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ABSTRACT

Opioid abuse has been postulated as a co-factor in the immunopathogenesis of HIV
infection and AIDS. We and others have recently demonstrated that opioid enhances HIV
infection of human macrophages through modulation of 3-chemokines and the CCR5 receptor,
and that this effect is reversed by naltrexone, atertiary opioid antagonist. Tertiary opioid
antagonists cannot be used in opioid-dependent patients because they precipitate withdrawal or
reversal of analgesia. We determined whether the quaternary opioid antagonist,
methylnaltrexone (MNTX), now in Phase ll1 clinical trials for opioid-induced constipation,
reverses the opioid-mediated enhancement of HIV infection of macrophages at clinically
relevant doses. MNTX completely abrogated morphine-induced HIV Bal strain infection of
macrophages. MNTX also inhibited the R5 strain (ADA) envelope-pseudotyped HIV replication
induced by morphine. Furthermore, MNTX abolished morphine-mediated up-regulation of
CCRS receptor expression. The ability of MNTX to block opioid-induced CCR5 expression and
HIV replication at clinically relevant doses may have additional benefit for opioid abusers with

HIV infection, or patients with AIDS pain receiving opioids.
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Drug abuse by injection remains a significant risk for acquiring human
immunodeficiency virus (HIV) infection (Risdahl et al., 1998). In fact, drug abuse represents
one of the largest reservoirs of HIV in the United States and contributes to faster spread of the
virus (Alcabes and Friedland, 1995). Approximately 30% of patientswith AIDS have a history
of drug abuse of opioids. Opioids exert profound effects on the function of immune system cells
(Nair et al., 1997; McCarthy et al., 2001; Kulkarni-Narla et al., 2001) and are implicated as
cofactorsin the immunopathogenesis of HIV (Risdahl et al., 1998; Alcabes and Friedland, 1995;
McCarthy et al., 2001; Donahoe and Falek, 1988). Studiesusing cellsin vitro have
demonstrated that morphine activates and enhances HIV replication in human immune cells
(Peterson et al., 1990; Peterson et al., 1994; Chao et al., 1995). We have recently shown that
opioids, including morphine and methadone, enhance HIV infection of human immune cells (Li
et a., 2002; Guo et a., 2002). Morphine enhances HIV infection of macrophages through
modulation of 3-chemokine production and expression of the HIV primary co-receptor CCR5.
This opioid-mediated effect can be reversed by the opioid receptor antagonist, naltrexone, a
tertiary opioid antagonist (Li et al., 2002; Guo et al., 2002). Because tertiary opioid antagonists
cannot be used in opioid-dependent patients without precipitating withdrawal, we wished to
determine whether the quaternary peripheral opioid antagonist methylnaltrexone (Progenics
Pharmaceuticals, Tarrytown, NY), now in Phase 11 clinical trials for opioid-induced constipation
(Yuan et al., 2000a), antagoni zes opioid-induced CCR5 expression and HIV infection of

macrophages.
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MATERIALSAND METHODS
Monocyte | solation and Culture

Informed consent was obtained from study participants after our Institutional Research
Board approved this study. Periphera blood was obtained from healthy adult donors without
known history of drug abuse. Heparinized blood samples were identified as HIV antibody
negative by anonymous testing with the ELISA method (Coulter Immunology, Hialeah, FL).
Monocytes were purified according to a previously described technique (Hassan et al., 1986). In
brief, heparinized blood was separated by centrifugation over lymphocyte separation medium
(Organon Teknika Corporation, Durham, NC) at 400 to 500 x g for 45 min. The mononuclear
cell layer was collected and incubated with Dulbecco’s modified eagle’ s medium (DMEM, Life
Technologies, Grand Island, NY) in a 2% gelatin-coated flask for 45 min at 37°C, followed by
removal of the non-adherent cells with DMEM. Adherent monocytes were detached with 10mM
edetic acid (EDTA). After theinitial purification, greater than 97% of the cells were monocytes,
as determined by nonspecific esterase staining and flow cytometry analysis using monoclonal
antibody (mAb) against CD14, the marker specific for monocytes and macrophages. Freshly
isolated monocytes were plated in 48-well culture plates at adensity of 5 x 10° cells/well in
DMEM containing 10% fetal calf serum. Monocyte-derived macrophages (MDMs) were seven-
day-cultured monocytesin vitro. Monocyte and MDM viability was monitored by trypan blue

exclusion and maintenance of cell adherence.
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Reagents

