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Macrophages and dendritic cells are known to play an important role in the establishment and persistence
of human immunodeficiency virus (HIV) infection. Besides antiretroviral therapy, several immune-based
interventions are being evaluated with the aim of achieving better control of virus replication in reservoir cells.
Murabutide is a safe synthetic immunomodulator presenting a capacity to enhance nonspecific resistance
against viral infections and to target cells of the reticuloendothelial system. In this study, we have examined
the ability of Murabutide to control HIV type 1 (HIV-1) replication in acutely infected monocyte-derived
macrophages (MDMs) and dendritic cells (MDDCs). Highly significant suppression of viral replication was
consistently observed in Murabutide-treated cultures of both cell types. Murabutide did not affect virus entry,
reverse transcriptase activity, or early proviral DNA formation in the cytoplasm of infected cells. However,
treated MDMs and MDDCs showed a dramatic reduction in nuclear viral two-long terminal repeat circular
form and viral mRNA transcripts. This HIV-1-suppressive activity was not mediated by inhibiting cellular DNA
synthesis or by activating p38 mitogen-activated protein kinase. Furthermore, Murabutide-stimulated cells
expressed reduced CD4 and CCR5 receptors and secreted high levels of b-chemokines, although neutralization
of the released chemokines did not alter the HIV-1-suppressive activity of Murabutide. These results provide
evidence that a clinically acceptable immunomodulator can activate multiple effector pathways in macrophages
and in dendritic cells, rendering them nonpermissive for HIV-1 replication.

Macrophages and dendritic cells are key antigen-presenting
cells (APCs) which express surface CD4 molecules and are
susceptible to human immunodeficiency virus type 1 (HIV-1)
infection. These APCs are believed to be among the first cells
to be infected by HIV-1 in patients and to act as reservoirs for
virus dissemination (34, 40, 61). Unlike T cells, HIV-infected
macrophages and dendritic cells show little or no virus-induced
cytopathic effects in vitro (25, 34). While HIV-exposed den-
dritic cells are known to facilitate the lysis and loss of antigen-
specific CD41 T cells (12), infected macrophages have been
shown to mediate apoptosis of CD41 (3), as well as of CD81

lymphocytes (23), and to act as the source of increasing viremia
during opportunistic infections (45). Recently, the HIV-1 reg-
ulatory protein Nef was found to activate macrophages to
release factors which allow productive infection and activation
of resting T cells (62). These findings, together with the obser-
vation that macrophage-tropic (M-tropic) isolates of HIV-1
are much more readily transmitted than are lymphotropic (T-
tropic) isolates (70), confirm the role of macrophage infection
in HIV-1 pathogenesis. Currently used highly active antiretro-
viral therapy does not appear to be sufficiently efficient either
in targeting the pool of cells that support low levels of virus
replication (46) or in eliminating latently infected T cells (53).
Additional strategies including immune-based interventions
are now believed to be essential for the long-term control and
eradication of HIV infection (46, 58).

HIV-1 infection of macrophages and dendritic cells has been
shown to induce considerable immune dysfunction and to im-
pair the participation of APCs in protective responses to a
variety of pathogens (37, 51, 69). This has led to the evaluation
of the capacity of several immunomodulators, either of exog-
enous or of endogenous origin, to control HIV-1 replication in
APCs and to restore their functions (8, 10, 31, 65). Muramyl
peptides are a family of synthetic immunomodulators that are
endowed with numerous biological activities and target essen-
tially cells of the reticuloendothelial system (4, 28, 60). One
selected member of this family, Murabutide, has been found to
enhance the host’s nonspecific resistance to bacterial and viral
infections, to induce colony-stimulating activity, and to be well
tolerated by humans (5, 13, 14, 20). In contrast with most oth-
er exogenous immunomodulators, Murabutide is apyrogenic
(13), does not induce inflammatory reactions (39, 71), and has
the capacity to synergize with selected therapeutic cytokines to
drive the release of T-helper 1 cytokines (6, 16). Moreover, the
coadministration of Murabutide with alpha interferon (IFN-a)
or with interleukin-2 (IL-2), was found to dramatically enhance
the antitumor activity of either cytokine, as well as the antiviral
and anti-inflammatory effects of IFN-a (6, 7, 52). Based on the
highly interesting immunopharmacological profile of Mu-
rabutide and on its ability to regulate macrophage function (4,
55), we have studied the effects of this immunomodulator on
HIV-1 replication in acutely infected monocyte-derived mac-
rophages (MDMs). We have also extended our investigation to
evaluate a potential effect of Murabutide on mature monocyte-
derived dendritic cells (MDDCs) infected with M- or T-tropic
HIV-1 strains. Stimulation of acutely infected cells with Mu-
rabutide suppressed viral replication through mechanisms that
targeted proviral DNA integration and viral mRNA transcrip-

* Corresponding author. Mailing address: Laboratoire d’Immu-
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tion. Reduced expression of virus receptors and elevated b-
chemokine release were also observed in treated cultures. Our
findings demonstrate a potent HIV-suppressive activity of a
safe synthetic immunomodulator and a profile of APC activa-
tion that is associated with protective responses against infec-
tion.

