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Abstract

Synthetick-opioid receptor (KOR) agonists have been shown to suppress HIV-1 expression in acutely infected macrophages. In th
present study, we examined the effects of the KOR ligitads-3,4-dichloroN-methylN[2-(1-pyrolidinyl)cyclohexyllbenzeneaceamide
methanesulfonate (U50,488) on HIV-1 expression in COyimphocytes, the main target cell of this virus. When U50,488 was added to
activated CD4 lymphocytes, HIV-1 expression was inhibited in a concentration- and time-dependent manner with maximal suppressior
(=~60%) at 10’ M U50,488. The KOR selective antagonist nor-binaltorphimine (nor-BNI) had no effect by itself on viral expression but
blocked the antiviral property of U50,488, suggesting that U50,488 was acting via a KOR-related mechanism. Support for the involvemel
of KOR was provided by the findings that 34% of activated COymphocytes were positive for KOR, using an immunofluorescence
technique, and that seven additional synthetic KOR ligands also inhibited HIV-1 expression. The results of this study broaden understandi
of the antiviral properties of KOR ligands to include cells outside of the nervous system and suggest a potential role for these agents in t
treatment of HIV-1 infection. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction drugs is a widespread and growing problem [2]. Thus,
finding new therapies for HIV infection remains a high
The introduction in 1996 of highly active antiretrovi-  priority.
ral therapy (HAART) has resulted in a striking reduction Along with greatly expanded knowledge of the im-
in HIV-1-associated mortality [1,2]. Despite the enor- munopathogenesis of HIV has been research demonstrat-
mously beneficial effects of HAART, however, many ing that the major cell types infected by this virus, i.e.
HIV-infected patients have not had adequate responsesCD4" lymphocytes and mononuclear phagocytes, pos-
to the combination drug regimens, or they cannot sess receptors for, and are impacted functionally by,
tolerate their toxic side-effects. Also, the emergence opiates and opioid peptides [3,4]. Work in our laboratory
of strains of HIV that are resistant to currently available has focused on the search for opioid compounds that
might alter the expression of HIV in these cells. In the
course of these studies, we have shown that the synthetic
* Corresponding author. Tel.+1-612-347-2877; fax-+1-612-904-  WOR ligand trans-3,4-dichloroN-methyl-N[2-(1-pyro-
4299. lidinyl)cyclohexyllbenzeneaceamide methanesulfonate
E-mail addresspeter137@tc.umn.edu (P.K. Peterson). (U50,488) inhibits replication of the monocytotropic
Abbreviations:Ag, antigen; AZT, zidovudine; BSS, balanced salt so-  H|V-1g,4,Strain in human microglial cell [5] and mono-
lution; DMEM, Dulbecco’s _modified Eagle’s mediu_m; FBS, fetal bovine cyte-derived macrophage [6] cultures. In the present
serum; FITC-AA, 2-(3,4-dichlorophenyN-[1-(3-aminophenyl)2-(1-pyr- . .
rolidinyl)ethyl] acetamide; GPI, guinea pig ileum; IL, interleukin; KOR, StUdy’ We examined .the effeCt,Of KOR “gands on the
x-opioid receptor; nor-BNI, nor-binaltorphimine; PBMC, peripheral blood ~€XPression of HIV-1 in acutely infected CD4ympho-
mononuclear cells; and PHA, phytohemagglutinin. cyte cultures.

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
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2. Materials and methods 2.3. Indirect immunofluorescence and phenotypic labeling

2.1. Reagents FITC-AA labeling and amplification procedures were
performed using previously described techniques [5,9].

2.1.1. KOR ligands Briefly, CD4" lymphocytes were washed twice by centrif

The KOR selective ligand U50,488 was provided by the ugation at 20@ for 10 min at 4°, followed by resuspension
Pharmacia Upjohn Co. The fluroescein-isothiocynate-cou- in HEPES-BSS (pH 7.4). Lymphocytes a110°/mL were
pled arylacetamide-opioid selective agonist FITC-AAwas  incubated with 30uM FITC-AA for 30 min at 25° for
obtained from J. Bidlack (University of Rochester). Anti- Optimal staining. A high-affinity,x selective antagonist,
fluorescein, biotin-conjugated, was obtained from Molecu- NOr-BNl, atafinal concentration of 5Q&M was included to
lar Probes, and extravidin R-phycoerythrin was purchased Measure nonspecific fluorescence. Samples were chilled on
from the Sigma Chemical Co. The-selective antagonist IC&; diluted with 1 mL of HEPES-BSS, and centrifuged at
nor-BNI was provided by P.S. Portoghese (University of 4009 for 3 min at 4°. After aspirating the supernatants, cells

