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Several micro RNAs (miRNAs) have the ability to in-
hibit HIV replication in target cells. Thus, we investi-
gated the impact of opioids (morphine and heroin),
widely abused drugs among people infected with HIV,
on the expression of cellular anti-HIV miRNAs in
monocytes. We found that morphine-treated mono-
cytes expressed lower levels of cellular anti-HIV
miRNAs than untreated cells. In addition, morphine
treatment of monocytes compromised type I inter-
feron (IFN)-induced anti-HIV miRNA expression.
These findings paralleled the observation that mor-
phine treatment of monocytes enhanced HIV replica-
tion. These morphine-mediated actions on the anti-HIV
miRNAs and HIV could be antagonized by the opioid
receptor antagonists (naltrexone or Cys2, Tyr3, Arg5,
Pen7-amide). Furthermore, the in vitro impact of mor-
phine on miRNA expression was confirmed by the in
vivo observation that heroin-dependent subjects had
significantly lower levels of anti-HIV miRNAs (miRNA-
28, 125b, 150, and 382) in peripheral blood mononu-
clear cells than the healthy subjects. These in vitro and
in vivo findings indicate that opioid use impairs intra-
cellular innate anti-HIV mechanism(s) in monocytes,
contributing to cell susceptibility to HIV infection. (4m
J Patbol 2011, 178:41—47; DOI: 10.1016/j.ajpath.2010.11.042)

The HIV epidemic is being driven by drug abusers in the
United States and other regions in the world. Opioids are
widely abused drugs in the United States. Opioid absers
have a higher incidence of infectious diseases, which

may be directly related to impaired immune functions.’=©

Opioids, such as morphine, exert a profound influence on
immunomodulatory activity. The administration of mor-
phine to rodents suppresses a variety of immune re-
sponses that involve the major cell types of the immune
system, including natural killer cells, T cells, B cells,
monocytes, macrophages, and polymorphonuclear leu-
kocytes.” Morphine is known to inhibit specific immuno-
cyte activities, such as monocyte respiratory burst,®
chemotaxis,® and phagocytosis.'® Morphine induces ap-
optosis of macrophages and microglia.”™'® Morphine
decreases the levels of IFN-y and interleukin-2 in human
T cells.”® Morphine, through the suppression of IFN-y,
compromised CD8" T-cell-mediated noncytolytic anti-
HIV activity in both acute and latently infected immune
cells.™ Morphine induces the expression of HIV entry
coreceptors (B-chemokine receptor 5 and a-chemokine
receptor 4) in the immune cells and facilitates HIV repli-
cation in vitro.’®'® In addition, several in vivo studies
suggested that opioid use may promote HIV disease
progression.?°~22 These in vitro and in vivo findings indi-
cate that opioids can function as cofactors in the immu-
nopathogenesis of HIV disease.

Although it is known that opioids, such as morphine,
exert a profound influence on immunomodulating activity
and enhance HIV infection and replication, the mecha-
nism(s) of their actions remain to be determined. In par-
ticular, it is unknown whether opioid abuse has a negative
impact on host cell intracellular innate immunity that plays
a crucial role in the suppression of HIV replication in the
target cells. A key facet of innate defense mechanisms
against retroviruses, such as HIV, is the presence of
intracellular viral restriction factors. The micro RNAs
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(miRNAs) belong to this group of restriction factors. Sev-
eral cellular miRNAs (miRNA-28, miRNA-29a, miRNA-
125b, miRNA-150, miRNA-198, miRNA-223, and miRNA-
382) target a set of accessory genes of HIV.2%27 For
example, these miRNAs can target the 3’-UTR of HIV
transcripts,®® potentially rendering productive infection of
HIV into latency in resting CD4" T lymphocytes. Re-
cently, it was reported that monocytes express signifi-
cantly higher levels of anti-HIV miRNAs than donor-
matched macrophages, thereby unraveling the refractory
nature of monocytes to HIV infection.?® In addition to their
direct effect on HIV replication, miRNAs also play crucial
roles in regulating the host innate immune defense that
relies on phagocytes, such as monocytes and macro-
phages.?® In this study, we investigated the in vitro effect
of morphine on the expression of cellular anti-HIV miR-
NAs in monocytes. In parallel, we examined the in vitro
effect of morphine on HIV infection of monocytes. Fur-
thermore, we also determined the in vivo impact of heroin
use on the expression of the anti-HIV miRNAs in periph-
eral blood mononuclear cells (PBMCs).

