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a b s t r a c t

In the attempt to eradicate HIV-1 infection, a strategy to eliminate macrophages, one of the most important
cellular reservoirs in sustaining virus replication during HAART, could be of great benefit in the suppres-
sion of viral rebound. Aware of the ability of clodronate to cause macrophage depletion, the effect of the
administration of clodronate encapsulated in erythrocytes on disease progression and on viral rebound
was evaluated in a murine model of AIDS (MAIDS). One group of LP-BM5 retroviral complex-infected
C57BL/6 mice received oral administrations of azidothymidine and dideoxyinosine daily for 12 weeks;
two other groups received in addition, either clodronate-loaded erythrocytes or free clodronate at 7–10
day intervals. At the end of the treatment, the three groups maintained parameters characterizing disease
progression similar to those of uninfected mice and showed a significantly lower level of BM5d DNA than
Macrophages infected mice in all organs and cells tested. To assess the viral rebound, some animals were left for an
additional 4 month period without any treatment. After this time, the BM5d DNA content in blood leuko-
cytes increased in all groups, but the group having received clodronate-loaded erythrocytes, in addition
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. Introduction

Human immunodeficiency virus type 1 (HIV-1) eradication is
ne of the most important aims of novel antiretroviral therapies. In
act, highly active antiretroviral therapy (HAART) is able to suppress
lasma viremia to undetectable levels, but it cannot eradicate HIV-
. This is mainly due to the existence of cellular reservoirs. The best
haracterized cellular reservoirs of HIV-1 are the latently infected
esting memory CD4+ T cells, which, containing an integrated copy
f HIV-1 genome, become an extremely stable HIV-1 reservoir that
an survive in the patient for many years (Chun et al., 1997).

Resting memory CD4+ T cells may archive the wild type and
rug-resistant HIV-1 strains, which appear throughout the years of
AART and can produce HIV-1 upon the subsequent activation by

he antigen. Apart from latent HIV-1 infection of the resting mem-

ry CD4+ T cells providing long-term viral persistence, residual viral
eplication can also occur in these cells. Such residual replication
ontributes to viral rebound following cessation of HAART. Unfortu-
ately, the latent reservoir decays slowly, with a half-life of up to 44
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ed a significant delay in viral rebound.
© 2008 Elsevier B.V. All rights reserved.

onths, making it the principal, known obstacle in the eradication
f HIV-1 infection (Sedaghat et al., 2008).

Another important cellular reservoir of HIV-1 is represented
y the cells of macrophage lineage which were shown to be the
rst to be infected. Both blood monocytes and tissue macrophages
an harbour HIV-1, although monocytes are significantly less sus-
eptible than macrophages. Following infection, these cells are
esistant to the cytopathic effects of HIV-1 and hence can per-
ist in the tissues for a long period of time (even in the presence
f HAART), support viral replication and contribute to the patho-
enesis of disease. Whilst the kinetics of virus release from cells
f macrophage lineage are slower in comparison to CD4+ T cells,
he lack of HIV-induced cytopathicity enables macrophages to con-
inue to secrete HIV-1 for a longer period of time (Chun and Fauci,
999; Crowe and Sonza, 2000). Hence, tissue macrophages can act
s long-term stable reservoirs for HIV-1 capable of disseminating
he virus in other tissues, thus contributing to viral reservoir pools
hat ultimately lead to disease progression (Shehu-Xhilaga et al.,

005).

Viral compartmentalization has been reported not only within
irculating immune cells, but also in various biological fluids and
rgans such as the brain, the cerebrospinal fluid (CSF), seminal
lasma, and lymph nodes, where differences in the concentration of

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:luigia.rossi@uniurb.it
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IV inhibitors have been demonstrated (Pomerantz, 2003; Shehu-
hilaga et al., 2005).

Recent findings have proposed the regulatory Nef protein,
xpressed by HIV-1 in the early stages of the infection cycle, to
ounteract the HIV-induced apoptosis in macrophages, thus having
role in the in vivo establishment of the HIV macrophage sanctu-

ry (Olivetta and Federico, 2006). Some researchers have proposed
TAT-1 and its activation upon HIV infection in macrophages as
possible survival factor contributing to the role of macrophages

s persistent viral reservoirs (Magnani et al., 2003). Other authors
ave shown that the nerve growth factor (NGF), a neurokine

nvolved in the survival, development and functions of periph-
ral and central neurons (Levi-Montalcini, 1987), is produced
nd released by HIV-1-infected macrophages during the first
ours/days of infection (Garaci et al., 1999) and is implicated in

nhibiting the cytopathic effects normally induced by this virus in
ther cells.

Besides this well established role in harboring the virus, acting
s reservoirs of virions (Gartner et al., 1986), macrophages play an
mportant role in the regulation of T cell apoptosis following HIV-1-
nfection. In fact, infected activated macrophages are able to trigger
he apoptosis of uninfected T cells (Badley et al., 1997; Herbein et
l., 1998), and to protect HIV-infected T cells from apoptosis favor-
ng their recruitment and productive infection (Mahlknecht et al.,
000). All these findings clearly demonstrate that new therapeutic
pproaches targeting macrophages may be relevant in the therapy
f HIV infection and, in particular, the transient and organ-specific
uppression of their functions may be beneficial, eliminating the
o-called cellular sanctuary that plays a role in HIV-1 persistence.

Macrophage depletion by means of liposome encapsula-
ion of the bisphosphonate clodronate is a well documented
echnique to obtain the transient suppression of macrophage func-
ions (van Rooijen and van Kesteren-Hendrikx, 2002). Clodronate
dichloromethylenebisphosphonate, Clod) is a non-nitrogen con-
aining bisphosphonate widely used in the treatment of metabolic
one diseases such as hypercalcemia in malignant forms, and
steolytic diseases resulting from bone metastases (Fleisch, 1991),
aget’s disease (Khan et al., 1996) and osteoporosis (Meunier et al.,
999). Depletion of macrophages through liposome-encapsulated
lodronate is shown to prevent corneal graft rejection (Slegers et al.,
003), to increase graft survival after cardiac xenotransplantation

n rats, preventing anti-graft antibody production (Koyamada et al.,
005), and to reduce neointimal hyperplasia and restenosis after
echanical arterial injury (Danenberg et al., 2002). Furthermore, it

as been studied in several preclinical models of rheumatoid arthri-
is (van Lent et al., 1996) and neurological disorders (Tran et al.,
998). Moreover, applications of liposomes as drug delivery sys-
ems for the treatment of AIDS have already been reported (Lanao
t al., 2007).

Despite the wide spectrum of applications and the encour-
ging evidence, the only application of liposome-encapsulated
lodronate that has reached clinical use is in the depletion of syn-
vial macrophages (Barrera et al., 2000).

As an alternative to liposomes, we propose erythrocyte-
ediated drug delivery to selectively target clodronate to the
acrophage compartment, exploiting the phagocytic capacity of
acrophages.
As to erythrocytes (RBC) as drug carriers, these are readily avail-

ble in large quantities, biocompatible (when autologous RBC are
sed), and completely biodegradable. They have a large capacity,

o that a significant amount of drug can be encapsulated. Fur-
hermore, it is possible to achieve a selective targeting of drugs
o macrophages without affecting the non-phagocytic cells. To
pecifically target the drug-containing RBC to the phagocytic cells,
n particular to the monocyte-derived macrophages, it is possi-
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le to artificially induce senescent signals on the RBC membrane,
hus promoting the macrophages to exploit their physiologic role
Magnani et al., 1992).

