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Abstract

Opioid substitution and antiretroviral therapies have steadily increased the life spans of AIDS
patients with opioid addiction, while the adverse drug-drug interactions and persistence of HIV-
associated neurocognitive disorders still require new strategies to target opioid abuse and HIV-1
comorbidities. A bivalent ligand 1 with a 21-atom spacer was thus synthesized and explicitly
characterized as a novel pharmacological probe to study the underlying mechanism of opioid-
enhanced NeuroAIDS. The steric hindrance generated from the spacer affected the binding affinity
and Ca2* flux inhibition function activity of bivalent ligand 1 at the chemokine receptor CCR5
more profoundly than it did at the mu opioid receptor (MOR). However, the CCR5 radioligand
binding affinity and the Ca2* flux inhibition function of the ligand seemed not necessarily to
correlate with its antiviral activity given that it was at least two times more potent than maraviroc
alone in reducing Tat expression upon HIV-1 infection in human astrocytes. Furthermore, the
ligand was also about two times more potent than the simple mixture of maraviroc and naltrexone
in the same viral entry inhibition assay. Therefore bivalent ligand 1 seemed to function more
effectively by targeting specifically the putative MOR—-CCRS5 heterodimer in the viral invasion
process. The results reported here suggest that a properly designed bivalent ligand may serve as a
useful chemical probe to study the potential MOR—CCRS5 interaction during the progression of
NeuroAIDS.

Keywords
MOR; CCR5; bivalent ligand; functional selectivity; NeuroAIDS

Introduction

Drug abuse and acquired immunodeficiency syndrome (AIDS) are two intertwined
epidemics which still pose a huge challenge in the modern society.! Statistics showed that
injecting drug use was responsible for nearly 10% of the global human immunodeficiency

Supporting Information
Synthetic procedure and spectral characterization of monovalent ligand 6, and experimental procedures for the biological assays. This
material is available free of charge via the Internet.
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virus (HIV) infection while HIV infection could also increase drug addiction
vulnerability. 2-3

Among the abused substances, opioids account for the third major class behind cannabis and
amphetamines.? Studies have shown that chronic opioid use and abuse have severe negative
impact on the immune system.> Furthermore, opioids may intrinsically promote the
pathogenesis of AIDS directly through central nervous system (CNS).8 As a result, chronic
opioid use and abuse not only compromise HIV medical treatment,’ but also exacerbate
NeuroAIDS, neurodegenerative diseases caused by chronic HIV infection8. Although opioid
substitution therapy (OST) has improved opioid-dependent HIV patients’ adherence to the
antiretroviral therapy, the overall effect was compromised by the adverse drug-drug
interactions between substituted opioids and anantiretroviral agents.? Therefore, new
strategies are still urgently desired to treat opioid abuse and HIV-1 comorbidities.

One of the pathways that opioids accelerate HIV-1 infection and AIDS progression is
through upregulation of the chemokine receptor CCR5 and CXCR4 (two major HIV-1 entry
co-receptors), as well as a number of proinflammatory chemokines.® While there are at least
three types of opioid receptors, opioids analgesic and dependence/addiction liability are
predominantly attributed to the activation of the mu opioid receptor (MOR).1% Accumulating
in vitro studies have demonstrated that the CCR5 and the MOR, two members of the G-
protein coupled receptor (GPCR) super family, may undergo crosstalking through
dimerization.11-15

It has been reported that GPCR dimerization may lead to a differentiated pharmacology
from that of the monomers for some GPCRs.16: 17 Hence, it is tempting to speculate that
under certain conditions, a ligand that could interact simultaneously with both receptors of
the heterodimer might display a distinct biology profile from that of the ligands which can
only interact with one of them. A number of bivalent ligands have been developed to study
the biological and pharmacological process of GPCR dimerization.? Thus, in order to study
the putative MOR-CCR5 heterodimer, a bivalent ligand 1 (Figure 1) that combines the
pharmacophores of naltrexone (a MOR antagonist) and maraviroc (a CCR5 antagonist) into
one molecule was designed and synthesized.® We here report the comprehensive
characterization of this novel molecule for its binding affinity, Ca2* flux functional activity,
and HIV-1 inhibition potency.

