
resistance to AZT and d4T and also cross-resistance (albeit
lower-level) to other NRTIs [64-66] (Table 2).

TDF (tenofovir disoproxil fumarate) (Fig. 2), a prodrug
of tenofovir, is the only NtRTI (nucleotide reverse tran-
scriptase inhibitor) and one of the most commonly used anti-
HIV-1/AIDS drugs. TDF has mostly been used as a once-a-
day fixed-dose tablet (Truvada®) that is combined with em-
tricitabine (FTC) to treat HIV-1-infected individuals includ-
ing those who carry HIV-1 strains that are resistant to other
existing NRTIs, as well as to treat patients with HBV infec-
tion. As described above, K65R is a mutation related to re-
sistance to TDF. K65R has not often emerged in patients
receiving any AZT-containing regimen, as this mutation is
thought to be phenotypically antagonistic to TAMs. In addi-
tion, the M184V mutation restores TDF susceptibility in the
presence of K65R; thus, drug-resistant variants with the
K65R mutation remain treatable in patients who failed regi-
mens with 3TC or with FTC in the presence of an M184 mu-
tation [67-69] (Table 2).

All currently approved NRTIs lack a 3'-OH moiety,
which was thought to be essential for NRTI mediation of
chain terminator activity. However, a number of 4’-ethynyl-
2'-deoxynucleoside analogues (EdNs) that maintain the 3'-
OH in their sugar moiety and still show activity against HIV-
1 have also been reported [70-72]. Through the optimization
of such EdNs, 4'-ethynyl-2-fluoro-2’- deoxyadenosine
(EFdA or MKS8591) (Fig. 2) has been recently developed
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Fig. (2). Chemical structures of HIV-1 nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs).

Table 1. Currently available FDA-approved anti-HIV drugs.
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Class Generic Name Brand Name Approved Year
Nucleoside reverse transcriptase inhibitors (NRTIs) [Figure 2]
zidovudine (AZT, ZDV) Retrovir 1987
lamivudine (3TC) Epivir 1995
abacavir (ABC) Ziagen 1998
tenoforvir disoproxil fumarate (TDF) Viread 2001
emtricitabine (FTC) Emtriva 2003
tenofovir alafenamide (TAF) (combined drug) 2016
Non-nucleoside reverse transcriptase inhibitors (NNRTIs) [Figure 3]
nevirapine (NVP) Viramune 1996
efavirenz (EFV) Sustiva 1998
etravirine (ETR) Intelence 2008
rilpivirine (RPV) Edurant 2011
doravirine (DOR) Pifeltro 2018
Protease inhibitors (PIs) [Figure 5]
saquinavir (SQV) Invirase 1995
ritonavir (RTV) Norvir 1996
lopinavir (LPV) (combination drug) 2000
atazanavir (ATV) Reyataz 2003
fosmaprenavir (FOS-APV) Lexiva 2003
tipranavir (TPV) Aptivus 2005
darunavir (DRV) Prezista 2006
Integrase inhibitors (INSTIs) [Figure 7]
raltegravir (RAL) Isentress 2007
elvitegravir (EVG) (combination drug) 2012
dolutegravir (DTG) Tivicay 2013
bictegravir (BIC) (combination drug) 2018

(Table 1) contd
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Class Generic Name Brand Name Approved Year

Fusion inhibitor

enfuvirtide (T-20) ‘ Fuzeon ‘ 2003
CCRS inhibitor [Figure 13]
maraviroc (MVC) ‘ Selzentry ‘ 2007
Attachment inhibitor
ibalizumab-uiyk (IBA) ‘ Trogarzo ‘ 2018
Combination drugs
3TC/AZT Combivir 1997
LPV/RTV (LPVr) Kaletra 2000
ABC/3TC/AZT Trizivir 2000
FTC/TDF Truvada 2004
ABC/3TC Epzicom 2004
EFV/FTC/TDF Atripla 2006
FTC/RPV/TDF Complera 2011
EVG/cobisistat (COBI)*/FTC/TDF Stribild 2012
ABC/DTG/3TC Trimeq 2014
ATV/COBI Evotaz 2015
DRV/COBI Prezcobix 2015
EVG/COBI/FTC/TAF Genvoya 2015
FTC/RPV/TAF Odefsey 2016
FTC/TAF Descovy 2016
DTG/RPV Juluca 2017
EFV/3TC/TDF Symfi 2018
BIC/FTC/TAF Biktarvy 2018
3TC/TDF Cimduo 2018
DRV/COBI/FTC/TAF Symtuza 2018
DOR/3TC/TDF Delstrigo 2018

Cobisistat (COBI): Inhibitor of CYP3A, used with other anti-HIV drug(s) to improve their PK and anti-HIV efficacy.
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Fig. (3). Chemical structures of HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs).
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Table2. Drug resistance mutations.

NRTI Resistance Mutations

Amino acid 41 65 67 69 70 74 115 151 184 210 215 219

(Consensus) | (M) (LY (D) () ) (L) Y) Q ™M) (L) (T) (LY
3TC - R - Ins* - - M VI - - - -
FTC - R - Ins - - M VI - - - -
ABC L R - Ins E VI F M VI w FY - -
dd1 L R - Ins E VI - M VI w FY - -
TDF L R - Ins ER - F M - w FY - -
d4T L R Ins ER - - M - w FY QE -
AZT L - N Ins R - - M - w FY QE -

NNRTI Resistance Mutations

Amino acid 100 101 103 106 138 181 188 190 230 - - - -
(Consensus) (L) ) (LY ) (E) Y) Y) (&) ™M)
DOR I EP - AMI - CIv LHC SE L - - - -
EFV I EP NS AM - CIv LCH ASE L - - - -
ETR I EP - - AGKQ CIv L ASE L - - - -
NVP I EP NS AM - CIv LCH ASE L - - - -
RPV I EP - - AGKQ CIv L ASE L - - - -

PI Resistance Mutations

Amino acid 30 32 33 46 47 48 50 54 76 82 84 88 90

(Consensus) (D) V) (L) ™M) (U] (&) (U] (U] (L) V) (U] ™) (L)
ATV - I F IL \ VM L VTALM - ATFS \ S M
DRV - I F - VA - Y% LM Y F v - -
FPV - I F IL VA - \ VTALM \ ATFS v - M
IDV - I - IL v - - VTALM \ ATFS \ S M
LPV - I F IL VA VM \ VTALM \ ATFS v - M
NFV N - F IL \ VM - VTALM - ATFS \ DS M
SQV - - - - - VM - VTALM - AT \ S M
TPV - I F IL VA - - VAM - TL A% - -

INSTI Resistance Mutations

Amino acid 66 92 118 138 140 143 147 148 155 263 - - -
(Consensus) (T (E) (&) (E) (&) Y) ®) Q ™) (R)
BIC K Q R KAT SAC - - HRK H K - - -
DTG K Q R KAT SAC - - HRK H K - - -
EVG AIK Q R KAT SAC - G HRK H K - - -
RAL AIK Q R KAT SAC RCH - HRK H K - - -

* Insertion mutation.