In our previous experiences, we demonstrated that the admin-
stration of Clod-loaded RBC both in vitro and in vivo was able to
liminate macrophage cells (Rossi et al., 2005). Prompted by these
onsiderations, we propose to take advantage of this strategy to
btain the elimination of viral macrophage reservoirs in a murine
odel of immunodeficiency. Murine AIDS (MAIDS) is a severe

mmunodeficiency syndrome induced by a complex of retroviruses,
alled LP-BM5 murine leukemia virus (MuLV), in susceptible strains
f mice (Morse et al., 1992). LP-BM5 retroviral isolates consist
f pathogenic defective murine retrovirus (BM5def) that requires
eplication-competent ecotropic helper viruses (e.g. BM5eco) for
ts entry into cells and proliferation in vivo. The LP-MB5 infection
f C57BL/6 mice is considered an efficient mouse model for human
IDS due to the similarity of symptoms (Morse et al., 1992). Some
f these similarities include development of profound immunode-
ciency characterized by deficits in B- and T-lymphocyte function
s well as deficiencies in macrophage functions. The early stage
f the disease is characterized by early-onset hypergammaglobu-
inemia and polyclonal activation of lymphocytes and proliferation
ssociated with progressive lymphoadenopathy and splenomegaly
Chattopadhyay et al., 1991). In advanced stages of the disease,
nfected mice become increasingly immunodeficient resulting in
ncreased susceptibility to opportunistic infections (Doherty et
l., 1995) and development of secondary neoplasm, especially B-
ell lymphomas (Buller et al., 1987); in fact, both CD4 T cells
nd B cells are required for disease induction and progression. It
as been reported that the main targets of initial LP-BM5 retro-
irus infection are B cells, and to some extent, macrophages and
cells.

In this study, we have evaluated the effects of macrophage
epletion induced by the periodical administration of Clod-

oaded RBC in immunodeficient LP-BM5-infected C57BL/6 mice
reated with two antiretroviral drugs (azidothymidine, AZT and
ideoxyinosine, DDI) to suppress viral replication taking place in
ctivating/proliferating CD4+ T cells. To this end, infected mice
ere treated with AZT plus DDI in drinking water and received
eekly administrations of Clod by means of RBC or given free. Com-
arative studies were performed with mice treated with the two
ntiretrovirals alone or with only Clod. After 12 weeks of treat-
ent, drug administrations were interrupted and the mice, left
ithout drugs for a further four months, were used to assess some

igns of the disease and the viral load. In fact, the primary aim
f this study was to evaluate if the depletion of the macrophage
opulation could have some effect on disease progression and, in
articular, on viral rebound in mice treated with the combination of
ZT + DDI.

. Materials and methods

.1. Virus and animals

The LP-BM5 viral mixture was kindly provided by Robert Yetter
Veterans Administration Hospital, Baltimore, MD, USA) and was

aintained in a persistently infected SC-1 cell line as previously
escribed (Mosier et al., 1987). Five-week-old female C57BL/6 mice
Harlan, Italy) were inoculated with 0.250 ml of the virus stock con-
aining 0.33 Units (IU) of reverse transcriptase by means of two

onsecutive intraperitoneal injections at 24-h interval. Mice were
oused in specified conditions at 22 ± 1 ◦C with a 12-h light/dark
ycle, 60 ± 5% humidity, and 12-h air changes/hour. The use and
are of the animals used in this study were approved by the Ethical
ommittee of the University of Urbino “Carlo Bo”, Italy.
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Fig. 1. Treatment schedule. T1, T2 and T4 = o

.2. Drugs and animal treatments

Azidothymidine (AZT) and dideoxyinosine (DDI) were obtained
rom Sigma (Milan, Italy); clodronate (Clod) was a gift from Roche
iagnostics GmbH (Mannheim, Germany).

AZT and DDI were administered ad libitum in drinking water at
he concentrations of 250 and 134 mg/L, respectively, for the dura-
ion of the entire experiment (12 weeks) beginning 24 h after the
rst virus inoculation.

Clodronate was encapsulated into murine RBC by a procedure
f hypotonic dialysis and isotonic resealing to a final concentra-
ion of 10 �mol/ml RBC (mM) as previously described (Rossi et
l., 2005). Clod-loaded RBC were further processed to increase
acrophage phagocytosis. In particular, Clod-loaded RBC suspen-

ion (10% Ht) was incubated with 1.0 mM ZnCl2 and treated with
.0 mM bis(sulfosuccinimidyl)suberate (BS3) for 15 min at room
emperature under gentle mixing, then washed once in washing
uffer containing 10 mM ethanolamine (pH 7.4), once in washing
uffer containing 1% (w/v) bovine serum albumin (BSA) and finally

n washing buffer (Rossi et al., 2005).
Free clodronate was dissolved in distilled water in 500 mM

tock solution, adjusted to pH 7.4 with 6.0N sodium hydroxide and
lter sterilized prior to use; finally, this solution was diluted in
epes saline solution to a final concentration of 1 mM just before
se.

Clodronate administration was performed as follows: infected
ice receiving clodronate by means of RBC (I + AZT + DDI + Clod-

BC and I + Clod-RBC groups) were intraperitoneally (ip) injected
ith 250 �l of Clod-loaded RBC at 6% Ht corresponding to 56 �g

lodronate/mouse, of which 2.8 �g of drug is free (5%), as cal-
ulated previously (Rossi et al., 2005); infected mice, receiving
ree clodronate (I + AZT + DDI + free Clod and I + free Clod groups),
ere injected intraperitoneally with 156 �l of 1 mM clodronate

56 �g Clod/mouse). Both Clod-loaded RBC and free clodronate
ere administered 9 times in all at 7–10 day intervals starting from

he day after the first virus inoculation.
The groups of mice studied were seven and were marked

s: control mice (uninfected and untreated, n = 10, CTR), infected
ice (infected and untreated, n = 20, I), infected mice treated with

ZT + DDI alone (n = 20, I + AZT + DDI) or with AZT + DDI plus Clod-

oaded RBC (n = 20, I + AZT + DDI + Clod-RBC) or with AZT + DDI plus
ree clodronate (n = 20, I + AZT + DDI + free Clod), and infected mice
reated with Clod-loaded RBC (n = 20, I + Clod-RBC) or with free Clod
n = 20, I + free Clod).

s
m
s
w
I

o and four months after stopping therapy.

After 12 weeks of infection, the mice of each experimental group
except for 6 mice of groups I + AZT + DDI, I + AZT + DDI + Clod-RBC
nd I + AZT + DDI + free Clod) were euthanized by cervical disloca-
ion after CO2 anesthesia, and several parameters characterizing
he progression of the disease (splenomegaly, lymphoadenopa-
hy, hypergammaglobulinemia, and levels of BM5d DNA in lymph
odes, spleens, whole blood leukocytes, peritoneal and bone
arrow macrophages) were evaluated. Lymphoadenopathy was

ssessed by investigating the mediastinal, brachial, lumbar, mesen-
eric and inguinal nodes.