Minnesota). Eight additional KOR ligands were synthesized iv(c)a(r)e vaac')sfhEdEg\ég?B?g r(?osr?tsz:ll?r?irr]]dei ”C iiggﬁic\g‘l%{?e of
by A.-C. Chang [7], X. Fang, and P.S. Portoghese. All of K ' g 1p. )

these compounds were evaluated on the electrically stim gated anti-fluorescein 19gG. For the FITC-AA and phyco-
S pounds w vajuate _ cafly st u'erythrin only control groups, antibody was omitted. After a
lated GPI preparation, as described previously [8].

30-min incubation at 4° in the dark, cells were washed
twice, and then were resuspended ingd0of medium and

2.1.2. Other reagents o 10 plL of extravidin-conjugated R-phycoerythrin. This in-
All other reagents were purchased from the indicated onation took place for 15 min on ice, and the cells were

sources: FBS (HyClone Laboratories); Lymphocyte Sepa- then washed twice before resuspension in a final volume of
ration Medium (ICN Biomedical Inc.); human recombinant 1 mL for flow cytometric analysis. At least 10,000 events
IL-2 (Boehringer-Mannheim); AZT, DMEM, RPMI 1640,  ere analyzed in each sample using a Coulter XL100. The
phytohemagglutinin (PHA-P), I-glutamine, penicillin, strep- data were evaluated for the percentages of Clls
tomycin, and all other culture reagents (Sigma). bearing KOR, using the software (EPICSr XL) provided by
the manufacturer (Coulter Corp.).
2.2. Lymphocyte activation and purification
Six healthy, HIV-1-seronegative laboratory personnel 24 HIV-1ir
served as donors of venous blood for this study. From
heparinized venous blood, PBMC were obtained by Ficoll-
Hypaque gradient centrifugation using Lymphocyte Sepa-
ration Medium. For most experiments, PBMC were then .y [10]. This viral isolate has characteristics most
activated for 3 days with 4g/mL of PHA in RPMI 1640 ¢ ,qqestive of a T-tropic strain, i.e. it replicates readily in
supplemented with 10% heat-inactivated FBS, 5 U/mL of ine T cell line IB and in primary activated CD4
IL-2, 2 mM L-glutamine, 100 U/mL of penicillin, and 100 |ymphocytes but is not expressed in cultures of human

pg/mL of streptomycin. In one experiment, PBMC were mjcroglial cells, which are primary brain macrophages
incubated in culture medium for 3 days in the absence of the that are productively infected by M-tropic but not by

activation signals (i.e. PHA and IL-2). CD4ymphocytes T-tropic HIV-1 strains.
were then isolated from the activated or non-activated
PBMC using Dynabeads(Dynal) according to directions

supplied by the manufacturer. Briefly, magnetic polystyrene
beads coated with primary monoclonal antibody to CD4

were incubated Wlth_PBMC for 45 min at 4° on an orbital Purified activated CD4 lymphocytes were incubated
rotator at a 1:4 ratio (cell:bead). The lymphocytes that with KOR ligands or AZT at various concentrations

bound to the beads were separated using a magnet (Dynajo; the indicated time periods prior to or post-
MPC) and washed four times with PBS containing 2% FBS. jnfection with HIV-1,; at a multiplicity of infection of