[71-74]. EFAA/MK8591 exerts highly potent activity against RT were associated with HIV-1 developing a moderate resis-
HIV-1, including multi-drug-resistant variants in vitro and in tance [72]. Another report demonstrated that the emergence
vivo [71, 72, 75, 76]. Previous reports showed that three of EFdA-resistant HIV-1 was significantly delayed when the
amino acid substitutions (I1142V, T165R, and M184V) in the selection was performed in vitro, and nine amino acid substi-
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tutions, namely, M41L, D67delta, T69G, K70R, L74I,
V75T, M184V, T215F, and K219Q, were associated with
EFdA resistance [77]. Regarding the mechanism of the
strong activity of EFdA against drug-resistant HIV-1s, a re-
cent paper reported that EFdA and 4'-ethynyl-NRTIs (but not
other 4'-modified NRTIs) formed strong Van der Waals in-
teractions with critical amino acid residues of reverse tran-
scriptase. Such interactions were maintained even in the
presence of a broad resistance-endowing M184V substitu-
tion, thus potently inhibiting drug-resistant HIV-1 strains
(Fig. 4) [78]. MK8591 (EFdA) has now been forwarded to
clinical development by Merck & Co. (See Section 6.3).

2.4. Emergence of NNRTI Drug Resistance and the
Development of New NNRTIs Active Against Drug-
resistant HIV-1 Strains

NNRTIs are allosteric inhibitors that induce conforma-
tional changes in the binding pocket. The allosteric binding
site is located within a short distance (~15 A) of the catalytic
site [79, 80], and consists of hydrophobic residues such as
Y181 and Y188, and hydrophilic residues such as K101,
K103, and D192 of the p66 subunit and E138 of the p51
subunit [81]. Of the NNRTI-associated drug-resistant muta-
tions (Table 2), Y181C and K103N often lead to resistance
to many different NNRTIs because of their cross-resistance
profile [82]. Second generation NNRTIs were developed to
address this drug resistance problem. A pyrimidine added to
form the diarylpyrimidine (DAPY) compound etravirine
(ETR, TMCI125), has significant activity against HIV-1 with
K103N substitution. As described above, K103N causes
cross-resistance to NNRTIs by interacting with Y188, pre-
venting access of NNRTIs to the NNIBP [83]. The central
pyrimidine linker of ETR may directly interact with the as-
paragine of K103N. This may prevent the K103N interaction
with Y188 that results in NNRTT resistance. Another DAPY
compound, rilpivirine (RPV or R278474), has been synthe-
sized in an effort to improve on its dapivirine (TMC120)
predecessor [84]. RPV contains a cyanovinyl group in one of
its wing moieties that strengthens interactions with a con-
served tryptophan at position W229, one of the conserved
residues in RT [85]. Such strengthened interactions with
W229 and the inherent flexibility of DAPY compounds are
likely explanations as to why rilpivirine is more potent
against NNRTI-resistant mutants, relative to 1st generation
NNRTIs. RPV has a longer half-life and reduced side-effect
profile compared with older NNRTIs and was approved for
use in the United States in 2011. As with other currently em-
ployed drugs, RPV is used as a fixed-dose agent combining
rilpivirine with FTC and tenofovir disoproxil (TDF), ap-
proved in 2011 (Complera™). A newer combination of RPV
with FTC and tenofovir alafenamide (TAF) was approved in
2016 (Descovt™).

3. PROTEASE INHIBITORS (PIS): ADVENT OF
COMBINATION ANTIRETROVIRAL THERAPY
(CART)

3.1. Development of HIV-1 protease Inhibitors (PIs) and
Initiation of cART

As of this writing, there are 41 approved anti-HIV-1
drugs (counting only those in current use) that belong to 7

Current Topics in Medicinal Chemistry, 2019, Vol. 19, No. 18 1627

different classes including combinations (Table 1). The first
anti-HIV-1 drugs were given as monotherapies or a cocktail
of NRTI(s) in the early 1990s. Then, thanks to the introduc-
tion of the first protease inhibitor (PI), saquinavir, in 1995
(Fig. 5), combination antiretroviral therapy (cART), also
known as highly active antiretroviral therapy (HAART), was
initiated for the treatment of HIV-1 infection. This resulted
in reduced morbidity and mortality associated with HIV-
1/AIDS [10-12].

The HIV-1 protease is an aspartyl protease that cleaves
the HIV-1 Gag and Gag-Pol polypeptides to generate struc-
tural proteins along with enzymes of the virus. This process-
ing occurs late in the HIV-1 life cycle-during assembly and
release from infected cells, which is an essential step for the
formation of mature viral particles. The HIV-1 protease con-
sists of two identical 99 amino acid subunits and has an ac-
tive site that lies at the dimer interface with each monomer
contributing a single catalytic aspartic acid residue (D25 and
D25"). Two flexible B-sheets with a conserved glycine resi-
due form a flap region over the top of the active site. The
flaps are flexible enough to allow entry and exit of the poly-
peptide substrates, thus inducing a conformational shift to
enclose the active site when the enzyme is bound to a sub-
strate [86, 87]. Polypeptide substrates bind to the enzyme in
an extended conformation with a minimum of seven amino
acid residues interacting with the enzyme, denoted P4 to P1
and P1’ to P4’ in the standard nomenclature (Fig. 6A) [87].

There are currently seven Pls approved for the treatment
of HIV-1 infection (Table 1 and Fig. 5). All are competitive
inhibitors that bind to the protease active site. Since saqui-
navir, many other first-generation inhibitors have been de-
veloped such as ritonavir, indinavir, nelfinavir, and am-
prenavir between 1996 and 1999. It is noteworthy that rito-
navir was found to be a potent inhibitor of cytochrome P450
3A, a major metabolic enzyme for protease inhibitors [88].
Because of this finding, ritonavir is used more frequently as
a pharmacokinetic booster.