At the first, the second and the fourth month after stopping
herapy, 6 mice of the I + AZT + DDI, I + AZT + DDI + Clod-RBC and
+ AZT + DDI + free Clod groups were re-tested for BM5d DNA con-
ent in whole blood leukocytes. Moreover, at the fourth month these

ice were sacrificed and the analysis of the BM5d DNA content in
ymph nodes, as well as the evaluation of lymph node and spleen

eights, were performed. The complete experimental schedule is
eported in Fig. 1.

Another group of control mice (n = 6) were ip injected with the
ame amount of Clod-loaded RBC and the hematological parame-
ers were recorded (CTR + Clod-RBC group).

.3. Plasma immunoglobulin G determination

At 12 weeks post-infection, blood was drawn from the
etro-orbital sinus for determining plasma IgG levels via an
nzyme-linked immunosorbent assay (ELISA) technique. Briefly,
olystyrene microtiter plates (Dynex Technologies, Inc., Chantilly,
A, USA) were coated with goat anti-mouse IgG (Sigma BioSciences,
t. Louis, MO, USA) diluted 1:100 in 0.135 M NaCl and incubated for
4 h at 37 ◦C. The plates were washed four times with 0.1% Tween 20
n 10 mM NaH2PO4, 154 mM NaCl, pH 7.0 (TPBS) and blocked with
% bovine serum albumin (BSA) in PBS for 1 h at 37 ◦C. After four
ashings in TPBS, serial dilutions of murine plasma in 50 mM sodi-
mborate, pH 8.5, were added and incubated for 1 h at 37 ◦C. After
our washings in TPBS, 100 �l of goat anti-mouse IgG-horseradish
eroxidase (HRP) conjugate (Bio-Rad, Richmond, CA, USA), diluted
:1000 in PBS, were added. After incubation for 1 h at 37 ◦C,
lasma IgG levels were determined using a color development

olution containing 2.2 mM o-phenylenediamine. Absorbance was
easured at 492 nm on a Model 2550 enzyme immunoas-

ay (EIA) reader (Bio-Rad). Absolute plasma IgG concentrations
ere obtained using known concentrations of standard mouse

gG.
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Fig. 2. Effect of drug treatment on inhibition of viral-induced lymphoadenopathy
and splenomegaly in LP-BM5-infected mice at 12 weeks post-infection. LP-BM5-
infected animals were treated daily for 12 weeks with AZT + DDI in drinking water
ad libitum alone or in combination with free Clod or Clod-loaded RBC intraperi-
toneally injected as described in Section 2. Infected mice receiving free Clod and
Clod-loaded RBC were used as controls. After 12 weeks of drug treatment, ani-
mals were sacrificed and their lymph nodes (including the mediastinal, brachial,
lumbar, mesenteric and inguinal nodes) and spleens were weighed. Values repre-
sent the mean ± standard deviation of at least 10 animals per group. CTR = control
uninfected mice. I = infected mice. I + AZT + DDI = infected mice treated with
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.4. Nucleic acid purification and real-time PCR

Total cellular DNA was isolated from frozen lymph nodes,
pleens, whole blood leukocytes, peritoneal and bone marrow
acrophages of uninfected, infected and infected/treated mice. For

he peritoneal and bone marrow macrophages, the same protocol
eported in our previous paper (Fraternale et al., 2002a) was used.
he isolation of DNA from frozen tissues required an initial homog-
nization step in lysis buffer, while the white blood cells of the
eripheral blood required an initial washing step with 0.1% NP-40

n saline solution. The subsequent steps of DNA extraction protocols
ere already reported elsewhere (Casabianca et al., 2004). Cellu-

ar DNAs were resuspended in TE buffer (1 mM Tris HCl, 0.1 mM
DTA, pH 8.0), digested for 30 min at 37 ◦C with DNase-free RNasi
nd quantified by a NanoDrop ND-1000 Spectrophotometer fol-
owing the Manufacturer’s instructions (NanoDrop Technologies,

ilmington, DE, USA). All samples were diluted in TE buffer to a
nal concentration of 20 ng/�l.

A real-time PCR assay was used to analyze BM5d DNA content
Casabianca et al., 2004). The PCR was performed starting from
00 ng (lymph nodes and peripheral blood) or 500 ng (spleens) of
enomic DNA or from 5 �l of cellular lysate (macrophages). For
pleens, lymph nodes and whole blood leukocytes, the PCR results
ere normalized to 500/100 ng of genomic DNA. The 18S rRNA
ousekeeping gene was used to generate a standard curve of dilu-
ions of a known number of cells and the results were normalized
o 106 macrophages.

A sample having a BM5d DNA level below the limit of quantifi-
ation of the assay (2 copies) was defined as “undetectable” (UN)
nd for the statistical analysis we attributed a zero value.

.5. Preparation of murine peritoneal macrophages

Murine peritoneal macrophages were collected from the peri-
oneum of C57BL/6 mice at the end of the 12 weeks of treatment.
old phosphate-buffered saline (5 ml) containing 100 IU/ml peni-
illin, 100 mg/ml streptomycin and 5 IU/ml heparin was injected
nto the abdominal cavity, the peritoneum was massaged, and
he peritoneal fluid containing the cell suspension was collected
y a sterile syringe and transferred into sterile centrifuge tubes.
fter centrifugation, cells were suspended in RPMI 1640 medium
upplemented with 20% FCS and placed in culture plates (PBI Inter-
ational, Italy) and incubated at 37 ◦C in a 5% CO2 atmosphere for
8 h, which is a long enough time to permit macrophage adhe-
ion. Non-adherent cells were removed, adherent cells were gently
ashed with PBS several times, then scraped, collected, and used

or the evaluation of BM5d DNA.

.6. Peripheral blood parameters

After 12 weeks of treatment, blood was withdrawn from
ice of CTR, I, I + AZT + DDI + Clod-RBC, I + AZT + DDI + free Clod,

+ Clod-RBC, I + free Clod and CTR + Clod-RBC groups to evaluate
he hematological parameters by ABX Micros “OT” (ABX, Parc
uromedicine, Montpellier, France).

.7. Statistical analysis

Statistical analysis of data was performed with the following
onparametric tests: the Mann–Whitney U test for comparison

etween continuous variables in two groups, the Kruskal–Wallis
est for comparison among continuous variables in more than two
roups, and the Wilcoxon signed rank test for paired analysis within
he same group. Statistical significance was accepted for p values
elow 0.05.

c
i
I

ZT + DDI. I + AZT + DDI + Clod-RBC = infected mice treated with AZT + DDI + Clod-
BC. I + AZT + DDI + free Clod = infected mice treated with AZT + DDI + free Clod.
+ Clod-RBC = infected mice treated with Clod-RBC. I + free Clod = infected mice
reated with free Clod.

. Results

.1. Inhibition of lymphoproliferation and splenomegaly after 12
eeks of treatment

Progression of murine AIDS is associated with extensive lym-
hoproliferation and is characterized in part by the development
f splenomegaly (Morse et al., 1992). In this study, all infected ani-
als developed peripheral lymphoadenopathy and splenomegaly.

pleen and lymph node weights from each experimental group are
hown in Fig. 2. By the end of the 12 weeks of treatments, lymph
odes and spleens of infected mice weighed 22 and 6-fold higher
han CTR mice, respectively (Mann–Whitney test, p = 10−4).