MATERIALS AND METHODS

Preparation of human MDMs and MDDCs. Monocytes were isolated from
buffy coats prepared from normal volunteer donors. Peripheral blood mononu-
clear cells were prepared by Ficoll-Hypaque density gradient centrifugation
(Amersham Pharmacia Biotech, Orsay, France) and were resuspended in RPMI
1640 medium supplemented with 10% heat-inactivated human AB serum (Etab-
lissement de Transfusion Sanguine, Lille, France). Monocytes were recovered,
following overnight adherence to tissue culture flasks (Falcon, Le Pont de Claix,
France), by gentle detachment with a cell scraper (ATGC, Noisy-Le-Grand,
France). To generate MDMs, monocytes were cultured in 24-well plates (Falcon)
at 5 3 105 cells/ml for a 7-day period in RPMI 1640 medium containing 10% AB
serum. The same medium supplemented with recombinant human granulocyte-
macrophage colony-stimulating factor–IL-4–tumor necrosis factor alpha (TNF-a)
was used to differentiate monocytes into MDDCs (65). At the end of the differ-
entiation period, .90% of the MDMs were CD141 and MDDCs were found to
represent mature dendritic cells as judged by morphologic (adherent cells with
fine membrane projections) and phenotypic (CD142 CD32, high levels of CD80
and CD86, .40% CD831, and .60% CD41) criteria.

Reagents and antibodies. TNF-a, IL-4, and granulocyte-macrophage colony-
stimulating factor were purchased from R&D Systems (Abingdon, United King-
dom). Lipopolysaccharide (LPS) from Salmonella enteritidis (gamma irradiated)
was obtained from Sigma (St Quentin, Fallavier, France). Murabutide (N-acetyl-
muramyl-L-alanyl-D-glutamine n-butyl ester), was provided by ISTAC S.A. (Lille,
France) and was prepared as described elsewhere (13). The compound was
dissolved in phosphate-buffered saline (PBS) at 5 mg/ml, and the absence of
endotoxin contamination (,6 3 1022 endotoxin unit/ml) was verified by the
Limulus amebocyte lysate assay (BioWhittaker France, Fontenay-sous-bois,
France). Anti-CD4–phycoerythrin (PE) (13B8.2), anti-CD14–PE (RMO52), an-
ti-CD3–PE (UCHT1), anti-HLA-DR–PE (B8.12.2), anti-CD25–PE (B1.49.9),
and anti-CD83–PE (HB15a) monoclonal antibodies (MAbs) and their isotype-
matched controls were purchased from Immunotech (Beckman Coulter, Mar-
seille, France). Anti-CD86–PE (B70/B7-2), anti-CCR5–PE (2D7), and anti-
CXCR4–PE (12G5) MAbs and their isotype-matched controls were purchased
from Pharmingen (Becton Dickinson, Rungis, France). Neutralizing goat immu-
noglobulin G (IgG) antibodies against macrophage inflammatory protein 1 alpha
(MIP-1a), MIP-1b, and the protein regulating upon activation normal T ex-
pressed and secreted (RANTES) and normal goat IgG were obtained from R&D
Systems. SB203580, a specific inhibitor of p38 mitogen-activated protein kinase
(MAPK), was purchased from France Biochem (Meudon, France).

HIV-1 strains and in vitro infection. The M-tropic HIV-1Ba-L and T-tropic
HIV-1LAI strains were obtained from the Central Virology Laboratory in Lille,
France. The primary strains used, HIV-1CHR-4 (M tropic) and HIV-1CHR-1 (dual
tropic), were isolated in our laboratory and have been described elsewhere (27,
65). To infect differentiated cells, 104 cpm of virus reverse transcriptase (RT)
activity was added to each well and incubated for 2 h at 37°C. Virus was then
removed, cells were washed three times, and fresh medium was added. Cultures
were fed twice a week by replacing half of the supernatants with an equal volume
of fresh medium containing or not containing the same concentration of Mu-
rabutide. Viral replication was assessed by evaluating the content of viral RT or
p24 protein in the supernatants as previously described (2, 27).

Detection of HIV-1 DNA and RNA. Total cellular DNA was extracted from
HIV-1Ba-L-infected cells and subjected to 25 or 40 repeated rounds of amplifi-
cation with Amplitaq Gold DNA polymerase (Perkin-Elmer, Norwalk, Conn.).
PCR amplification of b-actin sequences (59-GGGTCAGAAGGATTCCTAT
G-39 and 59-GGTCTCAAACATGATCTGGG-39) was performed to standard-
ize for cell equivalence. HIV-1 proviral DNA in each sample was measured by
using the GAG06 (59-GCITTIAGCCCIGAAGTIATACCCATG-39)-GAG04
(59-CATICTATTTGTTCITGAAGGGTACTAG-39) primer pair (49). In some
experiments, low- and high-molecular-weight DNAs were extracted from HIV-
1Ba-L-infected cells by the protocol described by Steinkasserer et al. (59). Low-
molecular-weight DNA was subjected to 30 or 40 rounds of amplification using
either the strong-stop viral DNA primer pair (59-GGCTAACTAGGGAACCC
ACTG-39 and 59-CTGCTAGAGATTTTCCACACTGAC-39), the g-32P-labeled
2-LTR-sense (59-GCCTCAATAAAGCTTGCCTTG-39)–2-LTR-antisense (59-
TCCCAGGCTCAGATCTGGTCTAAC-39) primer pair to detect the viral two-
long terminal repeat (2-LTR) circle form, or the mitochondrial primer pair
(59-GAATGTCTGCACAGCCACTTT-39 and 59-ATAGAAAGGCTAGGAC
CAAAC-39) as an internal PCR standard (59, 65). High-molecular-weight DNA
was also subjected to PCR amplification using either the g-32P-labeled M668
(59-TTTCAGGTCCCTGTTCGGGCGCC-39)-AluI (59-GCCTCCCAAAGTGC
TGGGATTA-39) primer pair to analyze provirus integration (11) and the glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) primer pair (59-CCACCCA
TGGCAAATTCCATGGCA-39 and 59-TCTAGACGGCAGGTCAGGTCCAC