3.2. Emergence of PI Drug Resistance and Development
of New Generation PIs Active Against Drug-resistant
HIV-1 Strains

Most Pls, especially those of the Ist generation, share
relatively similar chemical structures (Fig. 5) and cross-
resistance is commonly observed (Table 2). Primary drug-
resistant mutations are mostly found near the active site of
the enzyme, at positions located at the substrate/inhibitor
binding site (e.g., D30N, G48V, I50V, V82A, and 184V)
(Fig. 6A). Because of their location near the substrate bind-
ing cleft, these amino acid changes usually have a deleteri-
ous effect on replicative fitness. On the other hand, muta-
tions outside the binding cavity that do not affect inhibitor
binding directly, serve to compensate for deleterious effects
on enzymatic activity caused by primary mutations. These
compensatory mutations are referred to as secondary muta-
tions [89-91]. Subsequently, additional mutations associated
with Pl-resistance have been found outside the protease en-
zyme coding region, near the cleavage sites of Gag sub-
strates. These mutations in the gag region also appear to be
secondary mutations that compensate for the reduced cata-
lytic efficiency caused by primary protease mutations
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Fig. (4). Structure of wild-type HIV-1 RT with EFdA-TP. A: EFdA shown in CPK mode, selected RT residues are shown as thick sticks.
Some of these RT residues are implicated in drug resistance, and some (Alal14, Phel60, and Asp185) are in the active site responsible for
tight interaction with EFdA [77, 78]. The finger region of the RT is shown as a yellow ribbon, and the palm region is shown in orange. Parts
of the other RT domains are shown as white ribbons. B: EFdA-TP in the active site cavity of HIV-1 RT (PDB: 5J2M) [243]. The hydrophobic
pocket of the wild-type HIV-1 RT active site and EFdA-TP are shown. The 4'-ethynyl group of EFdA showed good vdW interactions with
several residues, such as A114, Y115, F160, M184, and D185, in the active site cavity of RT. EFdA-TP strongly interacts with these residues
and shifts positions inside the active site, thus terminating DNA polymerization [78, 244]. C-E: Detailed vdW interactions between the 4'-
ethynyl group of EFdA and residues in the active site cavity of HIV-1 RT, namely, Met184 (C), Alal14 (D), and Phel60 (E). These amino
acids show good interaction with the 4'-ethynyl group of EFdA. Surface colors: 4'-ethynyl, white; A114, magenta; Y115, green; F160, red,;
M184, yellow; D185, orange. RT residues are shown as ball and stick, EFAA shown as thick sticks.
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[92-95]. Thus, high-level drug resistance to PIs requires the
stepwise accumulation of multiple primary and secondary
mutations to generate a protease capable of discriminating
inhibitor from natural substrate, yet able to maintain ade-
quate catalytic efficiency needed for virus replication [89,
96].

As described above, the therapeutic efficacy of first-
generation PIs was limited due to the emergence of drug-
resistant HIV-1 strains. In addition, because of their peptidic
nature, they had a relatively short half-life and poor oral
bioavailability, requiring frequent dosing. After 2000, some
PIs such as lopinavir, atazanavir and amprenavir (Fig. 5)
came to the market. They had improved profiles in terms of
their oral dosing (once daily) characteristics or a higher ge-
netic barrier to drug resistance, requiring many mutations in
the protease region.

The most recently approved PI, darunavir (DRV or
TMC114), was approved in 2006 for treatment-experienced
adult patients and then for treatment-naive patients in 2008
[13, 14, 97-99]. DRV, a highly active nonpeptidic PI, main-
tained potency against multidrug-resistant HIV-1 strains with
a high genetic barrier for the development of resistance in
preclinical studies [13, 100]. However, multidrug-resistant
HIV-1 variants have nonetheless emerged in DRV-
experienced patients. In clinical trials (POWER trial 1 and
2), it was found that 11 protease mutations (V11I, V32I,
L33F, 147V, 150V, 154L/M, G738, L76V, 184V, and L89V)
were associated with diminished DRV virological responses.
However, it is noteworthy that DRV demonstrated signifi-
cantly greater efficacy than other control PIs in trials of
treatment-experienced patients, regardless of baseline viral
genotype or phenotype, while exhibiting a high genetic bar-
rier to the development of resistance [97, 101-103].

In vitro structural analyses revealed that the close contact
of DRV with the main chains of the protease active-site
amino acids (D29 and D30) is important for its potency and
wide spectrum of activity against multi-PI-resistant HIV-1
variants (Fig. 6B) [13]. In addition, it is known that DRV
strongly inhibits dimerization of HIV-1 protease [104]. Be-
cause dimerization of protease monomers is essential for the
catalytic function of HIV-1 protease, inhibition of protease
dimerization represents a novel approach to inhibiting HIV-1
progression with a high genetic barrier to resistance [14,
104].

4. DEVELOPMENT OF INTEGRASE STRAND
TRANSFER INHIBITORS (INSTIS): KEY DRUGS OF
CURRENT CART REGIMENS

4.1. Role of HIV-1 Integrase and the Development of In-
tegrase Strand Transfer Inhibitors (INSTIs)

HIV-1 integrase is an enzyme that catalyzes the insertion
of proviral cDNA synthesized from viral RNA genome into
the genome of infected cells. The integration of viral DNA
consists of two catalytic steps: 3'-processing and DNA strand
transfer. In the first step, proviral DNA is primed for integra-
tion by integrase-mediated trimming of the 3'-ends. Integrase
remains bound to the proviral DNA as a multimeric com-
plex, designated the Preintegration Complex (PIC), consist-
ing of reverse transcriptase, matrix, nucleocapsid and an ac-
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cessory protein, Vpr, which enables PICs to enter the nu-
cleus from the cytoplasm. Inside the nucleus, integrase then
catalyzes the insertion of proviral DNA into the chromo-
somes of the host cells. This process, called “strand transfer”
consists of the ligation of the proviral DNA’s 3’-OH ends
(generated through the 3'- processing) to the 5'-DNA phos-
phate of the host cell chromosome. Subsequently, host en-
zymes complete the integration process by repairing the sin-
gle-strand gaps abutting the unjoined viral DNA 5' ends,
resulting in the establishment of a stable provirus. All inte-
grase inhibitors block the strand transfer reaction [and are
thus referred to as integrase strand transfer inhibitors (IN-
STIs)]. Additionally, INSTIs recognize and bind to the spe-
cific complex between integrase and the viral DNA during
strand transfer (Fig. 7) [105-112].

The first experimental integrase inhibitors were reported
in the early 1990s, but the advent of the first-in-class, clini-
cally approved integrase inhibitor took more than a decade
[113, 114]. One of the diketo acid (DKA)-like compounds,
SCITEP [1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazol-5-
yl)propenone] (Fig. 8), discovered by scientists at Shionogi,
possesses a tetrazole group in place of the common DKA
carboxylic acid moiety. SCITEP inhibited both 3'-processing
and strand transfer. SCITEP was subsequently reported in a
complex with the CCD (catalytic core domain), providing
the first crystal structure for HIV-1 integrase [115]. Later,
scientists at Merck discovered a group of potent inhibitors,
the most active of which proved to contain a DKA moiety
that was capable of coordinating metal ions within the inte-
grase active site [15].

Raltegravir (RAL or MK-0518) is the first in the class of
INIs approved by the FDA for the treatment of HIV-1/AIDS
(Table 1 and Fig. 7). RAL is a selective strand-transfer in-
hibitor and also possesses a DKA scaffold. Clinical trials
(BENCHMRK-1 and -2) were conducted to evaluate the
safety and efficacy of RAL in combination with optimized
background therapy of HIV-1-infected patients with limited
treatment options. Patients were randomly assigned to RAL
or placebo, and RAL plus optimized background therapy
provided better viral suppression than optimized background
therapy alone at week 48 [116]. Thus, RAL was initially
approved for use in individuals resistant to other drugs in
2007, and thereafter it was also approved for use in drug-
naive patients in 2009.

Elvitegravir (EVG, GS-9137 or JTK-303) (Table 1 and
Fig. 7) represents another DKA-like integrase inhibitor de-
veloped initially by Japan Tobacco and then by Gilead Sci-
ences. Thanks to the favorable pharmacokinetic profile of
EVG combined with ritonavir (RTV), once-daily dosing of
EVG with RTV became possible. Thus, EVG (approved in
2012) brought about a major advantage for the treatment of
HIV-1/AIDS with a once-daily single-tablet regimen
(EVG/COBI/FTC/TDF). This significantly improved pa-
tients” compliance [117, 118].