Mice of the I + AZT + DDI group did not develop splenomegaly
r lymphoadenopathy, since the spleen and lymph node weights
ere equivalent to those of control mice (p > 0.05), while the

dministration of clodronate alone (both free and by means RBC)
aused an increase both in lymphoadenopathy and in splenomegaly
p ≤ 10−4). When the antiretroviral therapy was administered
ogether with encapsulated clodronate or free drug, a signifi-
ant inhibition of lymphoadenopathy and splenomegaly in the
+ AZT + DDI + Clod-RBC and I + AZT + DDI + free Clod groups was
bserved (Fig. 2).

.2. Inhibition of development of hypergammaglobulinemia
Early progression of MAIDS is also associated with poly-
lonal activation of B-cells resulting in increased levels of plasma
mmunoglobulins (IgG) (Klinman and Morse, 1989). Mean plasma
gG concentrations for each experimental group are reported in
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Fig. 3. Effect of drug treatment on inhibition of viral-induced hypergammaglob-
ulinemia in LP-BM5-infected mice at 12 weeks post-infection. LP-BM5-infected
animals were treated daily for 12 weeks with AZT + DDI in drinking water ad libitum
alone or in combination with free Clod or Clod-loaded RBC intraperitoneally injected
as described in Section 2. Infected mice receiving free Clod and Clod-loaded RBC
were used as controls. After 12 weeks of drug treatment, animals were sacrificed and
their plasma was collected. IgG plasma levels were measured by an enzyme-linked
immunosorbent assay (ELISA) technique as described in Section 2. CTR = control
uninfected mice. I = infected mice. I + AZT + DDI = infected mice treated with
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ZT + DDI. I + AZT + DDI + Clod-RBC = infected mice treated with AZT + DDI + Clod-
BC. I + AZT + DDI + free Clod = infected mice treated with AZT + DDI + free Clod.
+ Clod-RBC = infected mice treated with Clod-RBC. I + free Clod = infected mice
reated with free Clod.

ig. 3 and confirm the results obtained regarding splenomegaly and
ymphoadenopathy. By the end of the 12 weeks of drug treatment,
ypergammaglobulinemia was evident in infected mice, which
howed a four-fold increase in IgG levels versus control animals
p < 10−4). All treatments including AZT + DDI were effective in sig-
ificantly lowering the level of IgG to control values (p > 0.05), while

n infected mice treated only with Clod-RBC or free Clod, hypergam-
aglobulinemia showed high levels similar to those of infected
ice (p > 0.05). Again, the injection of Clod-loaded RBC in mice

eceiving AZT + DDI did not modify the IgG levels, which resembled
TR mice (p > 0.05).

.3. Inhibition of BM5d DNA in target organs and cells after 12
eek treatment

BM5d is the pathogenic virus in the LP-BM5 retroviral com-
lex and its quantification with the previously developed real-time
CR assay is used as a marker for disease progression (Casabianca
t al., 1998, 2004; Morse et al., 1992). In this study, after 12
eeks of drug treatment, the BM5d DNA levels in lymph nodes,

pleens, peripheral blood leukocytes and in peritoneal and bone
arrow macrophages of all infected groups were evaluated. All

ested organs and cells of infected and treated mice belong-
ng to I + AZT + DDI, I + AZT + DDI + Clod-RBC and I + AZT + DDI + free
lod groups displayed significantly lower levels of BM5d DNA
opy number than those of infected mice (I group), while the

ecrease in BM5d DNA copy number in bone marrow macrophages
f I + Clod-RBC and I + free Clod groups was not significant. In

ymph nodes, spleen, blood leukocytes and peritoneal macrophages
f I + Clod-RBC and I + free Clod groups, the BM5d DNA copy
umber was higher than in the infected group, reaching a sig-
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ificant value in peritoneal macrophages of the I + Clod-RBC
roup (Fig. 4). Because of the very low level of BM5d DNA in
+ AZT + DDI, I + AZT + DDI + Clod-RBC and I + AZT + DDI + free Clod
roups, the majority of spleen samples in these groups were clas-
ified as undetectable, thus it was necessary to test a greater
mount of DNA (500 ng). The results showed that 57% and
8% of samples from I + AZT + DDI and I + AZT + DDI + Clod-RBC
roups, respectively, were still undetectable, while all samples
rom I + AZT + DDI + free Clod group contained quantifiable lev-
ls of BM5d copy number. Similarly, the majority of peritoneal
nd bone marrow macrophage samples, showed undetectable
M5d DNA levels. Among the peritoneal macrophage samples,
5%, 88% and 78% from I + AZT + DDI, I + AZT + DDI + Clod-RBC and
+ AZT + DDI + free Clod groups, respectively, were undetectable,
hereas in bone marrow the percentages were 50, 44 and 56 for

he same groups, respectively. The drug combinations I + AZT + DDI,
+ AZT + DDI + Clod-RBC and I + AZT + DDI + free Clod appeared to
e equally efficient in decreasing proviral load in all organs and
ells analyzed (Kruskal–Wallis test, p < 0.05) except in the spleen
I + AZT + DDI vs. I + AZT + DDI + Clod-RBC, p > 0.05; I + AZT + DDI
s. I + AZT + DDI + free Clod, p < 0.01; I + AZT + DDI + Clod-RBC vs.
+ AZT + DDI + free Clod, p > 0.05).

.4. Inhibition of lymphoproliferation and splenomegaly 4
onths after treatment interruption

Four months after therapy was interrupted, only lymph node
eights of I + AZT + DDI + Clod-RBC group remained similar to

hose of the control group (Kruskall–Wallis test, p > 0.05), while
eights of I + AZT + DDI and I + AZT + DDI + free Clod groups showed

ignificant differences from control mice (Fig. 5). As regards
pleen weights, those of mice belonging to I + AZT + DDI and
+ AZT + DDI + Clod-RBC groups remained similar to those of control
ice (p > 0.05), while in the I + AZT + DDI + free Clod group, spleen
eights increased becoming significantly different. However, no

ignificant differences in weight values were observed for lymph
odes and spleens when comparing the three groups.

.5. Inhibition of BM5d DNA in target organs and cells 1, 2 and 4
onths after treatment interruption

BM5d DNA content in blood leukocytes was analyzed at the first
T1), the second (T2) and the fourth month (T4) after stopping
herapy in six mice of each I + AZT + DDI, I + AZT + DDI + Clod-RBC
nd I + AZT + DDI + free Clod group to determine whether a delay in
he reappearance of the virus in circulation would occur (Fig. 6).
fter 4 months, the mice were sacrificed and the BM5d DNA in

ymph nodes was analyzed. At T1, the BM5d DNA copy num-
ers in blood leukocytes of I + AZT + DDI, I + AZT + DDI + Clod-RBC
nd I + AZT + DDI + free Clod groups were similar (median value:
0, 11, 10 copies/100 ng of DNA, respectively), while at T2 a five-
old increase in BM5d DNA and a slight increase in the median
alue were found in I + AZT + DDI and I + AZT + DDI + free Clod groups
median value: 52, 17 copies/100 ng of DNA, respectively). In
he I + AZT + DDI + Clod-RBC group, the median value was simi-
ar to that of T1 (median value: 12 copies/100 ng of DNA). At
4 the median values of I + AZT + DDI, I + AZT + DDI + Clod-RBC and
+ AZT + DDI + free Clod groups were 414, 273, and 388, respec-
ively. The viral rebound of I + AZT + DDI and I + AZT + DDI + free
lod groups observed at T4 was statistically significant when