Results and discussion

Bivalent ligand 1 was first characterized in hMOR-expressed CHO cells in the competitive
radioligand binding assay as described previously.18:19 As shown in Table 1, bivalent ligand
1 retained moderate binding affinity to the MOR, as indicated by the two-digit nanomolar K;
value. Monovalent ligand 2 displayed relatively high MOR affinity compared to the parent
compound, naltrexone. The decreased binding affinity compared to the parent
pharmacophores has been reported for several series of bivalent ligands targeting the MOR.®
In our case the adoption of the 21-atom spacer was based on several reported GPCR bivalent
ligands,® while it seemed to deserve further elaboration and exploration.

As Ca?* flux is associated with the activation of the MOR,20-22 the functional activity of
bivalent ligand 1, monovalent ligand 2, and naltrexone was then evaluated in a Ca2*
mobilization assay in h(MOR-CHO cells transfected with chimeric Ggjs following a
published protocol.23 No agonism was observed for any of the tested compounds (data not
shown). Thus, they were further assessed for their antagonist properties as the ability to
inhibit DAMGO (a MOR agonist) induced Ca2* flux. As shown in Table 1, the potency of
bivalent ligand 1 to antagonize DAMGO-induced Ca?* flux was modestly reduced (less than
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5-fold) compared to that of naltrexone. Nevertheless, bivalent ligand 1 did fulfill the original
design as a potent MOR antagonist with moderate binding affinity.

Afterwards, the pharmacological profile of bivalent ligand 1 at the chemokine receptor
CCR5 was characterized consequently. The competitive radioligand binding assay was
conducted in CCRS5 rhesus macaque membrane preparations from Chem-1 cells.
Monovalent ligand 3 and compound 4, an analogue of maraviroc, were tested along under
the same condition. Introduction of the 4-NH, group onto the phenyl ring of maraviroc, as
seen in compound 4, caused approximately 65-fold decrease in the binding affinity,
compared to maraviroc. The decrease of the binding affinity was even more profound for
bivalent ligand 1 and monovalent ligand 3, as their K values dropped to submicromolar
range, respectively. Apparently a para-substitution on the phenyl ring of maraviroc, no
matter its size, is detrimental for the CCR5 binding (Table 2).

Then the Ca2* functional activity of bivalent ligand 1 was evaluated in the Gyis transfected
CCR5-MOLT-4 cells as described in the literature.2® As expected, no CCR5 agonism was
detected for the bivalent ligand 1 (data not shown). In the RANTES induced Ca2* flux
inhibition assay (Table 2), the bivalent ligand 1 was approximately 60-fold less potent than
maraviroc. A more significant potency decrease (nearly 300 times) was observed for the
monovalent ligand 3, compared to maraviroc. In order to figure out the possible reasons for
such a dramatic drop of their potency, two analogues (4 and 5, Figure 1) of mavaviroc
carrying gradient steric hindrance characters at the same substitution position were evaluated
under the same condition. Compound 4 showed a modest reduction of the potency (Table 2).
However, the inhibition potency of the AV-£Boc protected analogue 5 dropped to micromolar
(IC50 = 1.57 £ 0.18 uM). It thus appeared that steric hindrance may play an essential role for
the reduced potency, as seen in both the bivalent ligand 1 and the monovalent ligand 3. To
further test this hypothesis, a monovalent ligand 6 (Figure 1) with a 7-atom spacer was
synthesized and assessed under the same conditions. The inhibition potency of the
monovalent ligand 6 (IC5g = 7.91 £ 0.76 ;M) was further reduced compared to analogue 5.
This again suggested that steric hindrance generated through introducing substitutions onto
the para-position of phenyl ring system in maraviroc is disadvantageous for its antagonism
in Ca2* mobilization. Nonetheless, being a CCR5 antagonist, bivalent ligand 1 still met the
basic requirements of the original design though its relatively lower binding affinity to the
CCRS5 was somehow less promising.

