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ABSTRACT:

The advent of combined antiretroviral therapy (CART)
has dramatically improved HIV management and
patient care of HIV-infected individuals. The cART
regimen resulted in a significant reduction of
HIV/AIDS-related mortality and greatly improved life
expectancies of those patients with access to CART.
However, among many HIV-related complications,
neurocognitive dysfunction, known as HIV-associated
neurocognitive disorder (HAND), has now been a
major issue. While the CART regimen has been
effective in reduction of HAND in many patients, the
prevalence of HAND is increasing as HIV/AIDS
patients live longer. HIV infection and its subsequent
manifestation of HAND is complex. It is evident that
the brain can serve as a sanctuary for HIV replication
and HAND can remain in patients even with cART
treatment due to poor blood-brain barrier permeability
of the majority of current antiretroviral agents.
Conceivably, cART needs to have improved central
nervous system (CNS) penetration properties for
effective treatment and possible prevention of HAND.
Therefore, design and development of new
antiretroviral agents that can penetrate into the CNS
effectively, could block HIV replication and
significantly reduce the viral load in the CNS. This may
prevent HAND and related symptoms. HIV protease
inhibitors (PIs) are a critical component of CART. Over
the years, we have designed and synthesized a range of
highly potent and novel Pls including the FDA
approved drug, darunavir, which has been used as a
first-line treatment. In an effort to improve CNS
penetration, we have been involved in the design and
development of potent Pls with improved in vitro brain
penetration properties. Herein we provide a brief
review that covers insights and discussion of HAND
and our work on PI development to ameliorate HIV-
associated neurocognitive disorders.
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1. INTRODUCTION

The emergence of Human
Immunodeficiency Virus (HIV) infection in
the early 1980°s and the resulting onset of
acquired  immunodeficiency  syndrome
(AIDS) swept across the continents. The
HIV/AIDS epidemic resulted in an
estimated 35 million deaths and orphaned
millions of children. Current reports from
the joint United Nations program on HIV
and AIDS (UNAIDS) estimate that globally
there were 36.7 million HIV-infected
patients and there were about 1.1 million
HIV/AIDS-related deaths at the end of 2015
[1]. The introduction of combined
antiretroviral therapy (CART) in the late
1990’s led to a dramatic improvement in the
management of HIVV/AIDS patients and their
prognosis. Access to current antiretroviral
treatment transformed HIV/AIDS from a
life-ending disease to a manageable chronic
ailment with near normal life expectancy [2,
3]. The primary target of HIV is the
patient’s immune system, however the
central nervous system (CNS) is also
affected at varying degrees. HIV causes a
spectrum of neurocognitive dysfunction,
also known as HIV-associated
neurocognitive disorders (HAND) [4,5]. In
particular, HAND has become a major
concern for 40-50% of current patients with
HIV infection and AIDS. HAND is
characterized Dby impaired short term
memory along with mental problems
ranging from mild difficulty with
concentration, impaired decision-making,
and lack of coordination, to progressive
dementia. There has been significant
reduction of HAND for some patients
receiving CcART, however HAND has
remained prevalent in many HIV-infected
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patients [6]. Several cohort studies indicated
that HAND may persist despite virological
suppression and immune recovery with
CART regimen [7,8]. With the increase in
longevity of HIV/AIDS patients, there is an
increasing incidence of HAND and distal
polyneuropathy [9]. Furthermore, certain
antiretroviral agents also cause adverse
effects on the CNS and the peripheral
nervous system, and induce the immune
restoration inflammatory syndrome (IRIS)
[10,11]. In the following sections, we plan to
outline cART limitations, current treatment
options, and HAND pathogenesis.

Current cART regimens are far from
ideal. HIV/AIDS patients need to take CART
for the rest of their lives. Some of the major
challenges of existing therapeutics are: (a)
toxic drug effects, (b) poor patient adherence
to complex drug regimens, (c) failure to
reestablish otherwise normal immunological
functions at an advanced stage of the
disease, (d) an increased risk of cancers with
prolonged survival, (e immune
reconstitution  inflammatory  syndrome
(IRIS), and (f) CNS complications mainly
due to extended survival of patients.
Inadequate antiretroviral drug penetration
into the CNS may be responsible for
cART’s failure to reestablish immunological
state [12]. CNS complications
accompanying  HIV  include  HAND
syndrome, vacuolar myelopathy, and certain
peripheral neuropathies [10].