Fluorescein-conjugated antibody against CCR5 was obtained from PharMingen (San
Diego, CA). Fluorescein-conjugated isotype-matched 1gG2b control was purchased from
PharMingen. Morphine sulfate was obtained from Elkins-Sinn, Inc. (Cherry Hill, NJ).

M ethylnaltrexone was obtained from Mallinkrodt (St. Louis, MO).

HIV Strain
The macrophage-tropic R5 strain (Bal) was obtained from the AIDS Research and

Reference Reagent Program, National Institutes of Health, Bethesda, MD.

Preparation of Pseudotyped HIV

Recombinant luciferase-encoding HIV virions were pseudotyped with the envelopes
(Env) from macrophage-tropic (ADA) or amphotropic murine leukemiavirus (MLV). Human
embryonic kidney cell line (293T) was co-transfected with the plasmids encoding either ADA
Env or MLV Env and the plasmid-containing, luciferase-encoding NL4-3 HIV backbone (pNL-
Luc-ER’). Supernatants were collected as virus stock 48 h later. The plasmids encoding HIV,
ADA, or MLV Env were generously provided by John Moore (Aaron Diamond AIDS Research
Center, New York, NY), and the plasmid with luciferase-encoding NL4-3 HIV backbone was
provided by Ned Landau (Aaron Diamond AIDS Research Center). All virus stocks were

assayed for p24 antigen and stored at -70°C as cell-free virus after filtration through a filter with

apore size of 0.22 um.
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Rever se Transcriptase Assay

HIV reverse transcriptase activity was determined based on the technique of Willey et al.
(Willey et al., 1988) with modifications (Li et al, 2002; Guo et a., 2002). In brief, 10 ul of
collected culture supernatants was added to a cocktail containing poly (A), oligo (dT) (Pharmacia
Inc., Piscataway, NJ), MgCl, and *P dTTP (Amersham Corp., Arlington Heights, IL) and
incubated for 20 h at 37°C. Then 30 ul of the cocktail was spotted onto DE81 paper, dried, and
washed 5 times with 2 x saline-sodium citrate buffer and once with 95% ethanol. The filter
paper was then air-dried. Radioactivity was counted in aliquid scintillation counter (Packard

Instrument Inc., Palo Alto, CA).

Flow Cytometry

To determine whether morphine and/or MNTX affect the expression of CCR5 on MDMs,
cells were incubated with or without MNTX (108 M) for 30 min before the addition of morphine
(10" M) for 24 h. The cells were then removed from the culture plate and resuspended in 100
ul of phosphate-buffered saline (PBS). After incubation with 20 ul of FITC-conjugated antibody
against CCR5 for 45 min at 4°C, the cells were washed twice with PBS and fixed with 1%
paraformaldehyde in PBS. FITC-conjugated control 1gG2b was isotype-matched for the
antibody against CCR5. Fluorescence was analyzed on an EPICS-elite flow cytometer

(Beckman Coulter Electronics, Hialeah, FL).

Pseudotyped Reporter Virus Entry Assay
Seven-day-cultured MDMs in 48-well plates (5 x 10° cells'well) were incubated with

MNTX for 30 min before the addition of morphine (10™° M). The cells were infected with
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pseudotyped HIV in the presence of polybrene (4 ug/ml) as described previously. At 72 h post-
infection, the cells were lysed in 150 pl of 1 x reporter lysis buffer (Promega Corp., Madison,
WI). Thelysate (50 ul) was mixed with an equal volume of luciferase substrate (Promega Corp.,

Madison, WI) and luciferase activity was then determined in aWallac Trilux Microbeta

Luminometer (Wallac, Turku, Finland).