After isolation, DETACHaBEALY was used to remove the 02. After 2 hr of incubation with HIV-1 at 37°, CD4

isolated CD4 cells from the Dynabeafs(1 U/100 L of lymphocytes were washed three times with PBS and
cell suspension was used to detach positively selected lym-resuspended in culture medium (RPMI 1640, 10% FBS,
phocytes from the magnetic beads using a Dynal-MPC penicillin/streptomycin, 2ug/mL of PHA) containing
magnet). Isolated CD4lymphocytes were= 98% pure by indicated KOR agonists. In one experiment, CD§m-
FACScan analysis and were 98% viable by trypan blue  phocytes that were isolated from non-activated PBMC
dye exclusion criteria. were infected with HIV-1. Three days post-infection,

The HIV-1,; isolate used in this study was originally
recovered from the peripheral blood of an asymptomatic
HIV-1-infected patient and prepared as previously de-

2.5. Drug treatment and HIV-1 infection of CD4
lymphocytes
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Fig. 1. Concentration—response effect of U50,488 on HIV-1 expression in"@Pdphocytes. Cultures of activated CD4dymphocytes were incubated in

the absence (control) or presence of U50,488, nor-BNI, or AZT, at the indicated concentrations, for 24 hr prior to infection with HIV-1. Followsg 3 da
of incubation, culture supernatants were collected for the measurement of p24 Ag levels. Data{n&&Nsof three separate experiments using CD4
lymphocytes from three donors) are expressed as a percentage of the control valde XZZ9g/mL of p24 Ag).

culture supernatants were collected in duplicate for 3. Results
HIV-1 p24 Ag assay.
3.1. Effect of U50,488 on HIV-1 expression in CD4

2.6. HIV-1 p24 Ag assay lymphocytes

HIV-1 p24 Ag levels were measured using an enzyme-  To determine whether KOR ligands would alter the ex-
linked immunoassay (Abbott Laboratories), as previously pression of HIV-L; in acutely infected CD4 lympho-
described [5]. A standard dilution curve derived from cytes, U50,488 was added to activated CDymphocytes
known amounts of p24 Ag was used to quantify the Ag at concentrations ranging between*f@Gnd 10° M for 24
levels in culture supernatants. The sensitivity of this assay is hr prior to viral infection. For comparison, the KOR antag-
30 pg/mL. onist, nor-BNI, and the reverse transcriptase inhibitor, AZT,
were incorporated at the same concentration as U50,488 in
CD4" lymphocyte cultures. While nor-BNI had no effect on
viral expression, treatment of CD4lymphocytes with

The effects of various test compounds on HIV-1 repli- U50,488 or AZT inhibited HIV-1 expression in a concen-
cation are expressed as a percentage of p24 Ag levels intration-dependent manner (Fig. 1). Maximal suppression of
control (untreated) cultures. Where appropriate, data areHIV-1 expression by U50,488 was observed at’1Ml
expressed as means SEM of the indicated number of (57 + 4%) inhibition to 10° M (53 = 10%) inhibition. By
separate experiments. To compare the means of two groupsgomparison, at 16 M, AZT inhibited the expression of

Student’st-test was used. HIV-1,; by 93 = 1%.

2.7. Statistical analysis
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Fig. 2. Effect of U50,488 exposure time on antiviral activity. Cultures of
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Fig. 3. Effect of nor-BNI on antiviral activity of U50,488. Prior to infection

activated CD4 lymphocytes were incubated in the absence (control) or with HIV-1, cultures of activated CD% lymphocytes were incubated for
presence of U50,488, at the indicated concentrations, for 3 or 24 hr prior 54 1y in the absence (control) or presence of T® 106 M U50,488, or

to, simultaneous with, or 24 hr post-infection with HIV-1. Following 3

nor-BNI, or were pretreated with nor-BNI for 30 min prior to adding

days of incubation, culture supernatants were collected for measurement of y5 488 After 3 days of incubation, culture supernatants were collected

p24 Ag levels. Data (means SEM of three separate experiments using

for the measurement of p24 Ag levels. Data (meansSEM of three

CD4" lymphocytes from three donors) are expressed as a percentage of theseparate experiments using CD4ymphocytes from three donors) are

control value (735+ 107 pg/mL of p24 Ag).