Materials and Methods
Study Subjects

The study subjects addicted to heroin were recruited
by the Wuhan Center for Disease Prevention and Control
in the People’s Republic of China. Informed consent was
obtained from the study subjects, and the Institutional
Review Board of the Wuhan Center for Disease Preven-
tion and Control approved this study. Peripheral blood
mononuclear cells were obtained from seven heroin-de-
pendent patients and eight healthy donors in the same
age range (22 to 55 years). The heparinized blood sam-
ples from the subjects were identified as HIV antibody
negative by anonymous testing on the basis of enzyme-
linked immunosorbent assay (Beckman Coulter, Inc, Hi-
aleah, FL). Subjects were excluded if they had a chronic
systemic illness (cardiac, renal, pulmonary, hepatic, en-
docrine, metabolic, or autoimmune disorders) or a major
psychiatric disorder or if they were abusing substances
other than heroin (as determined by urine drug test re-
sult). For women, pregnancy was also a reason for ex-
clusion. The control subjects were recruited using con-
venience sampling from the community in which the
study site was located. Control subjects with no history of
drug or alcohol abuse were also excluded if they had
major medical or psychiatric disorders.

Cell Culture

Purified monocytes were purchased from the Center for
AIDS Research, University of Pennsylvania, Philadelphia,
PA. The center has Institutional Review Board approval
for blood collection from healthy donors. Monocytes were
isolated by elutriation, and the purity of isolated mono-
cytes was higher than 95%. Specifically, the purified
monocyte population (CD14%) contained a low level of
other cell types: CD19" B cells, 0.1%; CD3" T cells,
0.4%; and CD56™ natural killer cells, 2%. Blood samples

were screened for the common blood-borne pathogens
and certified to be pathogen free. Freshly isolated mono-
cytes were cultured in 96-well culture plates at a density
of 10° cells per well or in 48-well culture plates at a
density of 2.5 X 10° cells per well in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum. For in
vivo study, PBMCs were isolated from the study partici-
pants (the heroin-dependant and control subjects) by
standard Ficoll-Paque density gradient centrifugation,
according to a previously described technique.’ Total
cellular RNA extracted from PBMCs (2 X 10° cells) with a
reagent (Tri-reagent; Molecular Research Center, Cincin-
nati, OH) was subjected to miRNA analysis by real-time
RT-PCR.%®

Reagents

Morphine sulfate was obtained from Elkins-Sinn, Inc,
Cherry Hill, NJ; and naltrexone was obtained from Sigma,
St. Louis, MO. The CTAP (Cys2, Tyr3, Argh, Pen7-amide),
a specific n-opioid receptor antagonist, was obtained
from Phoenix Pharmaceutical, Inc, Mountain View, CA;
and recombinant human IFN-« and IFN-B were obtained
from PBL Biomedical Laboratories, Piscataway, NJ.

Pseudotyped HIV Infection Assay

The HIV virions pseudotyped with the envelope from am-
photropic murine leukemia virus (MLV) (HIV entry recep-
tor independent) were used to study the impact of mor-
phine on viral replication. The plasmid encoding the MLV
envelop (Env) gene was provided by John Moore (Aaron
Diamond AIDS Research Center, New York, NY). The
Env-deleted luciferase reporter gene containing plasmid
(PNL-Luc-E-R™) was cotransfected into 293 T cells along
with the plasmids encoding the MLV Env genes, as pre-
viously described.®° Pseudotyped HIV was prepared as
previously described.®' Fresh monocytes plated in 48-
well plates (5 X 10° cells per well) were pretreated with
morphine (1072 to 1078 mol/L) for 3 hours. The cells
were then infected with the pseudotyped HIV (p24, 20
ng/ml) for 8 hours in the presence of polybrene (4 ug/
ml). After washing with plain Dulbecco’s modified Ea-
gle’s medium, morphine was added in the culture. The
cells were lysed in 100 pL of X1 reporter lysis buffer
(Promega Corp, Madison, WI) 72 hours after infection.
Lysate (50 ulL) was mixed with 100 uL of luciferase sub-
strate (Promega Corp), and luciferase activity was then
determined (TD-20/20 Luminometer; Turner Designs,
Sunnyvale, CA).

In Vitro HIV Infection of Monocytes

For in vitro HIV infection experiments, freshly isolated
monocytes were treated with or without morphine at dif-
ferent concentrations for 3 hours before HIV (Bal strain)
infection (p24, 60 ng/10° cells) for 16 hours. In the ex-
periments designed to determine whether naltrexone or
CTAP antagonized the morphine action, naltrexone (10~8
mol/L) or CTAP (10~® mol/L) was added to monocyte
cultures 1 hour before morphine treatment. Culture su-



pernatants were collected for HIV RT activity®"*? and
RNA extraction for real-time RT-PCR of HIV GAG and LTR
at 72 hours after infection.

