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Abstract

Bestatin, an inhibitor of leucine aminopeptidase (LAPase), significantly decreased HIV infection as reflected by a
reduced number of positive immunofluorescent cells, p24 levels, reverse transcriptase activity and the number of proviral
copies found in Bestatin-treated cells. Cellular and extracellular LAPase activity in infected cells was higher than the
LAPase activity found in uninfected cells. However, cellular and extracellular LAPase activity as well as total protein
kinase C activity was lower in Bestatin-treated cells. Conversely, the incubation of human lymphocytic HUT78 cells
with LAPase promotes HIV infectivity. The possible role of LAPase in the pathophysiology of HIV was assessed by
determining LAPase serum levels in HIV infected patients. LAPase activity levels were three orders of magnitude greater
in sera obtained from HIV patients than those detected in sera of uninfected individuals. Although Bestatin reduced
HIV infection, a moderate decrease in the reverse transcriptase activity of chronically-infected H9 human T-lymphocytic
cells was observed. Based on the higher levels of LAPase present in the serum of HIV patients and on the combined
inhibitory effect of Bestatin on LAPase and on protein kinase C activities, we suggest that LAPase may play an
important role in the early events of HIV infection such as viral entry. © 1997 Elsevier Science B.V.
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1. Introduction

Aminopeptidases comprise a family of zinc
metalloproteinases that catalyze the removal of
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N-terminal amino acid residues from various
protein substrates. Bestatin, [(2S,3R)-3-amino-2-
hydroxy-4-phenylbutanoyl] leucine, isolated from
culture filtrates of Streptomyces oli6oreticuli
(Umezawa et al., 1976), is a potent slow-binding
inhibitor (Ki=2.0×10−8 M) of LAPase (EC
3.4.11.1) with various interesting immunomodula-
tory properties. Although Bestatin can effectively
inhibit other aminopeptidases such as aminopepti-
dase B and to a lesser extent arginine aminopepti-
dase, it possesses a high specificity for LAPase
(EC 3.4.11.1) forming a tetrahedral intermediate
within the active site of the enzyme (Burley et al.,
1991). In contrast, the membrane-bound
aminopeptidase (EC 3.4.11.2), referred to as
aminopeptidase-N, the putative receptor for some
coronaviruses (Delmas et al., 1992, 1993; Yeager
et al., 1992), is significantly less inhibited by
Bestatin (Ki=1.4–4.1×10−6 M), showing dis-
tinct inhibition kinetics (Rich et al., 1984; Wilkes
and Prescott, 1985). These kinetic differences can
be explained based on the different amino acid
sequences encompassing the active site of these
enzymes (Burley et al., 1991; Rogi et al., 1996).

Treatment of human lymphocytes with Bestatin
increases the NK activity of these cells and possi-
bly also the lectin-dependent cellular cytotoxicity
(Blomgren et al., 1981) as well as the phagocytic
activity of human granulocytes and monocytes
(Jarstrand and Blomgren, 1982). Based on the
immunopotentiation properties ascribed to
Bestatin, Hording et al. (1990) performed a dou-
ble blind clinical study in a small number of HIV
homosexual men. This group did not notice any
benefit upon Bestatin treatment in terms of over-
all immune response. However, its direct effect on
patient viral load was not analyzed. We have
previously reported that Bestatin-mediated inhibi-
tion of cellular LAPase can decrease in vitro the
level of infection of T-lymphocytic cells (Pulido-
Cejudo et al., 1992). In this study we further
characterize the effect of Bestatin and the possible
role of LAPase in HIV infection. Briefly, the
CD4+ human T-lymphocytic HUT78 cell line
was infected in vitro with HTLVIIIb and its effect
compared with both uninfected and chronically
infected H9 CD4+ human T-lymphocytic cells. In
this report, the inhibitory effect of Bestatin and

the possible role of LAPase in HIV infection is
documented.