C-39) as an internal PCR standard. To measure HIV-1 RNA levels, total cellular
RNA was extracted using RNAZol (Bioprobe Systems, Montreuil, France) and
was amplified using rTth polymerase (Perkin-Elmer) in the presence of the
GAG06-GAG04 primer pair to detect the HIV-1 unspliced Gag-Pol mRNA and
the BSS (59-GGCTTGCTGAIGNGCICACIGCAAGAGG-39)-KPNA (59-AGA
GTIGTGGTTGNTTCNTTCCACACAG-39) primer pair to detect the singly
spliced mRNA as previously described (2, 43, 56, 65). All PCR products were
separated on acrylamide gels and visualized by ethidium bromide staining, except
for the 2-LTR DNA circle product and the integrated provirus that were visu-
alized after air drying by exposure to Kodak XAR-5 film (Eastman Kodak,
Rochester, N. Y.). Using imaging systems (Image Master 1D prime; Amersham
Pharmacia Biotech), the percentage of inhibition of HIV-1 DNA and RNA
expression was deduced after normalization to the levels of the corresponding
internal standards (b-actin, mitochondrial DNA, or GAPDH) as previously
described (2, 65).

Flow cytometry analysis. To assess surface receptor expression in MDMs, 2 3
105 cells were incubated for 30 min at 4°C with specific MAbs, or with isotype-
matched controls, diluted 1:100 in PBS containing 2% heat-inactivated fetal calf
serum (Sigma). Following two washes in PBS, cells were resuspended and fixed
in 1% paraformaldehyde and analyzed with a FACSCalibur flow cytometer
(Becton Dickinson). Live cells were gated on their forward and side light scatter
characteristics, and the percentage of positive cells and the mean fluorescence
intensity (MFI) were recorded. In some experiments, exclusion of dead cells was
verified by propidium iodide staining.

Cytokine assays. Cell supernatants were collected up to 6 days after infection
and were filtered through 0.22-mm-pore-size membranes (Millipore, Eschborn,
Germany), aliquoted, and stored at 270°C. The levels of constitutive or Mu-
rabutide-induced TNF-a, IFN-g, IL-2, IL-6, IL-10, IL-12, IL-13, MIP-1a, MIP-
1b, and RANTES were determined using enzyme-linked immunosorbent assay
(ELISA) kits purchased from R&D Systems. Specific ELISA kits for the detec-
tion of IFN-a (Endogen, Woburn, Mass.) and IL-16 (Biosource, Camarillo,
Calif.) were also employed. All assays were performed in accordance with the
manufacturer’s instructions, and cytokine levels were calculated by comparison
to standard curves using recombinant cytokines.

Detection of tritium-labeled thymidine uptake. Monocytes seeded at 7.5 3 104

per well in 96-well plates (Falcon) were allowed to differentiate into MDMs or
MDDCs over a 7-day culture period. Cells were then left unstimulated or were
stimulated with Murabutide, in quadruplicate, for another 2 or 6 days. The level
of DNA synthesis was measured after an 18-h pulse with 0.5 mCi of tritium-
labeled thymidine (Amersham Pharmacia Biotech) per well. Cells were then
lysed with 10 ml of DNAZol (Life Technologies, Cergy Pontoise, France) prior
to harvesting on a filter mat for scintillation counting (Skatron, Lier, Norway).
Radioactivity was read using a Tricard 1600LR liquid scintillation beta counter
(Packard, Downers Grove, Ill.).

Statistical analyses. The Wilcoxon matched-pair test was used to determine
the statistical significance of all reported results unless otherwise mentioned.
P values of ,0.05 were considered statistically significant.