Next, we investigated the influence of varying the time
of exposure of CDZ lymphocytes to U50,488 on its
inhibitory effect on HIV-1 expression. For this experi-
ment, U50,488 was added at concentrations of,1100,
or 10° M to activated CD4 lymphocyte cultures for 24
or 3 hr prior to infection, simultaneously with HIV-1, or
24 hr post-infection. As shown in Fig. 2, the inhibitory
activity of U50,488 was found to be both concentration-

expressed as a percentage of the control value 8121 pg/mL of p24
Ag). Key: (*) P < 0.05 vs control value.

3.2. Flow cytometric analysis of KOR on CD4
lymphocytes

Blockade of the viral inhibitory activity of U50,488 by
nor-BNI suggested that U50,488 was acting via a KOR-
related mechanism. To confirm the presence of KOR in
the CD4" lymphocyte preparations used in these exper

and time-dependent. When added simultaneously with iments, we used FITC-AA, a KOR selective ligand, in a

HIV-1, 10® M U50,488 potently inhibited viral expres
sion, whereas I® M U50,488 was inactive at this cen
centration. However, exposure of CD4ymphocytes to
10® M U50,488 for either 3 or 24 hr prior to infection
resulted in more pronounced inhibitory activity but in a
diminished antiviral effect at 16 M U50,488. At all
concentrations tested, U50,488 had no inhibitory activity
if it was added to CDZ lymphocyte cultures 24 hr after
infection (Fig. 2). These findings with U50,488 con-
trasted sharply with those with AZT, which inhibited
viral expression by over 85% at all three of these drug

fluorescence-activated cell sorter assay. This analysis re-
vealed that activated CO4lymphocytes that were pre
pared as for the HIV-1 infection experiments (i.e. PBMC
were first activated with PHA and IL-2 for 3 days prior to
isolation of activated CD4 lymphocytes) bound FITC-
AA, and that this binding could be partially blocked by
treatment of CD4 lymphocytes with nor-BNI (Fig. 4).
Calculation of the number of activated Cb4ympho-
cytes that were positive by FITC-AA binding showed that
34 = 1% of cells bound this KOR ligand, while only
19 + 2% of CD4" lymphocytes treated with nor-BNI

concentrations whether it was added simultaneously, for were found to be positive, i.e. nor-BNI blocked the bind-

3 or 24 hr prior to infection, or at 24 hr post-infection
(data not shown).
To evaluate whether the inhibitory activity of U50,488

was operating through a KOR-related mechanism,

activated CD4 lymphocytes were treated with nor-
BNI for 30 min prior to exposure to equimolar concen-
trations of U50,488. At the two concentrations tested,
nor-BNI blocked the viral inhibitory property of U50,488

(Fig. 3).

ing of FITC-AA by 46 = 4% (P < 0.01, N= 3 donors).

To determine if cell activation was required for expres-
sion of KOR, CD4 lymphocytes were isolated from
PBMC cultures that had been incubated for 3 days in the
absence of activation signals (i.e. PHA and IL-2). These
non-activated CD# lymphocytes neither expressed
KOR, as determined by FITC-AA analysis, nor expressed
virus after 3 days of culture (3& 9 pg/mL of p24 Ag,

N = 3 donors).
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sion by between 16 and 41% (Table 1). At lower concen-

48

Background FITC-AA trations, two of these compounds (V-56 and V-60) lost their
@ bk / antiviral activity. Similar to the findings with U50,488, a
bell-shaped concentration-response effect was observed
FITC-AA + norBNI with several of these KOR agonists (I11-223, 111-117, V-60,

and XF-225) with maximal suppression occurring in the
nanomolar range. Of note, there was no apparent correlation
between the potency of the eight KOR ligands in the GPI
B o smooth muscle assay and their antiviral activity. For exam-
il i .L"Jfl{jfg(ii;y- S ;
PEEAEREE e— ‘;ﬂe Eil Ll a1 T ple, V-56 and V-50, the most potent compounds in the GPI
. ipe 5] . . .