2. Materials and methods

2.1. Bestatin-mediated inhibition of HIV-induced
cytopathic effect.

Twelve hours prior to infection with HTLVIIIb,
HUT78 cells were incubated in viral culture
medium alone or in the presence of various con-
centrations of Bestatin (20, 40, 60, 80, 120 and
200 mg/ml) as indicated. In the case of chroni-
cally-infected H9 cells, Bestatin was added at the
same time and concentrations used for the
HUT78 cells. Prior to use, Bestatin (Sigma, St.
Louis, MO.) was resuspended in RPMI 1640 at a
concentration of 2.5 mg/ml. In the continued
presence of Bestatin, exponentially growing cells
were subsequently infected with HTLVIIIb virus
obtained from filtered cell supernatants using 0.45
mm filters (Nalgene, Rochester, NY). Briefly, cell
pellets (6.0×106 cells) were resuspended in 1 ml
of RPMI 1640 alone or containing HTLVIIIb with
a reverse transcriptase level of 2.3×106 cpm/ml.
Infection was carried out for 2 h at 25°C with
constant agitation in a final volume of 1.0 ml.
Both chronically-infected H9 and in vitro-infected
HUT78 human T-lymphocytic cells were subse-
quently washed with saline phosphate buffer solu-
tion (PBS) and seeded at a density of 1.0×105

cells/ml in RPMI 1640, supplemented with 10%
FBS, 100 U/ml penicillin, 100 mg/ml streptomycin
in 96-well plates. Syncytium formation was evalu-
ated by light microscopy on days 3, 5 and 7. At
various time points, the cells in selected wells were
subjected to psoralen/ultraviolet light inactivation
(Watson et al., 1990) air-dried and fixed on glass
plates with cold acetone. Indirect immunofluores-
cent staining was performed using a modification
of standard procedures (Johnson and Nogueira
Araujo, 1981; Aldovini and Walker, 1990).

Plates were incubated for 10 min in blocking
buffer (PBS, 5% goat serum) and reacted with
either control mouse serum or anti-HIV-1 gag
(p24, p55) monoclonal antibodies (Olympus Im-
munochemicals) diluted 1:100 in blocking buffer,
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for 30 min at room temperature. Cells were
washed three times with PBS and incubated for
30 min with goat anti-mouse-FITC antibodies
(Beckton and Dickinson). Slides were mounted
in paraphenylene–diamine/glycerol (Johnson and
Nogueira Araujo, 1981) and fluorescent cells
were counted.

2.2. Effect of LAPase on HIV infection.

LAPase was obtained from Boehringer
Mannheim and further purified by gel perme-
ation HPLC using a Bio-Sil SEC-400 column
(300 mm×7.8 mm, BioRad) equilibrated in
PBS. HUT78 cells were incubated with the
purified LAPase (0.10 U/ml) beginning 12 h
prior to HIV infection. The effect of LAPase in
HIV infection was followed by determining p24
levels and syncytium formation. p24 antigen was
quantitated using a commercial ELISA kit (p24
Antigen Capture ELISA, Abbott Diagnostics
Division) according to the instructions provided
by the manufacturer.

2.3. LAPase serum le6els in HIV infected
patients.

Thirty-two patients were divided into two
groups, HIV infected and non-infected (control)
groups, according to their absolute CD4 cell
counts and their peripheral blood mononuclear
cell (PBMC) proviral load, as determined by
PCR (Conway et al., 1995). Cellular and extra-
cellular LAPase activities were determined
fluorometrically using leucine-b-naphthylamide
as the substrate (Kuramochi et al., 1987). The
reaction was stopped by boiling the samples at
100°C for 10 min, followed by centrifugation at
780×g at 4°C for 10 min. Values obtained rep-
resent the average of LAPase activity determined
in triplicate in 16 uninfected controls and 16
HIV-infected subjects, with the latter group fur-
ther divided as a function of circulating proviral
load as determined by quantitative PCR (Con-
way et al., 1995).

2.4. Effect of Bestatin on the 6iability of HUT78
cells.

HUT78 cells were seeded at a density of 1.0×
105 cells/ml in RPMI 1640, 10% FBS, 100 U/ml
penicillin, 100 mg/ml streptomycin in the presence
or absence of Bestatin (20, 40, 60, 80, 120 and 200
mg/ml). The medium was changed every third day
and cell viability was determined by trypan blue
dye exclusion. Thymidine incorporation was also
measured (Noma et al., 1984) in duplicate cultures
on day 7.