4.2. Drug-resistance to 1st Generation INSTIs and the
Development of New Generation INSTI(s)

Once RAL came to the market as the first INSTI in 2007,
it rapidly became a blockbuster anti-HIV-1 drug. However, it
was also shown that HIV-1 drug-resistant mutations in the
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CCD of integrase appeared in patients receiving RAL-
containing regimens (Table 2). Mutations associated with
RAL treatment include Q148 (H/R/K), E138 (A/K), G140
(A/S), T66A, Y143 (C/R), and N155H. Among these, muta-
tions at Y143, N155, or Q148 are defined as signature muta-
tions; for example, Q148K together with E138K and G140A
mutations reduced susceptibility to RAL >100-fold [106,
119-121]. While EVG confers a moderate genetic barrier to
integrase resistance, it was shown to elicit mutations includ-
ing T661, E92Q, Q146P. In addition, other mutations have
also emerged which are associated with RAL-based treat-
ment failure and result in cross-resistance between RAL and
EVG [122, 123].

To overcome such RAL/EVG resistance, a new genera-
tion INSTI was developed. Dolutegravir (DTG or
S/GSK1349572) is a potent INSTI, developed by Shionogi
& Co. Ltd. and ViiV Healthcare, which came to the market
in 2013. DTG displayed highly favorable antiviral activity
against RAL-resistant clinical HIV-1 strains isolated from
patients experiencing virologic failure while receiving RAL.
In addition, the pharmacokinetic features of DTG supported
once-daily dosing without boosting with RTV [16, 124].
Structurally, the carbonyl of the C-5 carboxamide on DTG

(Fig. 7) renders DTG more flexible, allowing it to be more
embedded into the hydrophobic pocket of the integrase ac-
tive site. In addition, it was reported that DTG readjusts its
position and conformation in response to structural changes
in the mutated active site that was responsible for resistance
to RAL. Thus, DTG can maintain high potency against
RAL/EVG-resistant HIV-1 strains [111, 112, 125, 126] (Ta-
ble 2).

5. HIV-1 ENTRY INHIBITORS (EIS): A PEPTIDE FU-
SION INHIBITOR (T-20) AND CCRS INHIBITORS

5.1. HIV-1 Entry as a Target for Anti-HIV-1 Therapeu-
tics

During HIV-1 replication, a dynamic supramolecular
mechanism associated with HIV-1 entry steps has been elu-
cidated in detail (Fig. 1). The HIV-1 envelope protein gp120
interacts with a cell surface protein CD4, resulting in a con-
formational change of the former which subsequently binds
to a second receptor, which can be a chemokine receptor
such as CCRS5 [27-31] or CXCR4 [32]. The conformational
change of gpl120 causes the exposure of another envelope
protein gp41 and then penetration of its N-terminus through
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the cell membrane. This phenomenon causes the formation
of the gp41 trimer-of-hairpins structure and subsequent fu-
sion of the HIV-1 membrane and the cell membrane [36].
Elucidation of the dynamic molecular machinery of this in-
fection process has encouraged medicinal chemists to de-
velop agents which block HIV-1-entry steps by targeting the
cellular receptors CD4, CCRS and CXCR4 and the viral pro-
teins gp120 and gp41. In this regard, in 2003 the FDA ap-
proved the first "fusion inhibitor", designated enfuvirtide
(fuzeon/T-20, Roche/Trimeris), for use in combination with
other anti-HIV-1 drugs to treat advanced HIV-1 infections
[127]. Subsequently, in 2007, the FDA approved a CCRS5 co-
receptor antagonist, maraviroc (MVC, Pfizer), in combina-
tion with other anti-HIV-1 drugs for the treatment of patients
infected with the RS HIV-1 virus [128]. In the case of the co-
receptor CXCR4, several antagonists have been synthesized
to date. However, no drug has been approved as an anti-
HIV-1 agent, although some antagonists such as AMD3100
[129] and T140 derivatives [130, 131] have proven useful for
different indications including hematopoietic stem cell
mobilization and cancer treatment. In addition, CD4-related
small compounds, CD4 mimics, which bind to gp120, will
be described in section 7.2 below. Thus, this paper focuses
on the success of a fusion inhibitor, enfuvirtide, and a CCR5
antagonist, MVC, including the development of other agents
in these categories.

5.2. T-20 (Peptide Fusion Inhibitor)

The binding of gpl120 to CD4 and CCRS or CXCR4
causes the formation of the trimer-of-hairpins structure of
gp41 and the subsequent fusion of the HIV-1/cell membrane
as described in Section 5.1 above. The trimer-of-hairpins
structure, which is referred to as a six-helical bundle
structure, is formed by a central parallel trimer of the N-
terminal helical region (HR1 region) surrounded by the C-
terminal helical region (HR2 region) that is oriented in an
antiparallel, hairpin fashion (Fig. 9). To date, several HR2
region-related peptides, which inhibit bundle formation of
six a-helices by the binding to the inner three-stranded
coiled coils of the HR1 region, have been reported (Fig. 10)
[132]. An HR2 region peptide, C34, a 34-mer from the na-
tive sequence of gp41 of the HIV-1yy4.5 strain, has high in-
hibitory activity against membrane fusion [35]. In addition, a
36-residue peptide, T-20, with the native sequence of gp41
sharing 24 residues with C34, shows potent anti-HIV-1 ac-
tivity. This has been used in the clinic as the first HIV-1 en-
try/fusion inhibitor [127] and was designated enfuvirtide
(fuzeon, Roche/Trimeris). Combinational therapy of enfuvir-
tide with other antiretroviral agents was approved for the
treatment of advanced HIV-1 disease in patients 6 years of
age or older with evidence of HIV-1 replication notwith-
standing current therapy and of resistance to current anti-
HIV-1 drugs. Because of the clinical use of enfuvirtide, the
dynamic supramolecular mechanism involving membrane
fusion has become a valid and rational target for inhibitors.
The success of enfuvirtide has encouraged us to develop
entry/fusion inhibitors as a new class of anti-HIV-1 drugs.
While inhibitors such as RTIs, PIs and INSTIs work inter-
nally in cells to inhibit functions of viral enzymes, en-
try/fusion inhibitors work extracellularly, preventing HIV-1
from invading into cells. The prevention of entry/fusion by
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inhibitors is a great advantage of these drugs. An HR2 region
peptide, C34, has an exact interface that is capable of bind-
ing to a central parallel trimer of the HR1 region, whereas
enfuvirtide has a poorly delineated interface. However, a
disadvantage of C34 is its poor aqueous solubility. There-
fore, highly soluble versions of C34 derivatives, SC pep-
tides, have been developed through the artificial remodeling
of C34 by Otaka et al. (Fig. 10) [133]. The design of SC pep-
tides maintained the amino acid residues at the a, d, and e
positions of the helical wheel diagram of the C34 peptide.
These positions are indispensable for binding to the inner
three-stranded coiled coils of the HR1 region and cannot be
substituted, whereas non-conserved residues at the b, c, f,
and g positions, located in the exterior and solvent-contact
region, were replaced by Glu-Lys pairs (Fig. 10B). Salt
bridges formed by several Glu-Lys side-chain pairs located
between i and i+4 positions enhance solubility and o-helicity
of the C34 derivatives (Fig. 10C). In practice, the aqueous
solubility of the SC peptides, SC34 and SC34EK, is more
than three orders of magnitude higher than that of C34. The
anti-HIV-1 activities of SC34 and SC34EK were superior or
similar to that of C34, and an order of magnitude greater
than enfuvirtide [134]. In addition, SC34 and SC34EK were
even effective against an enfuvirtide-resistant strain. C34,
SC34 and SC34EK lack the C-terminal lipid-binding domain
of enfuvirtide, suggesting that these agents have a
mechanism of action distinct from that of enfuvirtide [135].
Thus, these SC peptides have been leads for further refine-
ment and clinical development. C34, T-649 [136], enfuvir-
tide and SC peptides are 34- to 36-mers derived from the
HR2 region of gp41. T-1249 (Roche/Trimeris), a successor
to enfuvirtide [136], has a hydrophobic C-terminal sequence,
which might interact with lipid bilayers in a manner similar
to the interaction mediated by enfuvirtide. However, the
clinical trial of this agent was already discontinued in 2005
because of formulation problems. Development of small
non-peptide inhibitors that block gp41 activation has also
been attempted [137-139].