In 1981, AIDS was described
clinically for the first time and
neurocognitive dysfunction due to HIV
infection was initially identified [13]. The
term AIDS dementia complex was proposed
in 1986 to describe the acquired and
persistent cognitive decline demonstrated by
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patients ~ with  HIV  infection and
AIDS [8, 14, 15]. In the present day,
neurological complications occur in more
than 40% of patients with HIV infection. At
autopsy, about 80% of cases demonstrate
evidence of neuropathological
abnormalities  [13, 16]. The most
comprehensive and largest study
investigating cognitive impairment in HIV is
the CNS HIV AntiRetroviral Therapy
Effects Research (CHARTER) cross-

sectional cohort study that revealed
cognitive impairment in 843 out of 1555
patients infected with HIV-1 [17]. Table 1
outlines a unanimous definition of HAND
and was previously reported [18-20]. HAND
includes the following classifications:
asymptomatic neuro-cognitive impairment

(ANI), mild neurocognitive  disorder
(MND), and HIV-associated dementia
(HAD).

Table 1. Stages of HIV-associated neurocognitive disorder (HAND) per the Frascati criteria [18-

20].
Average Neurocognitive status* | Functional status**
occurence in
patients receiving
CART

Asymptomatic 28% Cognitive  impairment | No observations
neurocognitive observed in >2
impairment (ANI) domains  (functioning

>1 SD below normal)
Mild neurocognitive 17% Cognitive  impairment | Minor interference;
disorder (MND) observed in >2 | deficiency reported by

cognitive domains | patient (reduced mental

(functioning >1  SD | perception,

below normal) incompetence at work;

Others  support the
observations

HIV-associated 5% Cognitive  impairment | Noticeable impairment
dementia (HAD) in >2 domains | in everyday living

(functioning > 2 SD

below normal)

* Test for neurocognitive status comprises evaluation of at least 5 of the following: attention—
information processing, language, abstraction and executive functions, complex perceptual motor
skills, memory, simple motor skills, sensory perceptual skills. (SD = standard deviation).

** Functional status is generally evaluated by the patient but may also be verified by others.
Other causes of dementia and/or probable influences of substance use must be excluded.
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Although recent studies show an
increase in ANI and MND [13], there has
been a decline in HAD, implying that
compliance to cART may be helpful for
limiting neurological disorders [17]. The
CNS is one of the main targets of HIV-1
infection. The CNS is usually affected
during primary infection and can be
nonthreatening in the first few years,
without producing any symptoms. Later, it
can lead to HIV-1 encephalitis (HIVE), or
AIDS  Dementia  Complex  (ADC),
displaying cognitive, behavioral and motor
failure. At this stage, many opportunistic
infections can also affect the CNS. [21]

1.1. Pathogenesis:

At present, the pathogenesis of HAND
is not fully understood. It is believed that
within a few days of HIV-1 infection, the
virus crosses the blood-brain barrier (BBB).
The “Trojan horse” theory is the generally
accepted explanation [22]. According to
this theory, the virus crosses the BBB and
enters the CNS through exchange of
lymphocytes and activated monocytes,
which later separate into macrophages. [19,
23] The virus can later continue to stay in
CD4+ T cells, macrophages, and astrocytes.
HIV-1 infected cells in the CNS release
neurotoxic products, resulting in the death of
neurons. This is facilitated by the toxic
effects of HIV-1 viral proteins (gpl120, gp
41, Nef, Vif, Vpr, Vpu, and Tat) [15,19, 24]
and the inflammatory neurotoxic products
released from infected cells in the CNS such
as nitric oxide, arachidonic acid, and pro-
inflammatory cytokines [23]. HIV-1 brain
infection generally affects the basal ganglia,
deep white matter, and the hippocampus [10,
19]. Pathologically, it is characterized by
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foci of infected macrophages and microglial,
multinucleated cells [22,25,26], extensive
white matter pallor, and an increase in
microglial and astrocytic cells [21]. HAND
has typically been related to low CD4+ T
lymphocyte counts (< 200 cells/ microliter)
even when there are no CNS opportunistic
infections [27].