RESULTS

Murabutide suppresses HIV-1 replication in acutely in-
fected MDMs. We examined the effects of different concentra-
tions of Murabutide (0.01 to 100 mg/ml) on the level of viral
replication in HIV-1Ba-L-infected MDMs. Viral RT activity
was measured 12 days postinfection in supernatants of un-
treated or Murabutide-treated MDM cultures from six sepa-
rate donors. Results shown in Fig. 1A demonstrate that the
addition of Murabutide at 1, 10, or 100 mg/ml resulted, respec-
tively, in 42, 84, or 85% mean inhibition of viral replication.
Lower concentrations of Murabutide (0.01 and 0.1 mg/ml) had
no significant inhibitory effect (,20%). We then evaluated, in
six additional experiments, the kinetics of HIV-1Ba-L replica-
tion in acutely infected MDM cultures that were maintained
for 2 weeks in the absence or presence of Murabutide at 10
mg/ml. Viral replication was detectable as of day 6 postinfec-
tion and was found to peak either on day 10 or on day 14.
Treatment of infected cultures with Murabutide induced a
dramatic inhibition of viral replication on day 6 (78% mean
inhibition), and this effect was maintained at a similar level
(90%) on days 10 and 14 (Fig. 1B). In two of the six experi-
ments, viral replication was monitored over a period of 4 weeks
and the inhibitory effect of Murabutide was found to be con-
sistent (.85%) throughout the whole culture period. Micro-
scopic examination of cultures at different time points and
analysis by trypan blue dye revealed that the addition of Mu-
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rabutide to infected MDMs did not alter the adherence char-
acteristic or the viability of cells compared with unstimulated
cultures. Two primary HIV-1 isolates, M-tropic HIV-1CHR-4
and dual-tropic HIV-1CHR-1, were also used to infect MDMs,
and cultures were maintained for 2 weeks in the absence or
presence of Murabutide (10 mg/ml). Peak levels of viral p24
protein in the supernatants of MDMs infected with the CHR4
and CHR1 strains were 8,067 and 19,490 pg/ml, respectively.
The corresponding levels of p24 in cultures maintained with
Murabutide were 1,185 and 2,377 pg/ml, representing 85 and
88% inhibition of viral replication. Moreover, to address a
potential effect of Murabutide on baseline cellular DNA syn-
thesis that could interfere with viral replication (30), [3H]thy-
midine uptake was evaluated in six independent experiments
after 2- and 6-day culture periods. The levels of MDM prolif-
eration (mean number of counts per minute 6 the standard
error of the mean [SEM]) on day 2 and on day 6 were 1,317 6
279 and 1,058 6 302, respectively. The proliferative activity of
MDMs was not significantly modified (P . 0.05) by treatment
with Murabutide (1,123 6 212 on day 2 and 1,150 6 207 on day
6). This is in contrast to the effects of other immunomodula-
tors, including LPS, which have been reported to inhibit mac-
rophage DNA synthesis (42).

Murabutide suppresses viral mRNA and proviral DNA lev-
els in HIV-1-infected MDMs. Analysis of total cellular RNA
from HIV-1Ba-L-infected cultures was performed on samples
maintained for 8 days postinfection in the absence or presence
of Murabutide (10 mg/ml). Results from two representative
experiments are shown in Fig. 2. The expression level of un-

spliced HIV-1 mRNA in both experiments was found to be
inhibited by 98% in Murabutide-treated compared with un-
treated MDMs (Fig. 2A). On the other hand, the inhibitory
effects of Murabutide on the expression level of singly spliced
HIV-1 mRNA were 85 and 63% in experiments 1 and 2,
respectively (Fig. 2B). No effect of Murabutide on the level of
b-actin mRNA accumulation in MDMs could be detected (Fig.
2C).

To determine whether Murabutide stimulation of HIV-
1Ba-L-infected MDMs may also affect proviral DNA formation,
we evaluated the provirus content in total cell DNA extracts
obtained 22 h postinfection. Representative results from two
separate experiments are shown in Fig. 3A. It was noted that
cultures maintained with Murabutide after the 2-h infection
period presented dramatically lower levels of HIV-1 proviral
DNA compared with untreated MDMs. The mean inhibition
of proviral DNA corresponded to 74 and 78% in experiments
1 and 2, respectively. Since this approach cannot identify
whether Murabutide targets the early step of reverse transcrip-
tion or the nuclear transport of viral DNA and its integration,
we decided to examine this issue by evaluating the levels of
strong-stop DNA and the 2-LTR circular form in the low-
molecular-weight DNA fraction and the level of integrated
provirus in high-molecular-weight DNA. PCR analysis of the
low-molecular-weight DNA, extracted at the 24-h time point,
demonstrated the absence of a significant effect (,5% inhibi-
tion) of Murabutide on the early step of reverse transcription
and the formation of strong-stop DNA (Fig. 3B). In contrast,
the level of the viral 2-LTR DNA circle form, reflecting the
transport of viral preintegration complexes to the nucleus, was
greatly reduced (.92% inhibition) in Murabutide-treated,
HIV-1Ba-L-infected MDMs (Fig. 3B). Identical inhibition was
also observed in DNA samples extracted 48 h postinfection
(data not shown). Furthermore, using the high-molecular-
weight DNA fraction purified from total cellular DNA, the

FIG. 1. Murabutide inhibits HIV-1Ba-L replication in acutely infected MDM
cultures. Following the 2-h infection period, MDMs were washed and main-
tained in the absence or presence of Murabutide at 1 to 100 (A) or 10 (B) mg/ml.
Viral RT levels were measured in culture supernatants 12 (A) or 6, 10, and 14 (B)
days postinfection. The results presented are the means 6 SEMs of six separate
experiments in panel A and of another six independent experiments in panel B.
p, RT levels significantly reduced compared with those of untreated cultures
(P , 0.05).