Real-Time RT-PCR

Total cellular RNA, including miRNA, was extracted from
cells using a kit (miRNeasy Mini Kit; QIAGEN, Valencia,
CA). Total RNA (1 ug) was reverse transcribed with an-
other kit (miScript Reverse Transcription Kit; QIAGEN).
The real-time RT-PCR for the quantification of a subset of
miRNAs (miRNA-28, miRNA-125b, miRNA-150, miRNA-
382, miRNA-223, miRNA-122, and miRNA-296) was per-
formed with a kit (miScript Primer Assays and miScript
SYBR Green PCR Kit; QIAGEN), as previously de-
scribed.?® Real-time RT-PCR for the quantification of
glyceraldehyde-3-phosphate dehydrogenase mRNA was
performed with a mix (iQ SYBR Green Supermix; Bio-
Rad Laboratories, Hercules, CA), as previously de-
scribed.®®3* The levels of glyceraldehyde-3-phosphate
dehydrogenase mRNA were used as an endogenous
reference to normalize the quantities of target mRNA.
Extracellular HIV GAG and LTR expression levels were
also detected by real-time RT-PCR.?%:3° The specific oli-
gonucleotide primers used were as follows: GAG, 5'-
ATAATCCACCTATCCCAGTAGGAGAAA-3" (sense) and
5'-TTTGGTCCTTGTCTTATGTCCAGAATGC-3’ (antisense);
and LTR, 5'-TCTCTCTGGTTAGACCAGATCTG-3’ (sense)
and 5'-ACTGCTAGAGATTTTCCACACTG-3’ (antisense).

Statistical Analysis

+

Where appropriate, data were expressed as mean
SD of triplicate cultures. For comparison of the mean of
two groups (treated versus untreated), statistical sig-
nificance was assessed by Student’s t test. If there
were more than two groups, one-way repeated mea-
sures of analysis of variance were used. Statistical
analyses were performed with computer software
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(Graphpad Instat Statistical Software). Statistical sig-
nificance was defined as P < 0.05.

Results

Morphine Enhances HIV Replication in
Monocytes

We first determined the effect of morphine on HIV infec-
tion of monocytes. To minimize the involvement of mono-
cyte-derived macrophages in the morphine action, the
experiments with HIV infection were completed at 72
hours after infection. Morphine treatment enhanced the
susceptibility of monocytes to infection with HIV Bal
strain, as evidenced by increased RT activity at 72 hours
after infection (Figure 1A). We also examined HIV GAG
and LTR expression in monocytes treated with or without
morphine. As demonstrated in Figure 1, B and C, mor-
phine treatment increased the expression of these viral
elements. The pretreatment of monocytes with the pan-
opioid receptor antagonist (naltrexone) or the specific
n-opioid receptor antagonist (CTAP) completely abro-
gated the enhancing effect of morphine on HIV RT activity
and the expression of GAG and LTR (Figure 1, A-C). To
rule out the impact of morphine on HIV entry, we used an
MLV (HIV receptor-independent) Env-pseudotyped HIV
encoding a luciferase gene to infect monocytes. When
infected with an MLV Env-pseudotyped virus, a signifi-
cant increase in luciferase activity was observed in mor-
phine-treated monocytes compared with untreated
monocytes (Figure 1D).

Morphine Inhibits Anti-HIV miRNA Expression in
Monocytes

A recent study®® demonstrated that freshly isolated
monocytes from human blood expressed significantly

higher levels of cellular anti-HIV miRNAs (miRNA-28,
miRNA-150, miRNA-223, and miRNA-382) than donor-

Figure 1. Effect of morphine (Mo) on HIV infection
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matched macrophages. These miRNAs play a key role in
suppressing HIV replication in monocytes and macro-
phages.?® Thus, we examined whether morphine had the
ability to suppress these anti-HIV miRNAs in monocytes.
Among the five known anti-HIV miRNAs, expression of
four (MiRNA-28, miRNA-125b, miRNA-150, and miRNA-
382) was lower in monocytes treated with morphine
compared with untreated cells (Figure 2, A and B). The
highest inhibition by morphine was observed at a con-
centration of 107'° mol/L (Figure 2B). In contrast, mor-
phine treatment of monocytes had little effect on the
expression of mMiRNA-223 (anti-HIV miRNA), miRNA-296
(anti—hepatitis C virus miRNA), and miRNA-122 (hepatitis
C virus replication-required miRNA) (Figure 2A). Be-
cause morphine-mediated enhancement of HIV replica-
tion could be blocked by the opioid receptor antagonists
(Figure 1), we hypothesized that the negative effect of
morphine on anti-HIV miRNA expression in monocytes
was also mediated through the opioid receptor. We
showed that both naltrexone and CTAP completely abro-
gated the suppressing effect of morphine on anti-HIV
miRNA expression (Figure 2B), whereas naltrexone or
CTAP alone had little effect on anti-HIV miRNA expres-
sion (Figure 2B).