1.2. Diagnosis:

The diagnosis of HAND is challenging
and cannot be made accurately if the patient
is affected neurologically due to substance
abuse, increased age, drug toxicity and
concurring  medical  conditions  like
cerebrovascular diseases or sleep disorders.
Cognitive symptoms for HAND include
amnesia, decline in rational abilities, short-
term memory loss and lack of concentration.
Behavioral ~ symptoms  manifest  as
depression, lethargy, anxiety, or decreased
impulsiveness. Motor symptoms include
shivering, slow movements, convulsions,
inability to perform fine-finger operations,
clumsiness,  poor  coordination  and
overactive deep tendon reflexes [19, 28].
Neuroimaging techniques (CT, MRI,
SPECT, PET, MRS) have been investigated
as tools for both diagnosis and pathogenetic
studies of HAND. An elevation in the
axonal neurofilament light chain (NFL)
protein and the neuronal protein tau are
often observed in the cerebrospinal fluid of
HAND patients [29].

1.3. Treatment:

Combined  antiretroviral  therapy
(CART) has important effects on HIV
infection in the CNS [30, 31]. cCART can
reduce HIV-1 replication in the blood and
brain, leading to a reduction in the number
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of activated monocytes. Therefore, less
activated monocytes reach the brain,
resulting in a decrease in production of
neurotoxins and neuroinflammation [8, 32].
However, since clinical trials targeting CNS
HIV-1 infection have been difficult to
execute, current treatment options derive
frequently ~ from  observations  and
conclusions from normal therapy [21]. At
present, there are no specific treatments for
HAND or related ailments.

1.4. Impact of cCART:

Current cART has a number of major
limitations. As a chronic treatment,
HIV/AIDS patients need to receive CART
for the rest of their lives. Compliance with a
complex regimen is required and
nonadherence to therapy can lead to failure.
Toxic drug effects leading to side effects and
toxicity are problematic. Viral resistance to
drug therapy has been a persistent challenge
with patients who initially respond well to
treatment experiencing drug failure over
time. With extended survival of patients, the
more severe spectrum of HAND with HIV-1
encephalitis (HIVE) and especially HIV-
associated dementia have become more
prominent.

In the first few years of the outbreak
of AIDS, the mortality rate from this disease
was high. In some developing countries with
poor access to resources, the situation
continues to be similar [33-35]. However, in
developed countries, the extensive use of
CART has suppressed this problem to some
extent [21, 36]. In fact, after the initiation of
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protease inhibitors and triple drug therapy,
CNS diseases along with systemic AIDS
were seen to decrease ten times [37].
According to a study by the
Neurobehavioral Research Center on HIV,
cognitive recovery was also observed in
some patients shortly after beginning CART
[38]. At present, the overall understanding
that  antiretroviral  therapy  improves
neurological dysfunction seems convincing,
although the development of HAND
continues to occur despite treatment and is
escalating as HIV/AIDS patients live longer.

HAND remains widespread in the
CART epoch due to latent reservoirs of
HIV-1 infection located in the brain and low
penetration of drugs into the CNS. Since
CNS can shelter the virus in spite of viral
containment in the blood, these hidden
reservoirs have been a major obstacle to the
suppression of HIV [19, 39]. Many cART
drugs do not effectively cross the BBB and
have no access to these reservoirs in the
CNS [40]. Therefore, in chronic CNS HIV-1
infection, the viral population can progress
independently [41] being compartmentalized
in the cerebrospinal fluid (CSF), and may
not be reflected by plasma concentration
[42, 43]. Better CNS penetration is thus
expected to achieve better neurocognitive
improvement due to greater suppression of
CNS viral replication [32]. The CNS HIV
Antiretroviral Therapy Effects Research
(CHARTER) study classified ART drugs
into 3 classes based on CNS penetration as
outlined in Table 2 reported previously [44].
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Table 2. CNS penetration-effectiveness score (CPE score) [44].