ompared with T1 (Wilcoxon test, p = 0.03; p = 0.03) whereas no
ignificant increase in BM5d DNA levels was observed for the
+ AZT + DDI + Clod-RBC group (p = 0.13) (Fig. 6). Moreover, no sig-
ificant differences in BM5d DNA copy number were observed
hen the three groups were compared at T4 (Kruskal–Wallis test,
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Fig. 4. Effect of different drug treatments on BM5d DNA content in target organs and cells of LP-BM5-infected mice at 12 weeks post-infection. In the logarithmic graphics,
BM5d DNA copy number values are reported; they are calculated by quantitative real-time PCR as described in Section 2. The data were analyzed statistically using the
Mann–Whitney test. Bars show the median for each group. The real-time PCR performed in uninfected and untreated mice gave negative results. The undetectable samples
appear on the x-axis. The number of analyzed samples was in the range of 3–9. *p < 5 × 10−2 vs. infected mice. **p < 1 × 10−2 vs. infected mice. ***p < 1 × 10−4 vs. infected mice.
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Fig. 5. Effect of drug treatment on inhibition of viral-induced lymphadenopathy and
splenomegaly in LP-BM5-infected mice 4 months after stopping therapy. LP-BM5-
infected animals were treated daily for 12 weeks with AZT + DDI in drinking water ad
libitum alone or in combination with free Clod or Clod-loaded RBC intraperitoneally
injected as described in Section 2. After 12 weeks, the drug treatment was stopped
and 6 mice in each group treated with AZT + DDI (I + AZT + DDI, I + AZT + DDI + Clod-
RBC and I + AZT + DDI + free Clod) were observed for 4 successive months. After this
period, they were sacrificed and their lymph nodes (including the mediastinal,
brachial, lumbar, mesenteric and inguinal nodes) and spleens were weighed. Values
represent the mean ± standard deviation of 5 animals per group. CTR = control unin-
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tion (Rossi et al., 2005). In this paper, we show that the depletion
of macrophages through injections of clodronate-loaded RBC in a
murine model of immunodeficiency (C57BL/6 mice infected with
LP-BM5 virus) is able to delay the viral rebound once antiretroviral

Fig. 6. BM5d DNA copy number in the blood of I + AZT + DDI, I + AZT + DDI + Clod-
RBC and I + AZT + DDI + free Clod groups one (T1), two (T2) and four (T4) months after
stopping treatments (12 weeks). At each time, 100 ng of genomic DNA extracted from
ected mice. CTR = control uninfected mice. I + AZT + DDI = infected mice treated with
ZT + DDI. I + AZT + DDI + Clod-RBC = infected mice treated with AZT + DDI + Clod-
BC. I + AZT + DDI + free Clod = infected mice treated with AZT + DDI + free Clod.
p < 0.05 vs. CTR group.

= 0.24). The results obtained for lymph nodes at T4 after inter-
upting therapy revealed that in the I + AZT + DDI group (n = 6),
ne mouse had an undetectable number of BM5d DNA copies and
ne mouse a number of >5 000 copies (median value: 15; range:
–5 495). In the I + AZT + DDI + free Clod group (n = 6), one mouse
evealed a number of copies >20 000, and the median value was 11
range: 10–22 240). For the I + AZT + DDI + Clod-RBC group (n = 6),
he median copy number of BM5d DNA was 9 (range: 8–18). Sta-
istical analysis however showed no significant differences among
he three groups (Kruskal–Wallis test, p = 0.57).

.6. Peripheral blood parameters

Hematological parameters of all groups of mice (I,
+ AZT + DDI + Clod-RBC, I + AZT + DDI + free Clod, I + Clod-RBC,
+ free Clod and CTR + Clod-RBC groups) are not significantly
ifferent (p > 0.05, Kruskal–Wallis test) compared to control mice
hus showing no signs of toxicity (Table 1). In particular, following
he repeated ip administrations of Clod-RBC (nine consecutive
n all), mice of the CTR + Clod-RBC group showed only a slight
ncrease in RBC counts, hematocrit value and hemoglobin content
ompared to CTR mice; furthermore, an increase in WBC counts
as evidenced, as observed by other authors (Giuliani et al.,
007) following 4 weekly clodronate-liposome administrations.
n the contrary, LP-BM5 infection causes a slight decrease in all
ematological parameters compared to control mice, except in
CH and MCHC values; the prolonged injections of Clod-RBC

I + Clod-RBC group) did not modify RBC parameter values, while
nly WBC cell count tends toward control values.
. Discussion

Although treatment of HIV-1 infected individuals with HAART
as effectively decreased viral load to undetectable levels, efforts
o eliminate HIV-1 from these individuals have been unsuccessful
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ue to the presence of stable, latent viral reservoirs, represented
y CD4+ T lymphocytes and macrophages (Crowe et al., 2003;
ulkosky and Bray, 2006). In particular, it is known that these
iral reservoirs can be crucial in sustaining virus replication during
AART therapy, thus their elimination could have a role in delay-

ng the viral rebound after the suspension of therapy. Previously,
e have proven that the selective administration of clodronate by
eans of RBC to macrophages causes transient macrophage deple-
lood leukocytes was subjected to quantitative real-time PCR as reported in Section
. For each group, five mice were analyzed. *p = 0.03 vs. T1 (Wilcoxon test). The viral
ebound between T1 and T4 in the I + AZT + DDI + Clod-RBC group is not statistically
ignificant (Wilcoxon test). The Kruskal–Wallis test shows no significant differences
n BM5d DNA copy number among the I + AZT + DDI, I + AZT + DDI + Clod-RBC and
+ AZT + DDI + free Clod groups at the fourth (T4) month.
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Table 1
Hematological parameters in C57BL/6 at 12 weeks post-infection with LP-BM5 virus.

Drug treatments RBC (cells × 106/�l) Ht (%) Hb (g/dL) MCV (fl) MCH (pg/cell) MCHC (g/dL) WBC (cells × 103/�l)

CTR 10.4 ± 1.3 44.4 ± 6.3 15.3 ± 2.0 43 ± 1 14.7 ± 0.4 34.4 ± 1.4 4.4 ± 2.3
Infected (I) 9.9 ± 0.7 42.2 ± 3.7 14.9 ± 0.9 43 ± 2 15.1 ± 0.9 35.6 ± 3.0 3.1 ± 1.8
I + AZT + DDI + Clod-RBC 8.6 ± 1.1 40.2 ± 3.8 13.1 ± 1.0 47 ± 1 15.3 ± 0.7 32.6 ± 0.5 4.0 ± 2.3
I + AZT + DDI + free Clod 7.85 ± 0.7 37.5 ± 3.4 12.3 ± 0.8 47 ± 2 15.3 ± 0.8 32.9 ± 0.5 2.5 ± 0.8
I + Clod-RBC 9.5 ± 1.6 40.2 ± 5.5 13.9 ± 2.0 42 ± 1 14.8 ± 1.0 34.7 ± 2.2 4.3 ± 2.1
I + free Clod 9.9 ± 1.3 42.9 ± 5.3 14.7 ± 1.8 42 ± 2 14.7 ± 0.4 34.2 ± 1.5 5.3 ± 5.7
C 0.7
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TR + Clod-RBC 11 4 ± 0.6 47.7 ± 4.1 16.4 ±
ll values are means ± standard deviations of 6 animals. RBC, Red blood cells; Ht
emoglobin concentration; WBC, white blood cells.