As the bivalent ligand 1 has been designed as a molecular probe to study the underlying
mechanisms of opioid-enhanced NeuroAIDS by targeting the MOR-CCR5
heterodimerization, a luciferase-based HIV-1gg; 6, infection assay measuring the relative
transactivator of transcription (Tat) protein expression in human astrocytes was performed
(Figure 2). Tat is encoded by HIV-1 and is the first protein to be produced after HIV-1
infection.24 Thus, Tat expression level is directly proportioned to the extent of HIV-1
invasion. Astrocytes were chosen based on the following facts: first, astrocytes express both
the MOR and the CCR5;2% 26 Second, the human blood-brain barrier (BBB) is composed of
interacting adjacent cerebral endothelial cells (CECs) and astrocytes,® which makes
astrocytes a readily accessible target during the course of HIV infection; Thirdly, during
NeuroAIDS development astroglia are important cellular sites within the CNS where opioids
synergistically potentiate the pathophysiological effects of HIV-1 infection.27-29

In Figure 2 it showed that the relative Tat expression was significantly increased in
astrocytes after infection with R5 HIV-1gg44, isolated from the CNS of AIDS patients. As
expected, exposure to maraviroc (MVC, 100 nM) considerably inhibited viral entry by
interrupting the role of CCRS5 as a co-receptor of HIV-1. In contrast, naltrexone (NTX, 1.5
uM) did not show significant effect on Tat production. Not surprisingly, the blockage of
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virus infection by a simple mixture of maraviroc (100 nM) and naltrexone (1.5 M) was
similar to the effect from maraviroc alone. However, in a dose response screening (see
Supplementary Information) bivalent ligand 1 (100 nM) was significantly effective in
inhibiting viral entry into human astrocytes, causing at least a two-fold decrease in Tat
expression when compared to maraviroc alone, or the combination of maraviroc and
naltrexone, respectively. In a separate study the bivalent ligand 1 (100 nM) did not affect the
viability of astroglial cells using dual (green/red) fluorescence labeling with AOPI (data not
shown). The results thus indicated that the bivalent ligand 1 might function as a potent
HIV-1 inhibitory agent in human astrocytes through interacting specifically with the putative
MOR-CCR5 heterodimer.

During the development of CCR5 antagonists as anti-HIV agents, Lemoine ef a/. found that
there was no definite correlation between the radioligand binding affinity and the antiviral
activity.30 Meanwhile, a number of GPCR ligands have been proposed to show “functional
selectivity: differences in ligand-induced intermediate conformational states, diversity of G
proteins, scaffolding and signaling partners, and receptor oligomers may lead to different
functions”.31 Based on the results obtained from the current study for bivalent ligand 1 and
maraviroc, a possible mechanism of their “functional selectivity” from the receptor
dimerization prospective was proposed (Figure 3). In the radioligand binding assay from the
Chem-1 cell membrane and Ca2* functional assay in MOLT-4 cells, the CCR5 receptor may
exist as monomer or homodimers. The conformation of maraviroc may fit the binding
pocket of the CCR5 monomer and/or the homodimer nicely to induce its function. Whereas
in the HIV-1 invasion assay, CCR5 and MOR may form heterodimers in the human
astrocytes, and the subsequent conformation change might enable the binding pocket of
CCR5 to accommodate the bivalent ligand (the conformation of the CCR5 antagonist
pharmacophore portion might also be changed due to the introduction of the spacer and the
MOR antagonist portion) to induce the inhibition of viral entry. On the contrary, the bivalent
molecule may not fit as well as maraviroc could into the binding pocket of the CCR5
monomer and/or homodimer. Similarly maraviroc may not recognize the CCR5 heterodimer
binding pocket as well as the bivalent ligand could. As a result, maraviroc was observed to
be much more potent than bivalent ligand 1 in the monocloned receptor competition binding
assay and the Ca2* flux inhibition assay while bivalent ligand 1 apparently was more potent
than maraviroc to inhibit HIV-1 infection in the invasion assay. A similar scenario could be
speculated for the MOR binding pocket recognition process. Meanwhile such speculation
does not exclude the existence of functional CCR5 monomers or homodimers in astrocytes,
either other possible mechanisms (e.g. lipid raft32 involvement in the receptor dimerization).