Type of Inhibitor CPE Score (CNS penetration-effectiveness)
0 (poor) 0.5 (intermediate) 1 (good)
Nucleoside Reverse | Adefovir Emtricitabine Abacavir
Tra_ns_criptase Zalcitabine Lamivudine Zidovudine
Inhibitors (NRTI)
Didanosine Stavudine
Tenofovir
Non- Nucleoside Efavirenz Delavirdine
- Neviapine
Inhibitors (NNRTI)
Protease  Inhibitors | Nelfinavir Amprenavir Amprenavir-r
(P1) Ritonavir Atazanavir Darunavir
Saquinavir Atazanavir-r Fosamprenavir-r
Saquinavir-r Fosamprenavir Lopinavir-r
Tipranavir-r Indinavir Indinavir-r
Integrase Inhibitors Elvitegravir
Raltegravir
Entry Inhibitors Enfuvirtide T-1249 Vicriviroc
Maraviroc

cARTs are known to cause oxidative

stress in neurons and endogenous
antioxidant activation, leading to damage of
neurons. CNS  toxicities, especially
nucleosides, [28, 39, 45] are attributed to
drug effects on mitochondrial DNA
polymerase [21, 46]. It has also been
observed that the restored immunity as a
result of cART might sometimes lead to
IRIS, resulting in PML (Progressive
multifocal leukoencephalopathy) caused by
the JC virus [47, 48], or an increased
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susceptibility to diseases like Parkinson’s
and Alzheimer’s [19]. Efavirenz, an NNRTI,
is known to affect the CNS. Thus far,
protease inhibitors have not been shown to
affect CNS function. Protease inhibitors
(PIs) are an important component of CART.
A number of FDA-approved Pls have been
shown to cross the BBB to some extent. It
may be possible to design and develop Pls
with  further improvement of BBB
penetration properties.
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2. DISCUSSION

Over the years, we have designed and
developed a range of conceptually intriguing
and highly potent nonpeptide HIV-1
protease inhibitors (PIs) with drug-like
properties [49, 50]. Our protein X-ray
structure-based molecular design led to the
development of a variety of cyclic-ether-
derived ligands and templates where the
ether oxygens are positioned to effectively
mimic the carbonyl oxygens of peptide
bonds. These molecular templates were
specifically ~ designed  with  defined
stereoconfiguration and structural
complementarity to effectively fill in the
hydrophobic pockets in the active site.
Another of our major design objectives has
been to design Pls that can combat HIV-1
variants resistant to the currently approved
anti-HIV agents. Towards this goal, our
inhibitor design strategies focused on
maximizing inhibitor interactions with the
HIV-1 protease active-site, particularly
promoting extensive hydrogen bonding
interactions with the protein backbone atoms
[51-54]. Our research culminated in
numerous potent Pls and one of them is the
FDA approved drug, Darunavir (DRYV,
Fig. 1) which contains an X-ray structure-
based designed ligand, 3(R),3a(S),6a(R)-
bistetrahydrofuranylurethane (bis-THF) [55-
57]. DRV has been used worldwide as a
first-line therapeutic for HIV-1-infected
individuals. Due to the presence of a unique
moiety, bis-THF, DRV can exhibit dual
action of blocking HIV-1 protease’s
enzymatic activity [57, 58] and dimerization
[59], thus leading to its promising
antiretroviral  activity and  delayed
emergence of DRV-resistant  strains.
However, the penetration of DRV into the
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brain is only mediocre (the ratio of DRV
concentration in the brain to that in blood is
0.6%) [60], possibly due to inadequate
penetration of DRV through the BBB. Since
the CNS is a major sanctuary of HIV-1
infection, improving drug concentration in
the CNS may be an important strategy to
address HAND. [16, 19] Due to reduced
drug entry into the CNS, the potent drug
concentration is usually sub-therapeutic.
This leads to selection of resistant mutants
and assists the development of viral
resistance [61].

In our effort to improve BBB
penetration, while at the same time
maintaining excellent antiviral activity and
drug properties, we recently reported a
number of HIV Pls, GRL-04810, GRL-
05010, GRL-0739, and GRL-10413 that
show excellent activity against laboratory
HIV-strains and multidrug-resistant clinical
isolates, with minimal cytotoxicity, and
good CNS penetration in vitro [62-65].
Structures of these four GRL-PIs are shown
in Fig. 1.