Morphine Inhibits IFN-o/B-Induced Anti-HIV
mMIRNAS

Type | IFNs (IFN-a and IFN-B) play a crucial role in the
control of viral replication because they have the ability
to induce several antiviral cellular factors, including
miRNAs.3¢ We next examined the impact of morphine on
the expression of IFN-a/p-induced miRNAs in mono-
cytes. When treated with IFN-« or IFN-B, monocytes ex-
pressed higher levels of anti-HIV miRNAs (miRNA-28,
miRNA-125b, miRNA-150, and miRNA-382) compared
with untreated cells (Figure 2C). However, IFN-mediated
induction of the miRNAs (miRNA-28, miRNA-125b,
miRNA-150, and miRNA-382) in monocytes was inhibited
by morphine treatment (Figure 2C). The IFN-a/B had little
effect on anti-HIV miRNA-223 expression in monocytes
(data not shown).

In Vivo Impact of Heroin Use on Anti-HIV
miRNA Expression in PBMCs

To validate the in vitro observation that morphine sup-
pressed expression of anti-HIV miRNA, we examined the
anti-HIV miRNA expression in PBMCs isolated from her-
oin-dependant subjects and healthy control donors. We
observed that PBMCs isolated from heroin-dependant
subjects (n = 8) had significantly lower levels of anti-HIV
miRNAs (miRNA-28, miRNA-125b, miRNA-150, and
miRNA-382) compared with the control subjects (n = 7),
and the anti-HIV miRNA-223 expression level was insig-
nificant between heroin-dependant subjects and healthy
control donors (Figure 3).
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Figure 2. Effect of morphine on anti-HIV miRNA expression. A: Effect of
morphine on miRNA expression of monocytes. Freshly isolated monocytes
were cultured in the presence or absence of morphine at indicated concen-
trations for 3 hours. Total cellular RNA was then extracted from cell cultures
and subjected to real-time RT-PCR for miRNA-28, miRNA-125b, miRNA-150,
miRNA-382, miRNA-223, miRNA-122, and miRNA-296 expression. Data are
given as mean = SD of triplicate cultures representative of three experiments
using cells from three different donors (*# < 0.05 and *P < 0.01 for

sion. Freshly isolated monocytes were cultured in the presence or absence of
morphine at indicated concentrations for 3 hours. Naltrexone ( 10~® mol/L) or
CTAP (10~® mol/L) was added to monocyte cultures for 1 hour before
morphine (107 mol/L) treatment. Total cellular RNA was then extracted
from cell cultures 3 hours after treatment and subjected to real-time RT-PCR
for miRNA expression: miR-28 (a), miR-125b (b), miR-150 (¢), and miR-382
(d). Data are given as mean = SD of triplicate cultures representative of three
experiments using cells from three different donors (* < 0.05 and **P < 0.01
for morphine versus control, morphine plus naltrexone versus morphine
only, or morphine plus CTAP versus morphine only). C: Morphine sup-
presses IFN-a/B—induced anti-HIV miRNA expression. Freshly isolated pe-
ripheral blood monocytes were cultured in the presence or absence of
morphine (107! mol/L) for 24 hours before IFN-a/f (100 U/ml) treatment
for 6 hours. RNA extracted from cells was subjected to real-time RT-PCR for
miRNA expression, as indicated. Data are given as the mean * SD of
triplicate cultures representative of three experiments using cells from three
different donors (*P < 0.05 and **P < 0.01 for morphine versus control or
morphine plus IFN-a/B versus IFN-a/f only).