FIG. 2. Viral mRNA expression in HIV-1Ba-L-infected MDMs cultured for 8
days in the absence or presence of Murabutide (10 mg/ml). In two separate
experiments (expt.), RNA samples (33, 100, and 300 ng) were subjected to
RT-PCR amplifications with primer pair GAG06-GAG04 to detect unspliced
Gag or Pol mRNA (A) and with primer pair BSS-KPNA to detect intermediate-
size, singly spliced viral transcripts (B). These mRNAs were named as follows on
the basis of the exons they contain and the proteins they produce (43): 1.4E Tat,
exons 1 and 4E; 1.2.4BE Vpu/Env, exons 1, 2, and 4BE; 1.2.5E Vpu/Env, exons
1, 2, and 5E; 1.4BE Vpu/Env, exons 1 and 4BE; 1.5E Vpu/Env, exons 1 and 5E.
Constitutively expressed b-actin mRNA in the same samples was also amplified
(C). An equivalent amount of RNA from the 8E5 cell line was used as a positive
control for RT-PCR amplification.
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level of integrated provirus was analyzed in untreated and in
Murabutide-treated MDMs. Results from two independent ex-
periments (Fig. 3C) demonstrate that virus integration was
reduced by greater than 87% following 48 h of treatment with
Murabutide. Taken together, these results point to a dramatic
inhibition by this synthetic immunomodulator of the transport
of viral preintegration complexes to the nucleus and of virus
integration, with no measurable effect on the early process of
virus reverse transcription.

Further characterization of the Murabutide-suppressive ac-
tivity on HIV-1 replication in MDMs. To address the question
of whether the mechanism of HIV-1 suppression by Mu-
rabutide is exclusively linked to the inhibition of nuclear local-
ization of proviral DNA, experiments were performed in which

treatment with Murabutide only started 48 h postinfection.
This time period is known to be sufficient for complete reverse
transcription and nuclear import of viral preintegration com-
plexes into MDMs (15). Results from five independent exper-
iments have demonstrated that the percentages of inhibition of
HIV-1Ba-L replication measured 10 days postinfection were
similar among cultures that were stimulated with Murabutide
either immediately after infection (77% 6 7%) or 48 h postin-
fection (62% 6 8%; P 5 0.1172, Mann-Whitney U test). This
effect, which was confirmed at the level of viral transcripts, also
points to the ability of Murabutide to control viral replication
at a step that follows the full integration of proviral DNA.
Moreover, to analyze whether Murabutide could directly in-
terfere with virus binding and entry, experiments were per-

FIG. 3. Effect of Murabutide on HIV-1Ba-L-proviral DNA levels in MDMs. (A) Total DNA was extracted 22 h postinfection from untreated or Murabutide-treated
MDMs, and various concentrations (6, 30, and 150 ng) were subjected to PCR amplification with primer pair GAG06-GAG04 to detect the HIV-1 gag gene. Cell
equivalence was determined by amplification of the b-actin housekeeping gene, and DNA extracts from 8E5 cells were used as PCR standards. (B) Different dilutions
(6, 30, and 150 ng) of low-molecular-weight DNA were amplified using strong-stop DNA or 2-LTR circular DNA primer sets. Cell equivalence was determined by
mitochondrial gene (Mito) amplification. (C) High-molecular-weight DNA extracts (6, 30, and 150 ng) made 48 h postinfection were amplified using the M668-AluI
primer pair to detect the cellular–HIV-1 DNA junction sequences (fragments of .659 bp). Cell equivalence was determined by amplification of the GAPDH gene.
Extracts from HIV-1-infected peripheral blood mononuclear cells (PBL) were used as PCR standards.
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formed in which the compound was mixed with HIV-1Ba-L and
added to cultures during the 2-h infection period. In three
separate experiments, identical levels of proviral DNA were
detected 24 and 48 h postinfection in MDM cultures exposed
to HIV-1Ba-L in the absence or presence of Murabutide (10
mg/5 3 105 cells). Similarly, the presence of Murabutide with
the virus during the infection period had no effect whatsoever
on the viral RT levels measured 10 days postinfection (data not
shown). Thus, Murabutide does not seem to compete with
HIV-1 binding to its receptors or to exert a direct inhibitory
activity on viral enzymes. This latter point was further demon-
strated by the inability of Murabutide, when mixed with HIV-1
particles purified by ultracentrifugation, to reduce the enzy-
matic activity of RT in vitro (data not shown).

Activation by LPS of p38 MAPK in MDMs has been re-
cently suggested as a major mechanism mediating the HIV-
suppressive activity of endotoxin (72). To determine whether
this mechanism is implicated in Murabutide activity, we have
evaluated the effect of blocking p38 MAPK activation, using
the specific inhibitor SB203580, on the inhibition of viral rep-
lication induced either by Murabutide or by LPS. Results of
one out of three identical experiments shown in Fig. 4 dem-
onstrate that the HIV-suppressive activity of Murabutide was
not modified by the presence of the inhibitor SB203580. In
contrast, blocking of p38 MAPK activation was found to ab-
rogate the LPS-induced suppression of viral replication. This
further differentiates the activity of Murabutide from that of
LPS at the level of intracellular signaling events.

Murabutide inhibits HIV-1 replication in MDDCs. Cultures
of differentiated MDDCs were infected with HIV-1Ba-L and
then maintained for 3 weeks in the absence or presence of
Murabutide (10 mg/ml). Detectable viral replication in un-
treated cultures was consistently observed 8 to 10 days postin-
fection, and RT levels in the supernatants continued to in-
crease until the end of the culture period. The addition of
Murabutide to infected cultures from six separate donors,
greatly reduced the RT levels on days 15 and 19 postinfection
(Fig. 5), and the mean percentages of inhibition of viral repli-
cation were 69 and 77%, respectively. Dose-response studies

indicated that even at a concentration of 0.1 mg/ml, Mura-
butide exerted significant HIV-suppressive activity (.50%) in
MDDC cultures from three out of four tested donors. Similar
to the effects on MDMs, Murabutide was also found to inhibit
proviral DNA and viral mRNA levels in infected MDDCs but
not to interfere with cell proliferative activity (data not shown).