Regarding the development of an AIDS vaccines, the
HRI region is useful because the six-helical bundle structure
is formed by the interaction of the HR2 regions to the central
trimer of the HR1 regions. The development of artificial
antigens that efficiently induce broadly neutralizing
antibodies is desirable. An inspired strategy is to design
molecules that mimic the natural inner three-stranded coiled
coils of the HR1 region of gp41 on the virion surface. Thus,
a novel three-helical bundle mimetic of the trimeric form of
N36 completely equivalent to three N36 peptides was
synthesized based on an original template with C;-symmetric
linkers (Fig. 11A) [139]. The antiserum produced by
immunization of mice with the N36 trimeric antigen showed
an approximately 30-fold higher affinity for the N36 trimer
than for the N36 monomer and thereby mediated a more
potent neutralizing activity compared to antibodies generated
by immunization with the N36 monomer. The exposure of
the target epitopes is limited to the time of HIV-1 entry, and
carbohydrates, which might disturb access of the antibodies
to their epitopes, are not included in the amino acid
sequences of the native HR1 region [140]. These two points
are advantageous for vaccine design based on the HRI
region of gp41. In terms of HIV-1 inhibition, both the N36
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Fig. (9). Brief mechanisms of HIV-1 entry and fusion. The HIV-1 envelope protein gp120 interacts with a cell surface protein CD4, resulting
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introduction of the Glu-Lys pairs to the solvent-accessible site.

monomer and trimer have modest but not strong inhibitory
activity [141].

A novel three-helical bundle structure of the trimeric
form of C34 completely equivalent to three C34 peptides has
also been designed and synthesized. In this case, the novel
Cs-symmetric template depicted in Fig. (11B) was prepared
[142]. The inhibitory effect of the C34 trimer is 100-fold
stronger than that of the C34 monomer. This suggests that a
trimeric form is critical as the potent structure of the inhibi-
tor. However, in terms of efficacy as an HIV-1 vaccine,
neither the C34 trimer or the monomer is superior to the N36
trimer [143]. A C34-derived dimer with PEG linkers was
prepared to elucidate the inhibitory mechanism against the
fusion of the C34 trimer [144, 145]. The inhibitory activity
of the C34 dimer was found to be approximately equal to

that of the C34 trimer, suggesting that the C34 units in the
dimer can bind to the inner three-stranded coiled coils of the
HR1 region of gp41 in a cooperative manner [144]. A di-
meric form of C34 is evidently a potent C34-related fusion
inhibitor [145].

5.3. CCRS Inhibitors

CCRS and CXCR4 are members of the family of G pro-
tein-coupled, seven-transmembrane segment receptors
(GPCRs), which comprise the largest superfamily of proteins
in the body. CCRS serves as one of the two essential co-
receptors for HIV-1 entry into human CD4+ cells [24, 25,
27, 28, 31, 32], thereby representing an attractive target for
possible intervention to prevent HIV-1 infection. Fig. (12)
illustrates the crystal structure of CCR5 along with a small
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molecule CCRS inhibitor, maraviroc (MVC, Selzentry®, UK-
427, 857) (Fig. 13). CCRS has a seven trans-membrane heli-
cal structure [146, 147], and MVC binds to the largest hy-
drophobic cavity between extracellular loops and upper
transmembrane domains (Fig. 12). It had been predicted that
the binding of a small molecule CCRS inhibitor to the bind-
ing cavity under the extra-cellular domains would cause al-
losteric changes of CCRS, thus resulting in loss of binding of

the HIV-1 envelope (gp120) to CCR5. However, recent stud-
ies using cryo-electron microscopy demonstrated that the V3
loop of gp120 directly interacts with amino acid residues in
the CCRS5 inhibitor binding cavity that locates inside the
transmembrane regions of CCRS. Thus, the mechanism of
the gp120 binding inhibition by a small molecule CCRS in-
hibitor is competitive inhibition [23].
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Fig. (12). Structure of CCR5 and a CCRS inhibitor (MVC) bound
in the hydrophobic cavity (PDB ID 4MBS). A: Bird’s eye view of
MVC (CPK mode) bound within CCRS. B: The interaction of MVC
with selected active site residues of CCR5 as determined from a
crystal structure. The hydrogen bond interactions are shown by
yellow dotted lines. MVC is shown in thick sticks with green car-
bons. CCRS residues are shown in ball and stick representation with
gray carbons. Nitrogens, oxygens, polar hydrogens and fluorines
are in blue, red, white and cyan respectively. The different CCRS
domains in ribbon representation are colored as follows: TM1
(transmembrane domain 1), aquamarine; TM2, Yellow; TM3, Or-
ange; TM4, White; TMS5, Pink; TM6, Purple; TM7, Red; N-term,
Gray; ECL1 (extracellular domain 1), Blue; ECL2, Maroon; ECL3,
Plum. Figure generated using Maestro version 10.7.015.

The first experimental small molecule CCRS inhibitor,
TAK779 (Fig. 13), was reported in 1999 [17]. Subsequently,
several agents were developed as anti-HIV-1 drugs [18, 148-
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150]. SCH-351125 (SCH-C) and vicriviroc (VVC or SCH-
D) (Fig. 13) are orally bioavailable CCRS5 inhibitors with
potent antiviral activity [148, 149]. VVC, which has greater
in vitro potency than SCH-C, was forwarded to clinical tri-
als. In a Phase IIb clinical study of treatment-experienced
patients, VVC in combination with an optimized background
regimen resulted in a > 1.5 logl0 decrease of plasma viral
load. However, in Phase III studies (VICTOR-E3 and VIC-
TOR-E4) enrolling treatment-experienced individuals, no
statistically significant difference was observed between the
vicriviroc arm and the placebo arm after 48 weeks. For this
reason, the development of vicriviroc for the treatment of
HIV-1 infection was discontinued by Merck in 2010. Aplavi-
roc (APL or GSK873140) (Fig. 13), a spirodiketopiperazine
derivative, was developed and reported in 2004 [150]. APL
has a high affinity for CCRS (KD values of ~3 nM), blocked
HIV-1-gp120/CCRS5 binding, and exerted potent activity
against a wide spectrum of RS5-HIV-1 isolates including
multi-drug-resistant HIV-1 strains in vitro (ICsy values of 0.1
- 0.6 nM) [150]. In Phase IIb clinical trials, patients receiv-
ing 600 mg of APL twice daily had a mean decrease in viral
load of ~ 1.6 logl0 from baseline. Phase III clinical trials of
APL involving ~ 2,000 drug-experienced patients with AIDS
were implemented by GSK in the United States in the sum-
mer of 2005; however, Grade 4 idiosyncratic hepatotoxicity
occurred in a few patients and all trials were terminated in
2005 [151-153].