herapy (AZT + DDI) has been stopped. AZT and DDI combination
herapy was chosen since it efficiently reduced AIDS signs in mice
mainly lymphoadenopathy, splenomegaly and hypergammaglob-
linemia) (Fraternale et al., 2002a,b). Moreover, the addition of
rug-loaded RBC to nucleoside analogue therapy (AZT + DDI) to pro-
ect both macrophages and lymphocytes had already proven to give
dditive and/or synergistic effects in delaying the progression of
AIDS and to inhibit BM5d DNA content in LP-BM5-infected organs

Fraternale et al., 1996a, 1999; Magnani et al., 1998).
In the present study, at 12 weeks post-infection, none of the

roups treated with the antiretroviral therapy (AZT plus DDI,
ith or without clodronate) developed lymphoadenopathy, or

plenomegaly, or hypergammaglobulinemia, since they exhibited
ymph node and spleen weights (Fig. 2), and IgG values (Fig. 3) sim-
lar to controls. In detail, our results show that in infected mice
reated with the antiretroviral therapy, the additional treatment
ith Clod (both free, I + AZT + DDI + free Clod, and by means of RBC,

+ AZT + DDI + Clod-RBC) did not modify the positive AZT and DDI
ffects. This is noteworthy since the injection of clodronate alone
free or encapsulated) in infected mice caused a worsening of the
igns of the disease, especially with regard to lymphoadenopathy.

e can assume that this worsening may be due to an enhanced
iral replication. This can be explained as a consequence of a sub-
tantial depletion of immune cells (macrophages) followed by the
timulation of other cells having a role in the immune response (e.g.
D4 + T lymphocytes), in which viral production is higher than in
acrophages.
Obviously, no improvement in the disease could be expected fol-

owing macrophage depletion in infected mice receiving no drugs
ble to protect lymphocytes from infection. Furthermore, at the
nd of the 12th week, upon treatment with the antiretroviral drugs
I + AZT + DDI, I + AZT + DDI + Clod-RBC and I + AZT + DDI + free Clod),

very high reduction in the proviral DNA content in all target
rgans (lymph nodes, spleens) and cells (peritoneal and bone mar-
ow macrophages and whole blood leukocytes) was achieved, as
hown by the significantly lower levels of BM5d DNA copy num-
ers than those of infected mice obtained for the three groups
Fig. 4). On the contrary, the groups treated only with Clod-RBC
I + Clod-RBC group) or free Clod (I + free Clod group) showed
evels of proviral DNA similar to those of infected mice. Conse-
uently, the percentages of inhibition of BM5d DNA content in all
rgans and cells analyzed, reached more than 99% in I + AZT + DDI,
+ AZT + DDI + Clod-RBC and I + AZT + DDI + free Clod groups, while,
o reduction was found in organs, blood cells and peritoneal
acrophages examined in I + Clod-RBC and I + free Clod groups.

he bone marrow macrophages of these latter groups exhibited a
eduction of 39% and 65% as compared to infected mice (I group),

espectively. Based on these results, it is clear that the AZT plus
DI combination alone was able to completely inhibit MAIDS pro-
ression during the 12-week treatment, making it impossible to
ppreciate the additive effect of macrophage depletion. Probably,
he fact that mice were infected with 0.33 Units of LP-BM5 reverse
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42 ± 1 14.4 ± 0.5 34.6 ± 2.4 6.3 ± 2.6

atocrit; Hb, hemoglobin; MCH, mean cellular hemoglobin; MCHC, mean cellular

ranscriptase instead of the one Unit used in previous studies jus-
ifies the complete MAIDS inhibition reached by AZT plus DDI
Fraternale et al., 1996a, 2002b).

Furthermore, some mice belonging to the three groups treated
ith the antiretroviral therapy have been kept under observation

o monitor the development of MAIDS until four months after the
uspension of the treatment. Even though no significant differences
n lymph node and spleen weights were reported among the three
roups at the fourth month, it is noteworthy that only in the group
reated with Clod-RBC (I + AZT + DDI + Clod-RBC group), both lymph
ode and spleen weights were not significantly different from the
TR group, supporting the hypothesis of a slow rebound of the dis-
ase in those mice in which macrophages had been depleted by
lod-RBC.

During the four months after suspension of the treatments,
M5d DNA content in whole blood leukocytes varied among the
ZT + DDI treated groups. In fact, although the BM5d DNA copy
umbers were similar in the three groups one month after stop-
ing therapy and viral rebound was evident in all three groups
fter the fourth month, the increase in DNA copy number from
onth 1 to month 4 was statistically significant only in I + AZT + DDI

nd I + AZT + DDI + free Clod groups (p = 0.03), while in the
+ AZT + DDI + Clod-RBC group it was not (p = 0.16). This difference
ay be attributed to the targeted treatment based on Clod-loaded

BC, which, although not selectively eliminating the macrophage
opulation, reduced the number of important viral reservoirs nec-
ssary for viral replication and storage. When Clod was injected
s a free drug, a higher viral rebound was observed, confirming the
educed efficacy of free Clod in depleting macrophages as compared
o Clod-loaded RBC delivery, as already reported (Rossi et al., 2005).

Thus, AZT + DDI therapy combined with RBC-encapsulated clo-
ronate was able to slow viral rebound in peripheral blood
ore efficiently when compared to the treatment with AZT and
DI alone. These data are encouraging despite the non-selective
acrophage depletion obtained using clodronate. In fact, by this

pproach both infected and non-infected macrophages are elimi-
ated, as demonstrated by the administration of clodronate-loaded
BC to human macrophages, where both in HIV-infected and
on-infected macrophages, the same percentage of depletion was
btained (unpublished results). We previously demonstrated that
he lympholytic drug fludarabine, when administered by means
f RBC, was able to selectively deplete only infected macrophages,
paring those which were not infected via a pSTAT-1 dependent
athway both in an in vitro study (Magnani et al., 2003) and in SIV-

nfected Mangabeys (Cervasi et al., 2006). This approach is valid for
he delivery of fludarabine to human macrophages since human
BC possess the enzymatic apparatus necessary to transform flu-

arabine into its active triphosphate derivative (Fraternale et al.,
996b). Unfortunately, mouse RBC enzymes are not able to phos-
horylate fludarabine to its active triphosphate form, but rather
e-phosphorylate the drug, which in turn, is released from the cells.
s a consequence of this different metabolism, encapsulating the
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ympholytic drug in RBC and targeting them to macrophages of LP-
M5 mice is not advantageous. Instead of using fludarabine to reach
acrophage depletion, although having different mechanisms of

ction (Frank et al., 1999; Lehenkari et al., 2002), we chose to encap-
ulate the bisphosphonate drug clodronate into mouse RBC, being
ware of its ability to cause macrophage depletion.