MNTX or Morphine Treatment and HIV Infection

Seven-day-cultured MDM (5 x 10° cells'well in 48-well plates) were incubated with or
without MNTX (108 M) and/or morphine (10° M) before infection with the HIV Bal strain. In
the case of combination treatment of cells with morphine and MNTX, MNTX was added to the
MDM cultures 30 min prior to the addition of morphine for 24 h. The cells were then infected
with cell-free HIV for 2 h at 37°C in the presence or absence of MNTX and/or morphine. The
cells were then washed three times with DMEM to remove unabsorbed virus, and fresh medium
containing MNTX and/or morphine was added to cell cultures. The final wash was tested for
viral reverse transcriptase activity and shown to be free of residual inocula. Untreated cells
served as controls. The cells were treated with or without morphine every 4 days post-infection.

Culture supernatants were collected for assay at day 8 post-infection.
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RESULTS

Effect of MNTX on Morphine-Mediated Enhancement of HIV Infection. Since we
have demonstrated that morphine enhances HIV infection of MDM and naltrexone reverses
morphine action (Li et al., 2002), we wished to determine whether MNTX blocks the promoting
effect of morphine on HIV replication. We incubated macrophages with or without MNTX (10°®
M) for 30 min, and then incubated them with morphine for 24 h. The cells were infected with
HIV Bal strain for 2 h and the supernatants at day 8 post-infection were collected for HIV
reverse transcriptase activity assay. Morphine (10™° M) enhanced HIV infection of macrophages
approximately threefold, which is consistent with our previous reports (Li et al., 2002); pre-

incubation of MDMswith MNTX completely blocked the morphine effect (Figure 1).

Effect of MNT X on Pseudotyped HIV Infection. Since opioids up-regulate the
expression of HIV entry receptors such as CCR5 (Li et al., 2002; Guo et al., 2002; Miyagi et al.,
2000), we determined whether MNTX blocks morphine-mediated enhancement of HIV infection
of MDM through viral entry. We first examined the effect of MNTX on ADA (CCR5-dependent
and macrophage-tropic) Env- or MLV (HIV receptor-independent) Env-pseudotyped HIV
infection of MDM. The pseudotyped HIV genome that encodes a luciferase reporter gene allows
a quantitative measure of the levels of single round infection (Deng et al., 1996). MDMs,
incubated with or without morphine and/or MNTX (10®M), were infected with luciferase-
encoding HIV particles pseudotyped with ADA Env or MLV Env. When infected with ADA
Env-pseudotyped virus, a significant 2.8- fold increase of luciferase activity was observed in the

morphine-treated MDM s as compared to the untreated MDM (Figure 2). MNTX completely
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blocked morphine-induced up-regulation of HIVADA Env-pseudotyped HIV infection (Figure
2). Asexpected, morphine did not affect MLV Env-pseudotyped HIV infection of MDMs
(Figure 2). The addition of MNTX alone had no impact on either ADA Env- or MLV Env-
pseudotyped HIV infection (Figure 2). The blocking effect of MNTX on morphine-mediated up-
regulation of ADA Env-pseudotyped HIV infection was dose-dependent (Figure 3). MNTX at
the concentrations of 10°-10"® M blocked morphine action; MNTX at 10°M lost its blocking

effect on morphine (Figure 3).

Effect of MNTX on Morphine-Mediated CCR5 Expression. The CCR5 receptor isa
primary co-receptor for HIV R5 strain entry into macrophages (Deng et a., 1996). Morphine has
the ability to induce CCR5 expression in human immune cells (Guo et al., 2002; Miyagi et al.,
2000). We speculated that MNTX blocks the inducing effect of morphine on CCR5 expression
when added to MDM cultures. Pre-treatment of MDM with MNTX blocked morphine-induced

CCR5 expression; MNTX alone had no effect on CCR5 expression (Table 1).