Among CCRS5 inhibitors, in 2007 it was maraviroc
(MVC) (Fig. 13) that became the first-in-class drug approved
by the FDA. The safety and efficacy of MVC in antiretrovi-
ral therapy-experienced patients were examined in clinical
trials (MOTIVATE 1 and 2), and superior virological re-
sponses were recorded with lower baseline viral loads and
higher CD4" T-cell counts than seen in the placebo arms
[154, 155]. In these studies, before starting drug treatment,
patients were confirmed to have RS virus at the screening by
the Trofile assay (Monogram Biosciences, South San Fran-
cisco, California, USA). Regarding the acquisition of resis-
tance against CCRS5 inhibitors, a clinical trial (the MERIT
study) of MV C showed that the level of MV C resistance was
low and that the virologic failure observed was mainly
caused by the emergence of pre-existing X4-HIV-1 that was
not detected by the tropism assay [156].

Recent studies have shown a possible use of CCRS5 in-
hibitors for indications other than use as a conventional anti-
HIV-1 drug. Another CCRS inhibitor, cenicriviroc (CVC or
TBR-652) (Fig. 13) currently under clinical development,
was reported to interact with CCR2 as well, which is associ-
ated with inflammation-related diseases and is expected to be
a potential anti-inflammatory mediator [157]. In fact,
Krenkel et al. reported therapeutic effects of inhibiting
monocyte infiltration in Nonalcoholic Steatohepatitis
(NASH) models by using CVC to inhibit the recruitment of
Kupffer cells and monocyte-derived cells [158]. Joy et al.
reported that CCRS5 is expressed in cortical neurons after
stroke and the administration of a CCRS inhibitor led to
early recovery after stroke and traumatic brain injury [159].
Additionally, the administration of MVC also reportedly
results in an increase of CD4" T-cell counts in the blood,
which was considered a possible advantage potentially con-
tributing to increased immunological function in HIV-
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Fig. (13). Chemical structures of CCRS5 inhibitors.

1/AIDS patients under treatment [160]. Moreover, another
group recently reported that MVC reversed HIV-1 latency in
vitro alone or in combination with a PKC agonist [161], sug-
gesting the possibility of using MVC as a latency-reversing
agent.

Currently, MVC and enfuvirtide are the only drugs that
have been approved for clinical use as entry inhibitors. Thus,
the development of other entry inhibitors, such as CXCR4
inhibitors, will also improve the utility of CCRS inhibitors
both for regular usage as anti-HIV-1/AIDS drugs, as well as
for prophylactic use topically.

6. CURRENT AND FUTURE CART: TOWARDS
MORE POTENT AND SAFER TREATMENTS WITH
FEWER TABLETS

6.1. From "Many Times a day, Many-tablets" cART to a
"Once Daily, Single-tablet" Regimen

As discussed above, the development of a number of new
anti-HIV-1 drugs has greatly improved the efficacy of cART
for HIV-1/AIDS patients. This improvement is not only seen
in therapeutic potency, but also in the less frequent emer-
gence of drug-resistant viruses resulting in reduced occur-
rence of severe side effects. One example of success in im-
proving the toxicity profile is the development of tenofovir
alafenamide fumarate (TAF) (Fig. 2), approved in 2016.
TAF is a prodrug of tenofovir, and is structurally related to
tenofovir disoproxil fumarate (TDF) (Fig. 2), which was
developed by Gilead Sciences and approved in 2001 for the
treatment of chronic hepatitis B as well as AIDS. TDF used
to be one of the most widely used anti-HIV-1 drugs and had
been considered generally safe and well-tolerated, but it
sometimes causes decreases in bone mineral density and
kidney injury in susceptible individuals [162, 163]. TAF, a
new formulation pro-drug, can deliver the active form (teno-
fovir diphosphate) more efficiently to cells. In addition, TAF
distributes better into lymphoid tissues than TDF, and is thus
effective at lower concentrations in blood plasma with less
drug exposure for the bones and kidneys [164, 165].

Another important issue in recent anti-HIV-1 drug devel-
opment efforts is how to improve drug adherence and quality
of life (QOL) of HIV-1/AIDS patients. Because cART con-
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sists of multiple drugs, patients receiving cART had been
taking multiple tablets, many times a day. Thus, the effort to
formulate a single tablet that contains 2-3 anti-HIV-1 drugs
had been ongoing since early in the cART (or HAART) era.
In addition, recent progress in developing new drugs with
better pharmacokinetics profiles enabled the formulation of
drugs that can be administered once a day (such as TDF,
EVG, and DTG). RPV/TDF/FTC (Complera®) and
EVG/COBI/FTC/TDF (Stribild™) are fixed-dose combina-
tion drugs approved by the FDA in 2011 and 2012, respec-
tively, the first "once daily (QD) single-tablet" drugs for the
treatment of HIV-1/AIDS. Subsequently, a number of com-
binations of drugs have been approved and made available as
a once-daily single-tablet drug, for example, DTG/ABC/3TC
(Triumeq"”, 2014), EVG/COBI/TAF/FTC (Genvoya®, 2015),
RPV/TAF/FTC (Odefsey”, 2016), and DTG/RPV (Juluca®,
2017) (Table 1).

6.2. Recently-approved HIV-1/AIDS Drugs: Once-daily
Single-tablet Regimen (and More)

In 2018, three agents (in addition to combinations) were
newly approved as anti-HIV-1 drugs, namely, Doravirine
(DOR) (Fig. 3), Bictegravir (BIC) (Fig. 7), and Ibalizumab-
uiyk. DOR is an NNRTI developed by Merck & Co. and is
also available in combination with 3TC/TAF (Delstrigo®). In
a clinical trial, DOR (100 mg once daily) was non-inferior to
the DRV/r arm. DOR also showed activity against many
NNRTI-resistant HIV-1s [166]. BIC is a once-daily INSTI
with a high genetic barrier to resistance developed by scien-
tists at Gilead Sciences. In a Phase 3 trial, the efficacy of
BIC was examined as a single tablet regimen in combination
with TAF and FTC; the combination drug (BIC/FTC/TAF:
Biktarvy"™) was then approved in the United States in 2018.
Ibalizumab-uiyk (TNX-355, Trogarzo”) is an inhibitor of
HIV-1 attachment, which blocks the binding of the HIV-1
envelope molecule, gp120 to CD4 on the cell surface. It was
recently approved for the treatment of HIV-1/AIDS patients
in heavily treatment-experienced adults with multidrug-
resistant HIV-1 infection failing their current antiretroviral
regimen. Ibalizumab-uiyk is administered intravenously as a
single loading dose of 2,000 mg followed by a maintenance
dose of 800 mg every 2 weeks.
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6.3. New HIV-1/AIDS Drugs Under Development: Intro-
duction of Long-acting Therapies