The introduction of fluorine in
biomolecules is a popular approach to
improve BBB penetration by increasing
lipophilicity, along  with  enhancing
metabolic stability, membrane permeability
and protein-ligand interactions [66]. Mindful
to preserve the key backbone hydrogen-
bonding interactions through the bis-THF
ring oxygen atoms, it was presumed that
fluorine substitution might result in non-
covalent interactions in the HIV-protease
active site. [20, 67] The addition of fluorine
atoms is known to increase lipophilicity and
possibly enhance CSF penetration [68, 69].
This was the basis for the design of GRL-
04810 and GRL-05010, which contain a

Page | 7



Medical Research Archives, Vol. 5, Issue 4, April 2017
HIV-Associated Neurocognitive Disorder (HAND) and the Prospect of Brain-Penetrating Protease
Inhibitors for Antiretroviral Treatment

bis-THF moiety in which two fluorines are
attached on the same carbon [62, 63]. We
also designed, synthesized and investigated
the nonpeptidic HIV-1 protease inhibitor
GRL-0739 [64], which contains the
hydrophobic cyclohexyl-bis-THF, and GRL-
10413, which contains a 3-chloro-4-
methoxy-phenylmethyl P1 moiety [65].

We investigated these Pls against a
panel of multidrug-resistant HIV-1 variants.
GRL-04810, GRL-05010, GRL-0739 and
GRL-10413 suppressed various HIV-1
strains, including multidrug-resistant clinical
HIV-1 isolates with reasonably low ECsg’s
and favorable cytotoxicity profiles as shown
in Table 3 [62-65]. They were also highly
active against various protease inhibitor-
selected  laboratory  HIV-1  variants

(including DRV-resistant variants). In fact,
GRL-04810 and GRL-05010 remain active
against the variants selected with GRL-
04810 and GRL-05010. GRL-0739 was also
active against HIV-2rop (ECsp 0.0058 pM).
Also, the binding effects of human serum
proteins on the antiretroviral activity of
GRL-0739 were insignificant compared to
other FDA-approved Pls. The selectivity
index of GRL-10413 at 102,000 is
considerably better than that of other HIV-1
Pls examined in this study (Table 3). GRL-
10413 does not allow HIV-1 to acquire

resistance to GRL-10413 or other
conventional Pls (no amino acid
substitutions were observed over 50

passages of selection with GRL-10413).
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Fig 1. Structures of Protease Inhibitors
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TABLE 3. Antiviral activity of Pls against HIV-1a; and cytotoxicity against MT-2 cells.

Compound ECso (uM) against CCso (uM) Selectivity index
HIV-1| A (CCso/ECsp)
GRL-04810 0.0008 + 0.0002 17.5+0.9 21,879
GRL-05010 0.003 £ 0.001 37.0+0.4 12,333
GRL-0739 0.0019 = 0.0007 21.0£1.6 11,053
GRL-10413 0.00035 + 0.00003 357+ 1.4 102,000
SQV 0.028 +£0.003 19.1+£1.0 682
APV 0.034 = 0.009 482+99 1,418
ATV 0.0048 + 0.0003 324+1.0 6,750
LPV 0.036 + 0.003 26.7+4.2 742
DRV 0.0056 = 0.0008 100.6 + 8.8 17,964

All the GRL PlIs reported earlier were
based on APV structure. Hence, they were
not as active against APV-resistant variants.
However, GRL-10413 could stop HIV-
lapv® s um  replication very efficiently,
implying that GRL-10413 has a distinctive
antiviral attribute compared to Pls reported
earlier. Therefore, both the anti-HIV activity
and minimal cytotoxicity of all four protease
inhibitors are desirable, although the
efficacy and emergence of adverse effects
should ultimately be determined by clinical
trials.

We then evaluated in vitro BBB
penetration properties of GRL-04810, GRL-
05010, GRL-0739 and GRL-10413. We
hoped that this could also shed some light on
the drug transport mechanism across the
BBB [70]. The BBB model for drug
transport assays (BBB Kit; PharmaCo-Cell,
Ltd., Nagasaki, Japan) employed here was
composed of pericytes, astrocytes from rats
and endothelial cells from monkeys, stored
at -80°C. The physiological consistency of
this model was augmented by the fact that it
employed these three kinds of cells, yielded
reproducible results, had complex tight
junctions and transcytotoxic activity. This
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model was thus considered ideal for
investigating migration of drug molecules
across the BBB [71]. A solution of
Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 medium, heparin, basic
fibroblast growth factor (bFGF), insulin,
transferrin, sodium selenite, hydrocortisone,
and gentamicin was added to both the blood
and brain side of the model. The membranes
were collagen-coated. The system was
allowed to remain at 37°C for 4 days, and
the experiments were conducted over the
following two days, as the transendothelial
electrical resistance (TEER) becomes
maximum in that period. Membranes with a
TEER value of >150 Q/cm? were chosen for
the experiment. The compounds were added
to the blood side of the wells. After 30
minutes, a spectrophotometer with an
absorbance at 230 nm was used to measure
the quantity of drug that crossed the BBB.
Caffeine and sucrose, the most and least
lipophilic substances used, served as
positive and negative controls, respectively.
As seen from Table 4, all four tested Pls
yielded much greater concentrations
compared to most of the FDA approved PIs.
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Table 4. Evaluation of the apparent blood brain barrier permeability coefficient using an in vitro