Regulation by Murabutide of the expression of HIV-1 recep-
tors. We then questioned the ability of Murabutide to regulate,
in MDMs and MDDCs, the level of expression of different cell
surface receptors, including CD14, CD4, HLA-DR, CCR5,
and CXCR4. Stimulation with Murabutide for 6, 24, and 48 h
had no measurable effect on CD14, HLA-DR, and CXCR4
expression in both cell populations. MDDCs did not express
detectable CD14 either before or after Murabutide stimulation
(data not shown). However, both MDMs and MDDCs cul-
tured with Murabutide for 24 or 48 h, but not those cultured
for 6 h, presented reduced expression of CD4 and CCR5 and
this effect was maximal at the 24-h time point (Fig. 6). Histo-
grams demonstrating the staining profile of cells from one
representative donor are shown in Fig. 6A. Furthermore, anal-
ysis of results from five independent experiments revealed that
both the percentage of positive cells (Fig. 6B) and the MFI of
the positive populations (Fig. 6C) were significantly reduced
following stimulation with Murabutide (P , 0.05). Neverthe-
less, this effect was quite limited in magnitude and is unlikely
to be a major pathway mediating the HIV-suppressive activity
of the immunomodulator.

Profile of cytokines and chemokines induced by Murabutide
in HIV-1Ba-L-infected MDM and MDDC cultures. The ques-
tion of whether Murabutide modulates the endogenous cyto-
kine network in MDM and MDDC cultures was addressed by
evaluating the levels of secreted cytokines and chemokines
2 and 6 days postinfection. Supernatants from untreated or
Murabutide-treated cultures in seven independent experi-
ments were found to lack detectable IFN-a, IFN-g, IL-2, IL-
12, IL-13, and IL-16. Low levels of IL-10 (,200 pg/ml) were
consistently present in MDM and MDDC supernatants, al-
though these levels were not significantly modified upon stim-
ulation with Murabutide (data not shown). It is of interest that
the absence of IL-2 and IFN-g in supernatants from all of the
cultures reflects the high purity and the absence of lympho-
cytes in the MDM and MDDC preparations. On the other

FIG. 4. Inhibition of p38 MAPK activation with SB203580 does not abrogate
the HIV-suppressive activity of Murabutide. MDM cultures were maintained
during and continuously after infection in the absence or presence of 1 mM
SB203580. Wells from each condition were left untreated (Medium) or were
stimulated with Murabutide or with LPS following the 2-h infection period. Viral
RT levels were assessed 10 days postinfection, and the data presented are
means 6 SDs of a single representative experiment done in triplicate out of three
experiments performed.

FIG. 5. Murabutide inhibits HIV-1Ba-L replication in acutely infected
MDDCs. Following the 2-h infection period, MDDCs were maintained in the
absence or presence of Murabutide (10 mg/ml). Supernatants collected on days
15 and 19 postinfection were evaluated for viral RT levels. The data presented
are means 6 SEMs of six independent experiments. p, RT levels significantly
reduced compared with those of unstimulated cultures (P , 0.05).
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hand, treatment of MDMs with Murabutide for either 2 or 6
days induced a significant release of TNF-a, IL-6, MIP-1a,
MIP-1b, and RANTES (Fig. 7A). However, the balance was
much more tipped toward the induction of b-chemokines than
toward the induction of proinflammatory cytokines. A similar
profile of Murabutide-induced cytokines, although weaker in
magnitude, was also observed in MDDCs treated for 2 days
(Fig. 7B). Contrary to the effect in MDMs, longer stimulation
of MDDC with Murabutide (6 days) did not maintain signifi-
cantly induced levels of MIP-1a, MIP-1b, or TNF-a (Fig. 7B).

The HIV-suppressive activity of Murabutide is not blocked
by antichemokine antibodies. To evaluate the role of induced
b-chemokines in the HIV-suppressive activity of Murabutide,
the effect of neutralizing antibodies against MIP-1a, MIP-1b,
and RANTES was examined. In three separate experiments,
stimulation of HIV-1Ba-L-infected MDMs with Murabutide for
8 to 10 days postinfection resulted in 79% mean inhibition
(range, 64 to 90%) of RT levels compared with those of un-
treated controls. The level of Murabutide-induced inhibition
of HIV-1 replication was equally evident in MDM cultures that
were continuously maintained either with normal goat IgG at
150 mg/ml (mean inhibition: 78%; range, 66 to 91%) or with a

mixture of each of the three antichemokine antibodies at 50
mg/ml (mean inhibition: 78%; range, 56 to 93%). Evaluation of
the levels of b-chemokines in the same supernatants using
ELISA kits revealed that the addition of antichemokine anti-
bodies, but not of normal goat IgG, reduced the detectability
of the released chemokines by .90%. This suggests that the
neutralized chemokines were no longer accessible for binding
and strongly argues for chemokine-independent inhibition of
HIV-1 replication by Murabutide. To further elucidate this
point, we tested the effect of Murabutide on HIV-1LAI repli-
cation in MDMs and MDDCs. This T-tropic strain had no
capacity to replicate in MDMs, a finding that is consistent with
its phenotype, and cultures maintained in the presence of Mu-
rabutide continued to be negative for p24 (,5 pg/ml). On the
other hand, productive infection with HIV-1LAI in MDDCs
was observed in cultures from two out of four tested donors.
Peak p24 levels occurred on day 20 postinfection and corre-
sponded to 35,700 and 31,424 pg/ml. The addition of Mu-
rabutide to infected cultures inhibited the release of p24 pro-
tein into the supernatants by 76 and 58%, respectively. These
results clearly demonstrate that the HIV-suppressive activity of
Murabutide is not restricted to M-tropic viruses and that the
observed effect of the immunomodulator is not necessarily
dependent on its capacity to induce b-chemokine release.