Cabotegravir (CAB) (Fig. 7) is an INSTI under develop-
ment by ViiV Healthcare. In clinical trials for CAB, two
different forms are being examined: a tablet form taken by
mouth (oral CAB) and a long-acting (LA) injectable form
(CAB LA). Results of the LATTE-2 trial (Phase IIb) demon-
strated that patients treated with CAB LA showed noninferi-
ority relative to those receiving CAB orally [167]. CAB is
currently in phase III development and the long-acting form
of CAB is considered for use in combination with a long-
acting form of RPV (RPV LA) as an injectable maintenance
therapy.

MK-8591 (EFdA) (Fig. 2) is a potent investigational
NRTI under development by Merck & Co. as part of a regi-
men for HIV-1 treatment with potential utility as a single
agent for preexposure prophylaxis (PrEP). Recent clinical
studies reported the pharmacokinetic (PK) profiles and anti-
viral efficacy of EFdA. Grobler et al. demonstrated that a
single 10 mg dose in humans was able to exceed the pro-
jected efficacious concentration for at least 7 days [168]. In
another study, treatment of cART-naive HIV-1-infected pa-
tients with a single 10 mg dose of EFdA rapidly reduced the
viral load, which continued to decrease until day 10 after the
treatment, with a mean reduction of 1.78 log;, and no evi-
dence of recrudescence [169]. In addition, a report by scien-
tists at Merck & Co. demonstrated that newly-designed drug-
eluting implant devices successfully provided prolonged
MK-8591 release in vivo [170]. The data were evaluated
together with those generated in phase 1 clinical studies with
once-weekly oral administration of MK-8591. After a single
administration in animals, MK-8591 implants achieved
clinically relevant drug exposures and sustained drug release
with plasma levels corresponding to efficacious MK-8591-
TP levels maintained >6 months, resulting in a 1.6-log re-
duction in viral load [170]. These findings suggest that EFdA
can be administered orally at least once weekly (QW), or at
much longer intervals with long-acting parenteral formula-
tions.

7. SMALL MOLECULE ANTI-HIV-1 AGENTS UN-
DER DEVELOPMENT WITH NOVEL MECHANISM
OF ACTION

7.1. Capsid Inhibitors

Currently, combinatorial antiretroviral therapy (cART)
can reduce viral loads to undetectable levels in HIV-1-
infected patients. However, the establishment of persistent
infection is still a major barrier to complete viral eradication,
which has remained elusive because latently infected reser-
voirs can evade host antiviral immune responses as well as
cART. There, therefore, remains an unmet need to develop
new anti-HIV-1 compounds which will be effective over the
long term and to establish improved strategies to prevent
HIV-1 infection at the early stages prior to provirus forma-
tion. It has been shown that the HIV-1 capsid (CA) is a mul-
tifunctional protein in HIV-1 replication [171]. Shortly after
HIV-1 entry into target cells, the HIV-1 CA, a main compo-
nent of the HIV-1 core, initiates dissociation of CA from the
HIV-1 core. Proper disassembly of the HIV-1 core, a process
called uncoating, is known to be a key step for efficient re-
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verse transcription during the early stage of HIV-1 infection
[172-174]. Many reports have also shown that the HIV-1
core dissociation process is triggered and regulated by host
factors [175-178]. Despite many attempts to understand
HIV-1 uncoating, the precise mechanisms involved in HIV-1
core disassembly, including the timing or triggering of un-
coating, remain largely unclear. A previous report showed
that CA mutations E128A/R132A increased the stability of
the viral core and impaired viral cDNA synthesis, while CA
mutations Q63A/Q67A accelerated CA disassembly and
viral cDNA synthesis, but severely impaired viral infectivity
[173]. Overall, these observations indicate that the HIV-1
CA is a highly attractive druggable target and this is ex-
pected to lead to the development of therapies to block or
enhance these virus-host interactions in order to cause pre-
mature or delayed uncoating and potentially add to the cART
armamentarium for HIV-1 patients.

Several compounds that bind to CA have been identified
[179-189]. One of the best-studied CA inhibitors is PF-
3450074, abbreviated as PF74 (Fig. 14). Recent studies
showed that PF74 binds at an intermolecular interface be-
tween the N-terminal and the C-terminal of CA within the
CA hexamer of the HIV-1 core [190-192]. The PF74-binding
site in CA 1is also shared by the host proteins CPSF6 and
NUPI153 [191]. Therefore, PF74 is expected to prevent the
interaction between CA and CPSF6 or NUP153 [191, 193].
PF74 inhibits HIV-1 infection with EC50 ranging from 80 to
640 nM in PBMCs and T cells [183]. Intriguingly, high con-
centrations of PF74 (~5 to 10 uM) accelerate the uncoating
process and reduce the efficiency of viral cDNA synthesis
[192, 194, 195], whereas lower concentrations of PF74 (~2
pM) do not impede HIV-1 infection with little impact on
reverse transcription [191, 196, 197]. In addition to the
above-mentioned chemical inhibitors, peptide inhibitors such
as NYAD-1 reduce the efficiency of both immature- and
mature-virion formation [198] and inhibit HIV-1 replication
[179, 189, 199].

PF-3450074

Fig. (14). Structures of Capsid inhibitors.

Recent studies showed that the CA inhibitors GS-CAl
and GS-CA2 (a drug similar to GS-CA1) have great poten-
tial compared with the currently-approved anti-HIV-1 drugs
(Fig. 14) [200, 201]. GS-CAL1 binds at the same general site
as PF74, CPSF6 and NUPI153 [191, 193, 200] and inhibits
HIV-1 replication in peripheral blood mononuclear cells
(PBMCs) (EC50 = 140 pM) at very low concentrations
[200]. Furthermore, GS-CA2 has an anti-HIV-1 effect in T
cells (EC50 = 100 pM) and PBMCs (EC50 = 50 pM) against
23 HIV-1 primary isolates representing major subtypes
[201]. More interestingly, studies in rats and dogs show that
both GA-CA1 and GA-CA2 also have potential as long-
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acting drugs [200-203]. These observations suggest that GS-
CA compounds have a better potency than PF74.