model
Initial luminal Final abluminal
tracer tracer ©
Compound Class concentration concentration Papp (107 c/s)
(M) (M)
RAL Integrase 100 0.68 + 0.23 102435
inhibitor
FTC NRTI 100 1.11 £ 0.44 16.6 6.7
MVC CCR5 100 1.06 + 0.41 16.6 £6.3
inhibitor
AZT Pl 100 1.50+0.12 22.7+1.9
IDV Pl 100 2.42+0.12 36.7+ 1.7
SQV Pl 100 0.33+0.03 49+04
APV Pl 100 0.70+0.14 10.6 £2.1
LPV Pl 100 0.94 +0.05 142 +0.7
ATV Pl 100 1.02+0.10 154+14
DRV Pl 100 0.65+0.23 99+42
GRL-04810 Pl 100 3.16 £ 0.48 47.8+8.8
GRL-05010 Pl 100 4.08 +0.65 61.8+12.1
GRL-0739 Pl 100 1.80 + 0.66 27.3+10.1
GRL-10413 Pl 100 1.40+0.21 21.1+3.1
Caffeine Positive 100 6.60 76.4+2.4
control
Sucrose Negative 100 0.03 £ 0.005 0.33+0.13
control

The apparent permeability coefficient

values of other antiviral

drugs tested.

(Papp) Is a quantitative evaluation of the
efficacy with which a compound can
penetrate the BBB model in vitro [70]. Py,
= (A[C]abluminal/At) X (VA/A X [C]Iuminal),
(A[Clapluminai: drug concentration in the brain
side; At: experimental time; VA: brain side
volume; A: surface area of the membrane;
[Cliuminai: drug concentration in the blood
side. The Pap, values of GRL-04810 (47.8 x
10® cm/s) and GRL-05010 (61.8 x 10°
cm/s) were significantly greater than the Papp
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Compounds with P, values greater than 20
x 10° cm/s generally have efficient
penetration across the BBB; those with
values of 10 x 10 to 20 x 10° cm/s have an
average penetration, whereas those with
values lower than 10 x 10° cm/s penetrate
the BBB poorly [71].

To assess the efficacy of the drugs that
successfully crossed the brain interface in
the BBB assay, the susceptibility of
HIV-1. 4, to the recovered drugs from the
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abluminal side was determined in an MTT
assay employing MT-2 cells [62, 64, 65].
The antiviral activity of the recovered
GRL-04810, GRL-05010 and GRL-10413
was superior to that of DRV and the rest of
the tested Pls. All of them significantly
suppressed the replication of HIV-1, 4, and
HIV- 1grsi04pre More than other antiretroviral
agents including DRV. This implies
unambiguously that after crossing the BBB,
the drugs were molecularly unchanged and
retained their strong HIV-1 protease
inhibiting capability. These results indicate
that these drugs can possibly suppress the
replication of HIV-1 in CNS and thus
control chronic inflammation, which is a
crucial factor in the inception and
development of HAND.

The addition of fluorine atoms is
generally predicted to bestow greater

lipophilicity on certain compounds. It is
well-known that the lipophilicity of a drug is
important for its oral bioavailabilty,
absorption and BBB permeability [68, 69].
The shake flask method [62] is a rational
way for determining the partition (log P) and
distribution coefficients (log D) of drugs.
The log P evaluates the lipophilicity of a
molecule [72], while the log D does the
same for the ionized form of the compound,
in a Tris-buffered saline solution (pH 7.4).
In the logP study, GRL-04810 showed a
concentration of 72 puM in the octanol
(lipidic) interface, which was significantly
higher than GRL-05010 (14 uM) and DRV
(12 uM). The log D for GRL-05010 (-1.01)
and DRV (-1.03) were reasonable [73, 74],
while GRL-04810 was the most lipophilic
(logD -0.29).