Conclusions

In conclusion, the bivalent ligand 1 acted as a CCR5 and a MOR dual antagonist with
moderate binding affinity to both receptors compared to the parent pharmacophores. The
steric hindrance generated from the introduction of the spacer to the molecule affected its
binding and Ca2* function activity at the CCR5 more profoundly than it did at the MOR,
whereas it was more potent than maraviroc in reducing Tat expression upon HIV-1 infection
in human astrocytes. It thus seemed that small molecule maraviroc and bivalent ligand 1
displayed a “functional selectivity” profile upon binding to the CCR5 under different
circumstances. More importantly, bivalent ligand 1 was two times more potent than the
mixture of maraviroc and naltrexone in HIV-1 entry inhibition. The results reported here
thus support the hypothesis that a properly designed bivalent ligand could block HIV-1
invasion into host cells by targeting specifically the putative MOR—CCRS5 heterodimer,
which makes the bivalent ligand 1 a useful chemical entity to study the mechanism of opioid
abuse-enhanced NeuroAIDS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of bivalent ligand (1), monovalent ligands (2, 3, 6), and maraviroc
analogues, 4 and 5.
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Figure 2.

HIV-1gg167 infectivity in human astrocytes (HA) was determined based on the relative
amount of Tat protein expressed by the virus using a luciferase based assay. Dose response
effect was first studied for each compound (See Supporting Information). Values are
absorbance + SEM (x-axis) of three independent experiments at 18 h post-infection
[Maraviroc (MVC), 100 nM; naltrexone (NTX), 1.5 uM; bivalent ligand 1, 100 nM; *p <
0.005 vs. uninfected cells (control); $p< 0.05 vs. R5 HIV-1; 8p< 0.05 vs. R5 + MVC; Tp<
0.05vs. R5 + NTX].
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Schematic illustration of the proposed mechanism for the “functional selectivity” of bivalent
ligand 1 and maraviroc in the radioligand binding assay, Ca?* flux inhibition assay, and
HIV-1 invasion assay. The CCR5 receptor may exist as monomer or form homodimers in

the monocloned receptor expressed assays while the CCR5 and the MOR may exist as
heterodimers in the human astrocytes and the CCR5 binding pocket in the heterodimer

might accommodate the bivalent ligand preferably.
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Table 1

MOR Radioligand binding assay and DAMGO stimulated Ca2* flux assay?

Radioligand binding  Ca?* inhibition

Compound
Kij = SEM (nM) 1C5p + SEM (nM)
naltrexone 0.7+£0.1 89+0.9
1 51.8+7.9 40.0+4.8
2 9.2+34 37.8+4.4

a[3H]nanxone was used as the radioligand in the binding assay. The values are the means + S.E.M. of three independent experiments.
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Table 2

CCR5 Radioligand binding assay and RANTES stimulated Ca2* flux assay?

Radioligand binding  Ca?* inhibition

Compound
Kij = SEM (nM) 1C5p + SEM (nM)
maraviroc 0.24 £0.06 22+03
1 239 + 56 126 + 28
3 151+ 44 622 + 36
4 153+438 142+19

a - . - . .
[125I]MIP—1a was used as the radioligand in the binding assay. The values are the means + S.E.M. of three independent experiments.
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