10
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DISCUSSION

In this communication, we used the in vitro macrophage system to assess the effect of
MNTX on morphine-induced CCR5 expression and HIV replication. MNTX completely
blocked the morphine-induced replication of the HIV Bal strain in macrophages. This effect
occurred at the HIV entry step, since MNTX abrogated morphine-mediated enhancement of
ADA Env-pseudotyped HIV infection and had no effect on MLV Env- pseudotyped HIV
infection. These data are consistent with our previous report that naltrexone blocked morphine
action on HIV infection of macrophages (Li et al., 2002). We also assessed the effect of MNTX

on morphine-mediated CCR5 expression in macrophages (Table 1).

MNTX isaquaternary derivative of the pure narcotic antagonist naltrexone. Antagonists
such as naloxone, naltrexone and nalmefene, as tertiary compounds, are fairly lipid soluble and
cross the blood-brain barrier easily. Addition of the methyl group to naltrexone at the aminein
the ring forms a compound, N-methylnaltrexone, with greater polarity and lower lipid solubility.
Although we have not directly measured intracellular concentrations, MNTX does not cross the
blood-brain barrier. The lack of penetration into the central nervous system permits
discrimination between the analgesic and constipating effects of opioids (Yuan et al., 1996). In
arecent study, 33 patients with advanced medical iliness (four with AIDS) experiencing opioid-
induced constipation were treated with subcutaneous methylnaltrexone (1, 5, 12.5, 20 mg). Of
patients who received doses of greater than or equal to 5 mg, 60% laxated within 4 hours
compared to 8% at lower doses (p = < 0.0001 Fisher's exact test). Importantly, no patients

experienced withdrawal and there was no increase in analgesic use, supporting the inability of

11
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the drug to cross the blood-brain barrier (Thomas et al., 2003). Also, because of its polarity,
MNTX discriminates between cell membrane effects and intracellular effects. The fact that
MNTX attenuates opioid-mediated enhancement of CCRS5 receptor expression (Table 1)
strongly suggests that the mechanism is initiated at the cell membrane, which is consistent with

our observations (Figure 2) in the experiments using pseudotyped HIV.

The actions of opioids on the immune system are complex and involve both cytokine
production and the expression of cytokine receptors. Previous studies suggest that kappa
agonists and mu receptor ligands exert different effects. Kappa opioids may attenuate HIV
proliferation whereas mu opioids may in fact lead to increased expression of the CCR5 receptor
in monocytes (Rogers and Peterson, 2003; Chao et al., 1995; Chao et al., 1998; Chao et al.,
2000). Itislikely that the action of MNTX in this study was mediated through its activity on the
mu opioid receptor. A previousin vitro study showed that MNTX completely antagonized the
action of the mu opioid receptor agonist (Y uan and Foss, 1999). In that study, a 19-fold higher
concentration of the compound was required to achieve asimilar effect with a kappa opioid
receptor agonist (U-50488H). MNTX did not antagonize the delta receptor agonist’s activity
within the concentration range tested. In addition, effects of DAMGO and U-550488 were

reversed by naloxone, the non-selective opioid receptor antagonist.

In prior studies of parenteral and oral administration of MNTX, the effect on CCR5
expression and viral replication occurred well within the therapeutic range required to cause
laxation. In our study of patients who received methadone maintenance and mean doses of 0.1

mg/kg MNTX intravenoudly, all patients had immediate laxation without evidence of