Log Fluorescence 1608 assay, were among the least effective in suppressing HIV-1
Fig. 4. Flow cytometric analysis of phycoerythrin amplification of exprgssmn in CDi:l _Iymphocytes, and XF-225, which had
FITC-AA labeling of KOR. Activated CD4 lymphocytes were incubated  '€latively poor activity in the GPI assay system, was one of
with or without 500uM nor-BNI for 30 min prior to adding FITC-AA. the most active compounds in terms of viral suppression.
FITC alone (only biotinylated anti-fluorescein IgG and extravidin-coupled
R-phycoerythrin) was included as a background control. Data are repre-

sentative of three separate experiments using CB4nphocytes from
three donors. 4. Discussion

Cell number
24

12

Previously, we have shown that the KOR ligand U50,488
3.3. Effect of KOR ligands structurally related to U50,488 is capable of suppressing the expression of a monocyto-
tropic HIV-1 strain in human microglial cell [5] and blood
To determine whether synthetic KOR agonists related to monocyte-derived macrophage [6] cultures. The results of
U50,488 were also capable of inhibiting HIV-1 expression the present study indicate that U50,488 can also inhibit viral
in CD4" lymphocytes, activated CD4lymphocytes were  expression in human CD4ymphocytes, the primary target
treated with various concentrations of eight such com- cell of HIV. The finding that this antiviral property could be
pounds (Table 1) for 24 hr prior to infection with HIVz1. blocked by nor-BNI, a KOR selective antagonist, suggests
Conjugates V-56, V-50, 111-223, and IlI-117 exhibited po- that U50,488 acts via a KOR-related mechanism.
tent agonist activity in the GPI smooth muscle assay, Suppression of HIV-1 expression by seven additional
whereas intermediate potency was observed for V-60 andsynthetic KOR ligands supports a linkage between KOR
XF-115. The guanidine analogues (XF-229 and XF-225) activation and the down-regulation of viral expression. Al-
functioned as partial agonists in the GPI smooth muscle though the rank order potencies of the arylacetamides in the
assay, with maximal responses of 52 and 24%, respectively,GPI preparation did not parallel the suppression of HIV-1
at a concentration of LM (data not shown). At 186 M, expression in CD#4 lymphocytes, it is highly likely that this
seven of eight of these compounds suppressed viral expreseffect is mediated via KOR for two reasons. First, ligands in

Table 1
Comparison of effects of KOR ligands on HIV-1 expression versus their activity in a GPI smooth muscle assay

4 NH-R

3
cr
Eny
Compounéd R GPlicso % Inhibition HIV-1°
(nM) Log [M]

-10 -9 -8 -7 -6
V-56 3-L-Glutamyl 0.34 6 9 3 4 31
V-50 3'-y-p-Glutamyl 0.39 1 2 9 3 36
111-223 3'-B-L-Aspartyl 0.49 9 58 44 30 27
11-117 3'-L-Aspartyl 0.62 15 34 36 42 21
V-60 3'-p-Glutamyl 4.2 20 36 54 58 16
XF-115 3-SO;Na 11 2 4 13 42 41
XF-229 4-(C=NH)NH, >100 0 0 0 7 0
XF-225 3-(C=NH)NH, >100 21 45 51 41 29

2 Compounds are listed by ranking of their potency in the GPI assay.
P Data are mean values of three separate experiments using @B¥phocytes from three donors and are expressed as percentage inhibition of viral
expression relative to control (untreated) cultures (8681 pg/mL of p24 Ag).