DISCUSSION

Macrophages and dendritic cells are major targets for HIV-1
and have been found to contribute to several immune defects
observed in infected subjects (29, 40, 68). Agents capable of
controlling HIV-1 infection and/or replication in APCs, as well
as of stimulating cellular immune functions, may have an im-
portant place in the management of HIV disease. Synthetic
muramyl dipeptide and several of its hydrophilic structural
derivatives have been found to activate cells of the myeloid
lineage, to regulate cytokine release, and to enhance the host’s
nonspecific resistance to infections and tumors (16, 36, 47, 48).
However, many of these molecules were found to induce pro-
hibiting toxicities and only a few analogues presented a real
potential for clinical development (5, 64). Studies with exper-
imental animals and with humans revealed that Murabutide,
selected by screening of over 200 analogues, presented unique
immunopharmacologic activities that were associated with a
safe clinical profile (5–7, 13, 52). Based on these findings, the
potential use of Murabutide among the nonspecific immune-
based strategies for the immunotherapy of chronic viral infec-
tions has been envisaged (5).

The present study was aimed at evaluating whether macro-
phage activation by Murabutide could trigger cellular effector
mechanisms that are able to control HIV-1 replication. More-
over, in the absence of knowledge of the outcome of interac-
tions between muramyl peptides and dendritic cells, we also
sought to analyze this issue using Murabutide-treated, HIV-
infected dendritic cells. The addition of Murabutide to MDM
or MDDC cultures, either immediately or 2 days after infec-
tion with HIV-1, resulted in highly significant inhibition of viral
replication. This activity was demonstrated to be independent
of a direct effect on the virus or on virus entry but to involve
activation of cellular pathways capable of interfering with pro-
viral DNA integration or/and viral transcription. Although the
effects of Murabutide seem to have certain features in common
with those reported for LPS or IFN-a (31), it is apparent that
the mechanisms involved are not identical. Activation of p38
MAPK by LPS in acutely infected MDMs has been reported to
be essential for inhibition of the viral 2-LTR circular DNA
form (72). Our results obtained by using a specific inhibitor of

FIG. 6. Regulation by Murabutide of CD4 and CCR5 membrane expression
in MDMs. Following 24 h of culture in the absence or presence of Murabutide,
MDMs were stained with CD4 or CCR5 MAbs and with isotype-matched control
antibodies. Histograms from one representative experiment showing the per-
centage of positive cells and the MFI for CD4 and CCR5 (shaded area), as well
as the staining profile obtained with isotype-matched antibodies (open area) are
presented in panel A. The data shown in panels B and C are means 6 SEMs of
five separate experiments reflecting the percentage of positive cells (B) and the
MFI (C) in untreated (Medium) or Murabutide-treated cultures. p, expression of
CD4 and CCR5 significantly reduced compared with that in unstimulated cells
(P , 0.05).
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p38 MAPK activation indicate that the Murabutide-induced
inhibition of nuclear proviral DNA is not dependent on the
activation of this signaling molecule. In addition, whereas the
presence of Murabutide during the 2-h infection period had no
effect on virus entry and replication, the use of LPS under
similar conditions has been found to enhance virus entry but to
inhibit nuclear import of viral preintegration complexes (72).
On the other hand, suppression of HIV-1 replication by LPS is
known to depend on the capacity of endotoxin to induce IFN-a
release and the subsequent upregulation of CCAAT enhancer
binding protein beta (26). Although no measurable IFN-a
could be detected in Murabutide-stimulated MDM cultures,
our results cannot rule out the possibility of upregulation by
Murabutide of CCAAT enhancer binding protein beta or of
other HIV-1 LTR-repressing transcription factors (38, 41), an
issue that needs to be addressed in future studies.

Macrophages are permissive for M-tropic HIV-1 isolates
that use CCR5 for entry but are resistant to CXCR4-depen-
dent T-tropic strains (9). This has been recently explained by
the expression of a low-molecular-weight monomeric form of
CXCR4 in MDMs (35). However, primary dual-tropic HIV-1
isolates are known to be capable of infecting macrophages via
a CXCR4-dependent process (67). Our results obtained by
using the CHR4 and CHR1 primary isolates demonstrate the
capacity of Murabutide to control the replication of both M-
tropic and dual-tropic HIV-1 strains in MDMs. On the other
hand, mature dendritic cells have been found to support pro-
ductive infection by M- and T-tropic strains which use CCR5
and CXCR4, respectively (22, 34). We were able to get pro-
ductive infection of MDDCs with the T-tropic strain LAI in
cultures from only two of the four tested donors. Nevertheless,
in both cases, stimulation of infected cells with Murabutide led
to significant suppression of T-tropic HIV-1 replication. This
clearly indicates that the HIV-suppressive activity of Mu-