Discussion

In this study, we examined the impact of opioids (mor-
phine and heroin) on the expression of anti-HIV cellular
miRNAs and HIV infection of monocytes. We demon-
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strated that when exposed to morphine, monocytes be-
came more susceptible to HIV infection than unexposed
cells, which was evidenced by increased HIV RT activity
and HIV GAG and LTR expression levels (Figure 1). The
impact of morphine on HIV replication was also confirmed in
the experiments in which MLV Env-pseudotyped HIV was
used (Figure 1D). Because MLV Env-pseudotyped HIV
has the ability to infect primary monocytes without using
CD4 and B-chemokine receptor 5, the key entry receptor
for HIV infection of monocytes, we can rule out the entry
impact of morphine on HIV. The morphine action on HIV
was mediated through an opioid receptor because the
opioid receptor antagonist blocked the morphine effect
(Figure 1). It is well-known that monocytes are refractory
to HIV infection in vitro and in vivo.®”=*' This refractory
property to HIV infection could be because monocytes
express high levels of intracellular innate anti-HIV factors,
including miRNAs.?®> We were particularly interested in
miRNA-28, miRNA-125b, miRNA-150, miRNA-223, and
miR-382 because these miRNAs can target a highly con-
served region of HIV, present in all HIV clades.® These
miRNAs are highly expressed in resting CD4" T cells®®
and monocytes.?® The levels of these miRNAs correlate
with the susceptibility of monocytes/macrophages to HIV
infection.?® Thus, the demonstration of inhibition of these
miRNAs by morphine provides a plausible mechanism for
morphine-mediated enhancement of HIV infection of
monocytes. This opioid-mediated inhibition of anti-HIV
miRNAs was demonstrated in both in vitro experiments
using monocytes and in vivo investigations using PBMCs
from the heroin-dependent and control subjects. The
morphine effect on miRNAs is specific because miR-223
(anti-HIV. miRNA), miRNA-296 (anti—hepatitis C virus
miRNA), and miRNA-122 (hepatitis C virus replication—
required miRNA) were not affected by morphine (Figure
2A). This in vitro observation is supported by the in vivo
finding that there was no significant difference in anti-HIV

miRNA-223 expression in PBMCs between the heroin-
dependant subjects and control individuals. It is not en-
tirely clear why anti-HIV miRNA-223 was not affected by
opioid use. However, we demonstrated that, although
IFN-a/B could induce the expression of anti-HIV RNAs
(miRNA-28, miRNA-125b, miRNA-150, and miRNA-382)
(Figure 2C), they failed to induce anti-HIV miR-223 ex-
pression in monocytes (data not shown). This finding is in
agreement with a previous publication*® showing that
IFN-a/B had little effect on miRNA-223 expression in mac-
rophages. Thus, it is likely that the adverse effect of
morphine on anti-HIV miRNAs may be through its nega-
tive impact on endogenous IFN-a/B expression in mono-
cytes.

Type | IFNs have a key role in the host innate defense
mechanism against viral infections, including HIV. A re-
cent study®® has shown that type | IFNs modulate miRNA
expression as an antiviral mechanism. We demonstrated
that IFN-a/B treatment of monocytes induced the expres-
sion of anti-HIV miRNAs (Figure 2C). This finding sup-
ports the studies by others®®4344 showing that IFN-a/B is
the potent inducer of miRNAs in several cell systems.
However, this IFN-mediated anti-HIV innate immunity in
monocytes was dampened by morphine treatment (Fig-
ure 2C). Although the mechanism(s) for morphine action
remain to be determined, it is likely that morphine sup-
presses IFN signaling pathways, resulting in the down-
regulation of IFN-stimulating genes. Morphine sup-
pressed IFN-a expression in PBMCs and lymphocytes.®“°
Morphine suppresses Sendai virus-induced IFN-a produc-
tion by PBMCs.? Morphine also inhibits the release of
IFN-a by Sindbis virus-infected monocytes.*® In support
of these findings, we demonstrated that morphine treat-
ment inhibited the expression of both IFN-a and IFN-B in
monocytes (data not shown). Because type | IFNs have
the ability to induce the expression of antiviral miRNAs, ¢
it is likely that the down-regulation of anti-HIV miRNAs by
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morphine is because of its negative impact on endoge-
nous type | IFNs in monocytes.

In summary, given the essential functions of the
miRNAs in regulating host innate immunity against viral
infections, including HIV, down-regulation of anti-HIV
miRNA expression in monocytes constitutes a critical
mechanism for opioid-mediated enhancement of HIV
infection. Thus, to identify factors that have the ability
to block the negative action of opioids on the intracel-
lular innate HIV restriction factors in monocytes could
aid in the development of new therapeutic strategies
for treating opioid-mediated suppression of host cell
innate immunity. Nevertheless, future studies with a
large sample size are necessary to determine the im-
pact of opioid use on miRNA expression in the in vivo
microenvironment where multiple cell types and cellu-
lar factors interact.
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