12
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withdrawal. Mean peak plasmalevels of MNTX were 162 ng/ml (range, 33 — 774 ng/ml) (Yuan
et al., 20004). In arecent study, after repeated IV doses of MNTX in volunteers, levels of
plasmaMNTX were maintained well above the range in which we observed the CCRS effect
(Yuan et a., 2003). In another study of subcutaneous MNTX, volunteers who received 0.1
mg/kg achieved sustained plasma levels of >10 ng/ml (Yuan et a., 2002). Administration of
subcutaneous MNTX over a month was not associated with tolerance to Gl effects (Thomas et
a., 2003). Finaly, we have observed that oral administration of MNTX attenuates not only
constipation, but also the systemic effects of opioids (nausea, skin itch, flushing) at plasma
concentrations of 10 ng/ml (25 nM) (Yuan et al., 1997; Yuan et al., 2000b), severalfold higher
than is necessary to achieve the effect observed on CCR5 and transcript number (Yuan et al.,
1998). Although the concentration tolerance and stability of MNTX dosing do not appear to be
an issue in reversing opiate-induced constipation, whether the in vitro effect on MDMswe have
observed can be extrapolated to a direct therapeutic role remains unproven. Alvimopan, another
selective opioid antagonist, isin late stage development for prophylaxis of postoperativeileus
and treatment of opioid-induced constipation, but it is not available for parenteral use and

purportedly does not enter the systemic circulation (Taguchi et a., 2001).

Because opioid antagonists such as naltrexone cannot be used in opioid-dependent
patients without precipitating withdrawal, our data, demonstrating that MNTX reversed the
opioid-induced increase in HIV infection of macrophages, suggest a potential therapeutic role for
MNTX. Patients with AIDS who take opioids for pain or HIV-infected opioid abusers, who
account for approximately 30% of the drug abuse population, could potentially receive MNTX

for opioid-induced congtipation. Since morphine or methadone at therapeutic doses enhances

13

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 14, 2003 as DOI: 10.1124/jpet.103.056697
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #56697

HIV infection of macrophages through up-regulation of CCR5 receptor expression, MNTX
treatment may have an additional benefit for opioid abusers with HIV infection. It has recently
been suggested that agents that target viral entry may offer significant advantages over those
which interfere with steps in the viral cycle after the cell has been infected (Kilby and Eron,
2003). Further investigations are needed to determine the mechanism(s) responsible for opioid-
mediated induction of the CCR5 receptor and to evaluate the impact of MNTX on CCR5

receptor expression and viral load in vivo using HIV-infected opioid-abusing subjects.
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FIGURE LEGENDS

Figurel

Effect of MNTX on HIV infection of monocyte-derived macrophages (MDMs). MDMs cultured
for 7 days were pre-incubated with or without MNTX and/or morphine (Mo) for 24 h, and then
infected with HIV Bal strain. HIV reverse transcriptase activity was determined 8 days post-
infection. The data shown are mean + SEM of triplicate cultures, representative of three

independent experiments.

Figure2

Effect of MNTX on pseudotyped HIV infection of MDMs. MDMs cultured for 7 days were
treated with or without MNTX and /or morphine (Mo) for 24 h, and then challenged with
recombinant luciferase-encoding HIV pseudotyped with either ADA-Env or MLV-Env.
Luciferase activity was quantitated in the cell lysates 72 h post-infection. The data are expressed
as light units of MNTX and/or morphine-incubated cells relative to that of controls. The data

shown are mean + SEM of triplicate cultures and representative of three experiments.

Figure3

Effect of different concentrations of MNTX on ADA-Env pseudotyped HIV infection of
MDMs. MDMs cultured for 7 days were treated with or without MNTX (10"*%-10® M) and /or
morphine (Mo, 10"°M) for 24 h, and then challenged with recombinant luciferase-encoding HIV
pseudotyped with ADA-Env. Luciferase activity was quantitated in the cell lysates 72 h post-
infection. The data are expressed as relative light units. The data shown are mean + SEM of

triplicate cultures, representative of three experiments.
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Tablel

The Effect of Methylnaltrexone on CCR5 Receptor Expression in Monocyte-Derived

M acr ophages
CCR5
Treatment
% of Positive Cdlls MFI*

Control 15.84 35.73
Mor phine (10°M) 55.26 103.64
Morphine (10'°M) + 20.29 30.55
MNTX (10°M)

MNTX (10°M) 11.1 26.84

*MFI: mean channd fluorescence intensity
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