rabutide in APCs is not restricted to M-tropic virus isolates.
Furthermore, in Murabutide-treated MDM and MDDC cul-
tures, a selective profile of high b-chemokine induction and
low proinflammatory cytokine release has been observed.
These results suggest that the HIV-suppressive activity of Mu-
rabutide depends, at least in part, on its capacity to induce
MIP-1a, MIP-1b, and RANTES. However, a role for the Mu-
rabutide-induced b-chemokines in mediating the inhibition of
HIV replication in MDMs could be neither observed nor de-
duced. This is based on (i) the failure of the maintenance of
cultures in the presence of neutralizing antibodies to the three
b-chemokines to modify the HIV-suppressive activity of Mu-
rabutide, (ii) the ability of the immunomodulator to inhibit
the replication of b-chemokine-insensitive dual-tropic and
T-tropic strains, and (iii) restriction of the activity of b-chemo-
kines on HIV replication to processes that do not seem to be
affected by Murabutide, including virus entry (1) or a postbind-
ing fusion step (44). Nevertheless, the ability of Murabutide to
induce the secretion of b-chemokines in MDM and MDDC
cultures may be responsible for the observed downregulation
of CCR5 expression, possibly through receptor internalization
following ligand binding. Indeed, the downregulation of CCR5
expression by Murabutide was evident in a period correspond-
ing to the presence of maximum levels of induced b-chemo-
kines in treated cultures. On the other hand, the mechanism
involved in the Murabutide-induced downregulation of CD4
expression has not been elucidated in the present study. How-
ever, based on the absence of detectable IL-16 in Murabutide-
treated cultures, we can rule out a potential role for the natural
ligand of CD4 in mediating the observed downregulation of its
receptor (24). Similarly, the absence of CD31 lymphocytes in
our culture system (,1%) and the absence of detectable IL-2
levels in supernatant of Murabutide-treated APCs exclude the
possibility of IL-2-mediated downregulation of CD4 in MDMs

FIG. 7. Profiles of released cytokines in HIV-1Ba-L-infected MDM and MDDC cultures that were maintained in the absence (Medium) or in the presence of
Murabutide (10 mg/ml). Culture supernatants were collected 2 and 6 days postinfection, and the levels of different cytokines and chemokines were analyzed with ELISA
kits. The values shown are means 6 SEMs of six or seven separate experiments with MDM (A) and MDDC (B) cultures. p, values significantly different from those
of unstimulated cultures (P , 0.05).
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(33). Alternative explanations, including Murabutide-induced
downregulation of CD4 gene expression, cannot be disre-
garded and will be addressed in future studies.

Biologically active muramyl peptides are known to interact
directly with macrophages and B cells, although the receptors
mediating this interaction are still controversial. Recently,
the monocyte surface antigen CD14, a major LPS receptor,
has been suggested to serve as a binding site for MDP (17,
66). Nevertheless, MDP and other derivatives were found to
exert direct effects on purified CD142 B lymphocytes (57) and
MDDCs (present work), arguing for a multiplicity of muramyl
peptide receptors. Moreover, the possibility that muramyl pep-
tides and LPS share the same signaling receptors is highly
unlikely in view of the finding that LPS-hyporesponsive C3H/
HeJ mice, having a missense point mutation in the toll-like
receptor 4 (TLR4) gene (50), are highly responsive to muramyl
peptides (19). This is further substantiated by a recent report
implicating TLR2, and not TLR4, in the mediation of pepti-
doglycan signaling in macrophages (63). In addition, certain
effects of muramyl peptides have been shown to be dependent
on the interaction of the compounds with intracellular recep-
tors (18), which may include nuclear histones (21). In this
context, it is relevant to point out that whereas several mu-
ramyl peptides were found to bind to the brain centers respon-
sible for regulating temperature and sleep, the safe analogue
Murabutide presented no such binding activity (32, 54). Taken
together, these reports argue in favor of the presence of mul-
tiple cellular receptors for muramyl peptides and suggest that
a limited structural modification could dictate the receptor
usage, the immunopharmacologic effects, and the clinical ac-
ceptability of a defined derivative.

Finally, the ability of certain immunomodulators to po-
tentiate the host’s resistance to viral infections has been
frequently associated with their capacity to regulate cyto-
kine release (4, 47, 54). However, it may well be that immu-
nomodulators also regulate the expression of other cellular
genes that are needed for the completion of different steps in
the virus life cycle. Our data strongly suggest the regulation by
Murabutide of cellular factors necessary for HIV integration
and transcription. Although these factors have not been iden-
tified in the present study, the observed abilities of Murabutide
to suppress HIV-1 replication, to reduce the expression of vi-
rus receptors, and to enhance the release of HIV-suppressive
chemokines could have important implications for the nonspe-
cific immunotherapy of HIV infection. Ongoing studies in our
laboratory have also revealed the ability of Murabutide to
control HIV replication in endogenously infected T cells and in
the humanized severe combined immunodeficient mouse mod-
el. Confirmation of these results and the good clinical toler-
ance of Murabutide by HIV-infected patients may rapidly con-
tribute to the serious evaluation of a new immunotherapeutic
approach, as an adjunct to antiretroviral agents, in the man-
agement of HIV disease.
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