Figure 2. GRL-05010-bound X-ray structure of HIV-1 protease. The inhibitor carbon atoms are shown in grey,
water molecules are red spheres, and the hydrogen bonds are indicated by dotted lines. Nonbonded interactions
of gem-difluorides with the carbonyl of Gly48 in the protease flap region are shown.
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We  conducted crystallographic
analysis to determine how the Pls interact
with HIV-1 protease. The interactions of
DRV (PDB entry 4HLA) with HIV-1
protease seen in a crystal structure share key
interactions with both GRL-04810 and
GRL-05010 (PDB ID: 4U8W). As shown in
Fig. 2, the inhibitor GRL-05010 is bound in
the active site cavity via a network of strong
hydrogen  bonding interactions  with
backbone atoms, as well as with the catalytic
aspartates of HIV-1 protease. The surface
view of GRL-05010-bound HIV-1 protease
is shown in Fig. 3. Both oxygen atoms
present in the bis-THF group of GRL-04810
and GRL-05010 have hydrogen bonding
interactions with the backbone nitrogens of
Asp29 and Asp30 in the S2 site of the
protease. As seen in the crystal structure
[63], GRL-05010 maintains a polar

interaction of the carbamate NH group with
the backbone carbonyl oxygen of Gly27.
The carbamate carbonyl oxygen and the
sulfonamide oxygen are hydrogen bonded
with the amides of Ile50 and Ile50° in the
flaps of HIV-1 protease through a bridging
water molecule. The methoxy oxygen of
GRL-04810 forms a hydrogen bond with the
NH of Asp30’. On the other hand, the NH
nitrogen of GRL-05010 forms strong polar
interactions with the Asp30’ NH and with
the backbone carboxyl of Asp30’. In
particular, intense interactions can be
observed between the carbonyl oxygen atom
of Gly48 in the flap region of the protease
and both fluorine atoms on the bis-THF
ligand. Not only does this enhance the
binding affinity, but it also provides stability
to the flexible flap region. Also, the fluorine
atoms can fill the vacant cavity near the flap

Figure 3. GRL-05010-bound X-ray structure of HIV-1 protease with protein surface is
shown in gray. Inhibitor carbon atoms are shown in torquois and fluroro-bis-THF surface is
shown inside the yellow wire mesh. All hydrogen bonds are indicated by dotted lines.
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of the protease. The P1 and P2’ aromatic
rings fill the S1 and S2’ sites, respectively,
wherecas the P1° isobutyl side chain
efficiently fills the hydrophobic pocket at
the S1° site. Thus, the excellent potency and
affinity of GRL-04810 and GRL-05010
toward HIV-1 protease can be justified by
this broad array of interactions.

GRL-0739 shared only a few common
interactions with the HIV-protease as
darunavir. A new H-bonding interaction of
the backbone atoms of Asp29 and Gly27
with a tricyclic moiety oxygen of GRL-0739
through a water molecule was observed. In
spite of showing an activity profile better
than darunavir, GRL-0739 did not seem to
have as many hydrogen bonding interactions
as darunavir [75]. While studying the
hydrophobic interactions of GRL-0739, it
seemed that the tricyclic ring and
methoxybenzene moieties of GRL-0739 had
much stronger van der Waals interactions
and larger surface area than darunavir.
Therefore, the fewer number of H-bonding
interactions are compensated by the better
hydrophobic contacts of GRL-0739, leading

to better anti-HIV-1 activity than
darunavir [64].
GRL-10413 showed similar

interactions as DRV (both hydrogen
bonding and VdW contacts). A strong
electron density for the chlorine atom in two
different configurations was observed. In the
major configuration, the positively charged
guanidinium group of Arg8 was found to
form a bidentate halogen bond with the
chlorine. In the minor configuration, the
chlorine atom is pointed toward the amide
plane between 1le50 and Gly49. In fact,
glycine is one of the most common amino
acids that is known to interact with

Copyright 2017 KEI Journals. All Rights Reserved

halogens. [76]. The influence of halogen
bonding on interactions of molecules with
proteins is well-studied [77]. Halogens
(especially fluorine and chlorine) not only
facilitate membrane permeability and
metabolic stability, but also enhance binding
affinity and specificity [78]. This excellent
binding profile of GRL-10413 supports its
enhanced antiviral activity [65].