In conclusion, the results reported in this paper confirm the effi-
acy of macrophage depletion in delaying viral rebound and reveal
he possibility of using a simple animal model of retroviral infec-
ion, such as MAIDS, to collect important data supporting the role of
ngineered RBC as a drug delivery system to reach viral reservoirs.

cknowledgements

This work was supported by FIRB (PNR 2001-2003, Red blood
ells as drug carriers, RBNE01TBTR) and 30F.31 (V Programma
azionale di Ricerca sull’AIDS, Istituto Superiore di Sanità, Rome,

taly) grants.

eferences

adley, A.D., Dockrell, D., Simpson, M., Schut, R., Lynch, D.H., Leibson, P., Paya,
C.V., 1997. Macrophage-dependent apoptosis of CD4 + T lymphocytes from HIV-
infected individuals is mediated by FasL and tumor necrosis factor. J. Exp. Med.
185, 55–64.

arrera, P., Blom, A., van Lent, P.L., van Bloois, L., Beijnen, J.H., van Rooijen, N., de Waal
Malefijt, M.C., van de Putte, L.B., Storm, G., van den Berg, W.B., 2000. Synovial
macrophage depletion with clodronate-containing liposomes in rheumatoid
arthritis. Arthritis Rheum. 43, 1951–1959.

uller, R.M., Yetter, R.A., Fredrickson, T.N., Morse III, H.C., 1987. Abrogation of
resistance to severe mousepox in C57BL/6 mice infected with LP-BM5 murine
leukemia viruses. J. Virol. 61, 383–387.

asabianca, A., Vallanti, G., Magnani, M., 1998. Competitive PCR for quantification of
BM5d proviral DNA in mice with AIDS. J. Clin. Microbiol. 36, 2371–2374.

asabianca, A., Orlandi, C., Fraternale, A., Magnani, M., 2004. Development of a real-
time PCR assay using SYBR Green I for provirus load quantification in a murine
model of AIDS. J. Clin. Microbiol. 42, 4361–4364.

ervasi, B., Paiardini, M., Serafini, S., Fraternale, A., Menotta, M., Engram, J., Law-
son, B., Staprans, S.I., Piedimonte, G., Perno, C.F., Silvestri, G., Magnani, M.,
2006. Administration of fludarabine-loaded autologous red blood cells in
simian immunodeficiency virus-infected sooty mangabeys depletes pSTAT-1-
expressing macrophages and delays the rebound of viremia after suspension of
antiretroviral therapy. J. Virol. 80, 10335–10345.

hattopadhyay, S.K., Sengupta, D.N., Fredrickson, T.N., Morse III, H.C., Hartley, J.W.,
1991. Characteristics and contributions of defective, ecotropic, and mink cell
focus-inducing viruses involved in a retrovirus-induced immunodeficiency syn-
drome of mice. J. Virol. 65, 4232–4241.

hun, T.W., Fauci, A.S., 1999. Latent reservoirs of HIV: obstacles to the eradication of
virus. Proc. Natl. Acad. Sci. U.S.A. 96, 10958–10961.

hun, T.W., Stuyver, L., Mizell, S.B., Ehler, L.A., Mican, J.A., Baseler, M., Lloyd, A.L.,
Nowak, M.A., Fauci, A.S., 1997. Presence of an inducible HIV-1 latent reser-
voir during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. U.S.A. 94,
13193–13197.

rowe, S.M., Sonza, S., 2000. HIV-1 can be recovered from a variety of cells including
peripheral blood monocytes of patients receiving highly active antiretroviral
therapy: a further obstacle to eradication. J. Leukoc. Biol. 68, 345–350.

rowe, S., Zhu, T., Muller, W.A., 2003. The contribution of monocyte infection and
trafficking to viral persistence, and maintenance of the viral reservoir in HIV
infection. J. Leukoc. Biol. 74, 635–641.

anenberg, H.D., Fishbein, I., Gao, J., Mönkkönen, J., Reich, R., Gati, I., Moerman, E.,
Golomb, G., 2002. Macrophage depletion by clodronate-containing liposomes
reduces neointimal formation after balloon injury in rats and rabbits. Circulation
106, 599–605.

oherty, T.M., Morse III, H.C., Coffman, R.L., 1995. Modulation of specific T cell
responses by concurrent infection with Leishmania major and LP-BM5 murine
leukemia viruses. Int. Immunol. 7, 131–138.

leisch, H., 1991. Bisphosphonates. Pharmacology and use in the treatment
of tumour-induced hypercalcaemic and metastatic bone disease. Drugs 42,
919–944.

rank, D.A., Mahajan, S., Ritz, J., 1999. Fludarabine-induced immunosuppression is
associated with inhibition of STAT1 signaling. Nat. Med. 5, 444–447.

raternale, A., Casabianca, A., Rossi, L., Chiarantini, L., Brandi, G., Aluigi, G., Schia-

vano, G.F., Magnani, M., 1996a. Inhibition of murine AIDS by combination of
AZT and dideoxycytidine 5′-triphosphate. J. Acquir. Immune Defic. Syndr. Hum.
Retrovirol. 12, 164–173.

raternale, A., Rossi, L., Magnani, M., 1996b. Encapsulation, metabolism and release
of 2-fluoro-ara-AMP from human erythrocytes. Biochim. Biophys. Acta 1291,
149–154.

S

S

arch 81 (2009) 93–102 101

raternale, A., Tonelli, A., Casabianca, A., Vallanti, G., Chiarantini, L., Schiavano, G.F.,
Benatti, U., De Flora, A., Magnani, M., 1999. Role of macrophage protection in the
development of murine AIDS. J. Acquir. Immune Defic. Syndr. 21, 81–89.

raternale, A., Casabianca, A., Orlandi, C., Cerasi, A., Chiarantini, L., Brandi, G., Mag-
nani, M., 2002a. Macrophage protection by addition of glutathione (GSH)-loaded
erythrocytes to AZT and DDI in a murine AIDS model. Antiviral Res. 56, 263–272.

raternale, A., Casabianca, A., Orlandi, C., Chiarantini, L., Brandi, G., Silvestri, G., Mag-
nani, M., 2002b. Repeated cycles of alternate administration of fludarabine and
zidovudine plus didanosine inhibits murine AIDS and reduces proviral DNA
content in lymph nodes to undetectable levels. Virology 302, 354–362.

araci, E., Caroleo, M.C., Aloe, L., Aquaro, S., Piacentini, M., Costa, N., Amendola, A.,
Micera, A., Caliò, R., Perno, C.F., Levi-Montalcini, R., 1999. Nerve growth factor is
an autocrine factor essential for the survival of macrophages infected with HIV.
Proc. Natl. Acad. Sci. U.S.A. 96, 14013–14018.

artner, S., Markovits, P., Markovitz, D.M., Kaplan, M.H., Gallo, R.C., Popovic, M.,
1986. The role of mononuclear phagocytes in HTLV-III/LAV infection. Science
233, 215–219.

iuliani, A.L., Graldi, G., Veronesi, M., Lorenzini, F., Gandini, G., Unis, L., Previato,
A., Wiener, E., Wickramasinghe, S.N., Berti, G., 2007. Potentiation of erythroid
abnormalities following macrophage depletion in aged rats. Eur. J. Haematol.
78, 72–81.

erbein, G., Mahlknecht, U., Batliwalla, F., Gregersen, P., Pappas, T., Butler, J., O’Brien,
W.A., Verdin, E., 1998. Apoptosis of CD8 + T cells is mediated by macrophages
through interaction of HIV gp120 with chemokine receptor CXCR4. Nature 395,
189–194.