7.2. HIV-1 Attachment Inhibitors Under Development

The HIV-1 envelope protein gp120 binds to the cell sur-
face protein CD4, which causes a conformational change in
gp120 and subsequent binding to the co-receptor CCRS5 or
CXCR4, as described in Section 5.1. Thus, CD4-derived
molecules such as soluble CD4 (sCD4) could act as entry
inhibitors, although attempts to develop effective sCD4
agents have been unsuccessful to date. Recently, several low
molecular weight CD4 mimic molecules have been devel-
oped by ourselves and others, including NBD-556 [204,
205], YYA-021 [206-208], JRC-1I-191 [209] and BMS806
[210] (Fig. 15). NBD-556, YYA-021, and JRC-II-191 cause
a conformational change of gp120 and inhibit attachment of
the HIV-1 virion to CCR5 or CXCR4, while BMS806 binds
to gp120 and blocks HR1 exposure following CD4 induc-
tion, with no significant effect on CD4 binding. YIR-821,
which is a current lead compound derived from YYA-021,
has high anti-HIV-1 activity and the CD4-like ability of in-
ducing a conformational change of gpl120 through interac-
tion with the Phe43 cavity [211]. YIR-821 also shows a
highly synergistic effect in combination with the neutralizing
anti-V3 monoclonal antibody KD-247 [212], which may
help to reduce the necessary dose of (possibly expensive)
KD-247. It could also be that the interaction of CD4 mimics
with the Phe43 cavity causes conformational changes of
gp120, thereby exposing the neutralizing antibody-binding
site of gp120 and enabling efficient access of KD-247 to
gpl20. CD4 mimics are attractive tools directed toward
blocking HIV-1 entry and are important compounds, poten-
tially useful for maintenance therapies together with neutral-
izing antibodies following initial treatment with conventional
cART.

7.3. Novel Approaches Toward Treating HIV-1 Reser-
voirs: Development of Latency-reversing Agents (LRAs)

As described in the previous sections, cART strongly
suppresses HIV-1 replication. However, even life-long
cART cannot eradicate HIV-1 due to its persistence in a la-
tent form in cell reservoirs [213-216]. In this regard, La-
tency-reversing Agents (LRAs) are considered to be vital
tools to cure HIV-1. The approach to eliminate HIV-1 reser-
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voirs using LRA has been referred to as "shock and kill"
[217-219]. In this approach, HIV is reactivated by LRA in
cells which are subsequently eliminated by immune effectors
such as cytotoxic T lymphocytes (CTL), or undergo virally-
induced cytopathic damage or apoptosis [220, 221]. How-
ever, there are still many obstacles to using LRA to reverse
HIV-1 latency and eliminate reservoir cells in vivo. Several
LRAs have been tested in clinical trials. However, most
studies demonstrated that the size of the latent reservoir re-
mained unchanged, indicating that these drugs failed to
purge the virus in vivo [222-226]. These results imply that in
vitro (ex vivo) LRA potency does not necessarily translate
into clinical LRA potency, and this is presumably because
multiple mechanisms are involved in the maintenance of
HIV-1 latency in vivo [227]. For instance, a recent study
showed that T-cell stimulation does not result in the activa-
tion of all functional latent proviruses and that a significant
proportion of these non-induced proviruses is replication-
competent [228]. Moreover, hypothetically, if LRAs are used
alone in treatment-naive HIV-1 patients, infectious viruses
will be produced from reactivated reservoir cells and subse-
quent infection of uninfected cells could occur. Thus, for
effective LRA therapy against HIV-1 reservoirs, it is essen-
tial to combine this with potent cART during treatment.

Many small molecule agents that are currently being de-
veloped as LRAs include protein kinase C (PKC) activators
[e.g., PEP005 (ingenol-3-angelate), prostratin, and bry-
ostatin-1], HDAC inhibitors (e.g., SAHA/vorinostat), or
BRD4 inhibitors (e.g., JQ1) (Fig. 16) [229-235]. The first
clinically evaluated LRA candidates were HDAC inhibitors
such as valproic acid and vorinostat (SAHA) (Fig. 16), some
of which were originally developed as anti-cancer agents. In
some clinical studies of HDAC inhibitors, transient increases
in cell-associated and plasma HIV-1 RNA due to HIV-1 la-
tency reversal were observed, but no obvious reduction of
HIV-1 reservoir cells was reported [222, 223, 225, 226, 236].
Another concern with the use of HDAC inhibitors is that
they (e.g. vorinostat) reportedly enhance the susceptibility of
CD4" T cells to HIV-1, which possibly increases the suscep-
tibility of uninfected CD4" T cells to HIV-1 [237].

One of the other classes of LRA comprise drugs that ac-
tivate PKC, which plays a critical role in the regulation of
cell growth, differentiation, and apoptosis [238, 239]. PKC
activators induce transcription factors such as NF-xB, which
binds to HIV-1-LTR and thus activates HIV-1 mRNA tran-
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Fig. (15). Structures of representative small CD4 mimic molecules.
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Fig. (16). Chemical structures of HIV-1 latency-reversing agents (LRAs).

scription [240]. Recent studies demonstrate that some PKC
activators, such as PEP005 (Fig. 16), show potent latency-
reversing activity in many HIV-1 latent cell lines and pri-
mary cells derived from HIV-1 patients in vitro [229, 232,
234, 241]. In addition, it is also known that the potency of
PKC activators to act as LRA is strongly enhanced by their
combination with an LRA in a different class. Several groups
have reported that combined treatment is important for LRAs
to obtain maximum reactivation [232, 241], and among such
combinations, JQ1 (Fig. 16) plus a PKC activator is consid-
ered to be one of the most effective [232, 234, 241]. A recent
clinical trial using the PKC agonist bryostatin-1 demon-
strated that this agent was safe at the single doses adminis-
tered. However, the drug did not show any effect on PKC
activity or on the transcription of latent HIV-1, probably due
to low plasma concentrations in that study [224].

Thus, it is now considered that such broad-acting LRAs
alone (e.g. HDAC inhibitors or PKC activators) may not be
sufficient to eradicate HIV-1 reservoirs in vivo, and addition
of other strategies/techniques with a different mechanism of
action will be necessary. In fact, Borducchi er al. recently
reported that administration of an HIV-1 env-specific
broadly neutralizing antibody (PGT121) together with an
LRA (Toll-like receptor 7 agonist: GS-9620) (Fig. 16) dur-
ing ART delayed viral rebound following discontinuation of
ART in simian human immunodeficiency virus (SHIV)-
infected rhesus monkeys [242].

CONCLUSION AND FUTURE PERSPECTIVES

As discussed in this review, fortunately, many different
anti-HIV-1/AIDS drugs targeting different stages of the
HIV-1 life cycle are now available and more such drugs are
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being tested in preclinical studies. The development of such
increasingly effective therapeutics will undoubtedly improve
our ability to manage HIV-1/AIDS. In addition, the introduc-
tion of cART with a single tablet regimen (STR) and future
long-acting therapy using injectable drugs, long-acting
nanomedicines or drug-eluting implants will drastically
change the QOL of HIV-1/AIDS patients under treatment
and expand the utility of preexposure prophylaxis (PrEP).

One of the most important key-factors in future anti-
HIV-1/AIDS drug design will be to generate novel agents,
rather than “me-too” drugs, that will be active against HIV-1
via new antiretroviral mechanisms, have convenient dosing
regimens and be of low costs. In addition, a continuous effort
is needed to establish a way to reduce/eliminate viral reser-
voirs to consolidate latency condition enough to stop treat-
ment. This is what is meant by a "Cure of HIV-1/AIDS", and
it is one of the most important themes for current HIV-1 re-
search [243, 244].
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