1150 P.K. Peterson et al. / Biochemical Pharmacology 61 (2001) 1145-1151

this series have structural features in common with a well- 26], and polymorphonuclear leukocytes [27]. Our earlier
established class afagonists. Second, the suppression was observations that U50,488 can suppress the expression of
antagonized by the selectiveopioid antagonist nor-BNIl.  HIV-1 in primary human microglial cell cultures [5] and
While we do not have an explanation for the discrepancy that this KOR ligand also potentiated the antiviral activity of
between the opioid activity and suppression of HIV-1 ex- tumor necrosis factosin mixed glial/neuronal cell cultures
pression, two possibilities that come to mind are (a) the [28] suggested to us that KOR agonists could have a ther-
presence of KOR subtypes, and (b) the association of KOR apeutic role in HIV-1-related brain disease. Because the
as dimers or oligomers with other receptors [11]. major target cell of HIV-1 is the CD4 lymphocyte, the
The signaling pathway between KOR activation of results of the present study have substantially broader ther-
CD4" lymphocytes and the suppression of viral replication apeutic implications. However, most of the work on the
has not been elucidated. The observation that U50,488 hadunctional effects of KOR ligands on cells of the immune
no effect on HIV-1 expression if it was added post-infec- system, including our studies, has been carried out imith
tion, which contrasted sharply with the antiviral effect of vitro systems. Whether thesa vitro findings have any
AZT, suggests that U50,488 may inhibit viral expression at biological relevance in intact animals is largely unknown,
an early step in infection, e.g. by blocking viral entry into andin vivo studies are sorely needed to elucidate the impact
CD4" lymphocytes. HIV-1 gains entry into CD4ympho- of opioid agonists on cells of the immune system within the
cytes and mononuclear phagocytes via interacting with CD4 context of their role in infectious diseases [29]. Given the
and chemokine coreceptors [12]. Although there is no profound need for additional therapeutic modalities for
known homology between KOR [13] and chemokine recep- HIV-1 infection, consideration should be given to the de-
tors, chemokine receptors may be down-regulated via velopment of KOR ligands with a satisfactory pharmaco-
downstream events as a consequence of KOR activation.logic profile for trials in animal models of retroviral infec-
Other investigators have demonstrated that inhibition of tion, as well as in clinical trials of HIV-1-infected patients.
chemokine-induced monocyte chemotaxisdyand w-opi-
oid receptor ligands is due to heterologous densitization
through phosphorylation of chemokine receptors [14]. A Acknowledgments
similar process could be involved in the inhibitory effect of

KOR agonists upon HIV-1 entry in CD4lymphocytes. This work was supported, in part, by U.S. Public Health

Support for the hypothesis that a KOR-related mecha- service Grants DA09924, DA01533, K05-DA 00360, and
nism is involved in U50,488-mediated suppression of pap435s.

HIV-1 expression was also provided by the finding that 34%
of activated CD4 lymphocytes bound the highly KOR
selective ligand FITC-AA. Non-activated CD4lympho-
cytes, on the other hand, were found to neither bind
FITC__AA nor_ suppqrt viral infection. T_hese fmdmgs are [1] Fauci AS. The AIDS epidemic: considerations for the 21st century.
consistent with earlier reports suggesting that cells of the N Engl J Med 1999;341:1046-50.
immune system possess KOR [15]. Other groups of inves- [2] The CASCADE Collaboration. Survival after introduction of
tigators, using molecular or immunofluorescent labeling HAART in people with known duration of HIV-1 infection. Lancet
techniques, have demonstrated that murine T lymphocyte _ 2000:355:1158-9. , N
lines, thymoma cells, and splenic CD4ymphocytes ex [3] Sharp BM, Sak_)lta R, Bidlack JM. Ewde_nce for opioid receptors on
. ) cells involved in host defense and the immune system. J Neuroim-

press KOR [9,16-19]. Of more direct bearing on the present munol 1998:83:45-56.
study, human CD# lymphocytes also have been reported [4] Eisenstein TK, Hilburger ME. Opioid modulation of immune re-
to express mRNA transcripts for KOR [20]. With the same sponses: effects on phagocyte and lymphoid cell populations. J Neu-
FITC-AA probe that was used in the present study, Igna- roimmunol 1998;83:36-44.
towski and Bidlack found that approximately 60% of im- [5] Chao CC, Gekker G, Hu S, Sheng WS, Shark KB, Bu D-F, Archer S,

. Bidlack JM, Peterson PKk Opioid receptors in human microglia
mature (CD4/CD8") murine thymoma cells bound downregulate human immunodeficiency virus 1 expression. Proc Natl
FITC-AA [19], whereas less than 25% of mature murine Acad Sci USA 1996;93:8051-6.
splenic CD4 lymphocytes (CDI/CDg) express KOR [9]. [6] Chao CC, Gekker G, Sheng WS, Hu S, Peterson PK. U50,488 inhibits
The results of the present study suggest that a similar per- HIV-1 expression in acutely infected monocyte-derived macro-

phages. Drug Alcohol Depend, in press.
centage of mature human CD‘ﬂymphocyteS express KOR [7] Chang A-C, Cowan A, Takemori AE, Portoghese PS. Aspartic acid
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