3. CONCLUSION

HIV-Associated Neurocognitive
Disorder is a debilitating to devastating
complication of HIV infection. Success
with combined antiretroviral treatment
continues to improve life expectancy, but
with increasing age, manifestations of
neurocognitive  disorder for HIV/AIDS
patients are increasing.  Since HIV-1
protease inhibitors are an important
component of  current  antiretroviral
treatment regimens, targeting the CNS
sanctuary of HIV with new protease
inhibitors capable of crossing the blood-
brain barrier and interrupting HIV in the
brain may be key to treating or even
preventing HIV-associated  dementia.
Darunavir is an FDA-approved protease
inhibitor widely used in treatment-
experienced patients, with significantly
greater virological response and
immunological benefits compared to the
standard  care.  Our  structure-based
modification resulted in very potent brain-
penetrating protease inhibitors, GRL-04810
and GRL-05010. We have also designed
other inhibitors such as GRL-0739 and
GRL-10413 which show BBB efficacy. The
present data suggest that GRL-04810, GRL-
05010, GRL-0739 and GRL-10413 have
several advantages: (a) they form extensive
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interactions with the residues in the active
site of HIV-1 protease, leading to excellent
antiviral activity against a broad spectrum of
drug-resistant HIV-1 isolates and variants;
(b) the hydrophobic interactions, logP and
logD values indicate a very good
lipophilicity profile and (c) they can
efficiently penetrate the BBB and retain
their activity. Therefore, they possess
desirable features as a drug suitable for
treating patients infected with wild-type
and/or multidrug-resistant HIV-1 variants,
including HAND. The current data warrant
further consideration of these novel Pls for
the treatment of HIV/AIDS. It is necessary
to evaluate their other drug properties
including their pharmacokinetics,
pharmacodynamics, and oral bioavailability
in the clinical setting.

4. Abbreviations:
HAND: HIV-Associated Neurocognitive
Disorder

HIV/AIDS: Human immunodeficiency virus
infection and acquired immune deficiency
syndrome

CART: combined antiretroviral therapy

UNAIDS: The Joint United Nations
Programme on HIV and AIDS

IRIS: Immune reconstitution inflammatory
syndrome

CNS: Central Nervous System
CSF: Cerebrospinal fluid

CHARTER: CNS HIV AntiRetroviral
Therapy Effects Research

ANI: Asymptomatic
impairment

neurocognitive
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MND: Mild neurocognitive disorder
HAD: HIV-associated dementia
SD: standard deviation

ADC: AIDS Dementia Complex
HIVE: HIV-1 encephalitis

CT: Computerized  (or
tomography

computed)

SPECT: Single-photon emission computed
tomography

PET: Positron emission tomography
MRI: Magnetic Resonance Imaging
NFL: Neurofilament light chain

HAART: Highly active antiretroviral
therapy

CPE: CNS penetration-effectiveness score

NRTI: Nucleoside Reverse Transcriptase
Inhibitors

NNRTI: Non-Nucleoside
Transcriptase Inhibitors

Reverse

CCR5: Chemokine receptor type 5
PI: Protease Inhibitors
DNA: Deoxyribonucleic acid

PML.: Progressive multifocal

leukoencephalopathy

JC virus: John Cunningham virus

ECso: Half maximal effective concentration
CCs: 50% cytotoxic concentration

FDA: Food and Drug Administration

BBB: Blood-Brain barrier

TEER: Transendothelial electrical resistance

Papp: Apparent permeability coefficient
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MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide

PDB: Protein Data Bank

DMEM: Dulbecco’s modified Eagle’s
medium

bFGF: basic fibroblast growth factor
RAL.: Raltegravir
FTC: Emtricitabine
MVC: Maraviroc
AZT: azidothymidine
IDV: Indinavir

SQV: Saquinavir
APV: Amprenavir
LPV: Lopinavir
ATV: Atazanavir
DRV: Darunavir
VdW: Van der Waals
ZDV: Zidovudine
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