han, S.A., McCloskey, E.V., Eyres, K.S., Nakatsuka, K., Sirtori, P., Orgee, J., Coombes,
G., Kanis, J.A., 1996. Comparison of three intravenous regimens of clodronate in
Paget disease of bone. J. Bone Miner. Res. 11, 178–182.

linman, D.M., Morse III, H.C., 1989. Characteristics of B cell proliferation and acti-
vation in murine AIDS. J. Immunol. 142, 1144–1149.

oyamada, N., Sato, A., Takayama, J., Usuda, M., Kawagishi, N., Doi, H., Fujimori, K.,
Satomi, S., 2005. Macrophage depletion prevents anti-graft antibody production
and results in long-term survival in xenotransplantation. Transplant. Proc. 37,
514–515.

ulkosky, J., Bray, S., 2006. HAART-persistent HIV-1 latent reservoirs: their origin,
mechanisms of stability and potential strategies for eradication. Curr. HIV Res.
4, 199–208.

anao, J.M., Briones, E., Colino, C.I., 2007. Recent advances in delivery systems for
anti-HIV1 therapy. J. Drug Target 15, 21–36.

ehenkari, P.P., Kellinsalmi, M., Napänkangas, J.P., Ylitalo, K.V., Mönkkönen, J., Rogers,
M.J., Azhayev, A., Väänänen, H.K., Hassinen, I.E., 2002. Further insight into mech-
anism of action of clodronate: inhibition of mitochondrial ADP/ATP translocase
by a nonhydrolyzable, adenine-containing metabolite. Mol. Pharmacol. 61,
1255–1262.

evi-Montalcini, R., 1987. The nerve growth factor 35 years later. Science 237,
1154–1162.

agnani, M., Rossi, L., Brandi, G., Schiavano, G.F., Montroni, M., Piedimonte, G.,
1992. Targeting antiretroviral nucleoside analogues in phosphorylated form
to macrophages: in vitro and in vivo studies. Proc. Natl. Acad. Sci. U.S.A. 89,
6477–6481.

agnani, M., Casabianca, A., Fraternale, A., Brandi, G., Chiarantini, L., Benatti, U.,
Scarfi, S., Millo, E., De Flora, A., 1998. Inhibition of murine AIDS by a new
azidothymidine homodinucleotide. J. Acquir. Immune Defic. Syndr. Hum. Retro-
virol. 17, 189–195.

agnani, M., Balestra, E., Fraternale, A., Aquaro, S., Paiardini, M., Cervasi, B., Casabi-
anca, A., Garaci, E., Perno, C.F., 2003. Drug-loaded red blood cell-mediated
clearance of HIV-1 macrophage reservoir by selective inhibition of STAT1 expres-
sion. J. Leukoc. Biol. 74, 764–771.

ahlknecht, U., Deng, C., Lu, M.C., Greenough, T.C., Sullivan, J.L., O’Brien, W.A., Her-
bein, G., 2000. Resistance to apoptosis in HIV-infected CD4 + T lymphocytes is
mediated by macrophages: role for Nef and immune activation in viral persis-
tence. J. Immunol. 165, 6437–6446.

eunier, P.J., Delmas, P.D., Eastell, R., McClung, M.R., Papapoulos, S., Rizzoli, R.,
Seeman, E., Wasnich, R.D., 1999. Diagnosis and management of osteoporosis
in postmenopausal women: clinical guidelines. International Committee for
Osteoporosis Clinical Guidelines. Clin. Ther. 21, 1025–1044.

orse III, H.C., Chattopadhyay, S.K., Makino, M., Fredrickson, T.N., Hügin, A.W., Hart-
ley, J.W., 1992. Retrovirus-induced immunodeficiency in the mouse: MAIDS as
a model for AIDS. AIDS 6, 607–621.

osier, D.E., Yetter, R.A., Morse III, H.C., 1987. Functional T lymphocytes are required
for a murine retrovirus-induced immunodeficiency disease (MAIDS). J. Exp. Med.
165, 1737–1742.

livetta, E., Federico, M., 2006. HIV-1 Nef protects human-monocyte-derived
macrophages from HIV-1-induced apoptosis. Exp. Cell Res. 312, 890–900.

omerantz, R.J., 2003. Reservoirs, sanctuaries, and residual disease: the hiding spots
of HIV-1. HIV Clin. Trials 4, 137–143.

ossi, L., Serafini, S., Antonelli, A., Pierigé, F., Carnevali, A., Battistelli, V., Malatesta,
M., Balestra, E., Caliò, R., Perno, C.F., Magnani, M., 2005. Macrophage depletion
induced by clodronate-loaded erythrocytes. J. Drug Target 13, 99–111.
edaghat, A.R., Siliciano, R.F., Wilke, C.O., 2008. Low-level HIV-1 replication and the
dynamics of the resting CD4 + T cell reservoir for HIV-1 in the setting of HAART.
BMC Infect. Dis. 8, 2.

hehu-Xhilaga, M., Tachedjian, G., Crowe, S.M., Kedzierska, K., 2005. Antiretroviral
compounds: mechanisms underlying failure of HAART to eradicate HIV-1. Curr.
Med. Chem. 12, 1705–1719.



1 al Rese

S

T

van Lent, P.L., Holthuysen, A.E., van den Bersselaar, L.A., van Rooijen, N., Joosten, L.A.,
02 S. Serafini et al. / Antivir

legers, T.P., van der Gaag, R., van Rooijen, N., van Rij, G., Streilein, J.W., 2003. Effect

of local macrophage depletion on cellular immunity and tolerance evoked by
corneal allografts. Curr. Eye Res. 26, 73–79.

ran, E.H., Hoekstra, K., van Rooijen, N., Dijkstra, C.D., Owens, T., 1998. Immune
invasion of the central nervous system parenchyma and experimental allergic
encephalomyelitis, but not leukocyte extravasation from blood, are prevented
in macrophage-depleted mice. J. Immunol. 161, 3767–3775.

v

arch 81 (2009) 93–102
van de Loo, F.A., van de Putte, L.B., van den Berg, W.B., 1996. Phagocytic lining
cells determine local expression of inflammation in type II collagen-induced
arthritis. Arthritis Rheum. 39, 1545–1555.

an Rooijen, N., van Kesteren-Hendrikx, E., 2002. Clodronate liposomes: perspectives
in research and therapeutics. J. Liposome Res. 12, 81–94.


	Effect of macrophage depletion on viral DNA rebound following antiretroviral therapy in a murine model of AIDS (MAIDS)
	Introduction
	Materials and methods
	Virus and animals
	Drugs and animal treatments
	Plasma immunoglobulin G determination
	Nucleic acid purification and real-time PCR
	Preparation of murine peritoneal macrophages
	Peripheral blood parameters
	Statistical analysis

	Results
	Inhibition of lymphoproliferation and splenomegaly after 12 weeks of treatment
	Inhibition of development of hypergammaglobulinemia
	Inhibition of BM5d DNA in target organs and cells after 12 week treatment
	Inhibition of lymphoproliferation and splenomegaly 4 months after treatment interruption
	Inhibition of BM5d DNA in target organs and cells 1, 2 and 4 months after treatment interruption
	Peripheral blood parameters

	Discussion
	Acknowledgements
	References