2.5. Effect of Bestatin on p24 antigen le6els and
re6erse transcriptase acti6ity.

Prior to infection, HUT78 cells were washed
three times with PBS and the cell viability was
determined. Infection was performed as described
above. At indicated time intervals, 1.0 ml aliquots
of cell supernatants were taken and spun at 700×
g for 5 min at 4°C, followed by polyethylene
glycol precipitation (Fiscus et al., 1991). Both
singly-infected HUT78 and chronically infected
H9 CD4+ T-lymphocytic cell lines were analyzed
for p24 and reverse transcriptase activity. Briefly,
p24 antigen was quantitated using a commercial
ELISA kit (p24 Antigen Capture ELISA, Abbott
Diagnostics Division), following the instructions
of the manufacturer. Samples were assayed for
reverse transcriptase activity, as previously de-
scribed (Castro et al., 1988).

2.6. Bestatin-mediated inhibition of LAPase and
protein kinase C (PKC) acti6ities in HIV infected
and control cells.

HUT78 cells were infected with HTLVIIIb with
or without pre-treatment with Bestatin (20, 40, 60,
80, 120 and 200 mg/ml), or maintained in culture
for 7 days without infection and in the presence
or absence of Bestatin. After 3, 5, and 7 days
post-infection, 1.0 ml aliquots of cell suspensions
were taken and spun at 700×g for 5 min at 4°C.
Supernatants were removed and extracellular LA-
Pase activity was determined (Kuramochi et al.,
1987). Cell pellets were washed three times with
PBS, resuspended in 100 m l of Hanks solution
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Fig. 1. Dose response effect of Bestatin on reverse transcriptase activity and p24 levels after HIV-1 infection of HUT78 cells.
Bestatin decreased reverse transcriptase activity and p24 levels at a concentration range of 20–200 mg/ml. Data represent the average
of three different experiments with each concentration point measured in duplicate.

and LAPase cellular activity was also determined
as described by Kuramochi et al. (1987). Total
PKC activity of the cells was estimated as de-
scribed elsewhere (Slack and Proulx, 1990) in
duplicate cell pellets.

3. Results

Twelve hours prior to infection, HUT78 cells
were incubated in viral culture medium alone or
in the presence of various concentrations of
Bestatin (20, 40, 60, 80, 120 and 200 mg/ml).
Following infection, the cells were maintained in
culture for 7 days. Over this time period, cell
viability (91.2–94.2%) and thymidine incorpora-
tion (25.10–26.11 dpm×10−3) of uninfected con-

trol and Bestatin-treated-uninfected cells was
found to be unchanged. In addition, when ana-
lyzed for CD4 cell surface expression by flow
cytometry, there was no significant change in the
percentage of CD4

+ gated cells in both experimen-
tal conditions (88.0–97.3%). Hence, during 7 days
of exposure, Bestatin (20, 40, 60, 80, 120 and 200
mg/ml) did not significantly alter cell viability,
proliferation or CD4 cell surface expression in
HUT78 cells at the concentrations tested.

With respect to the effect of Bestatin on HIV
infection itself, in HUT78 cells Bestatin decreased
reverse transcriptase activity and p24 levels in a
dose-dependent fashion, 7 days post-infection,
reaching a maximum effect at a concentration of
120 mg/ml Bestatin (Fig. 1). It was found that
maximun inhibition occurs when cells are incu-
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Fig. 2. Time response effect of Bestatin on p24 levels and reverse transcriptase activity in HIV-1 infected HUT78 cells. Twelve hours
prior to infection, HUT78 cells were incubated with Bestatin at concentrations of 20, 40, and 120 mg/ml. Following infection, cells
were thereafter incubated for 7 days in the presence or absence of Bestatin maintaining the same concentrations as mentioned above.
Extracellular p24 antigen (a) and reverse transcriptase activity (b) was measured as a quantitative index of viral infection. Reverse
transcriptase activity in chronically infected H9 CD4+. T-lymphocytic cells treated with Bestatin (20–200 mg/ml) showed only a
moderate decrease after 7 days of treatment, compared with control and untreated cells (c).
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Table 1
Bestatin-mediated inhibition of HIV-1 cytopathicity

Syncytia/well Immunofluorescence (% positive cells)Bestatin (mg/ml)

Days post-infection

7 3 5 73 5

25.990.4 35.590.40 3791.5 95.095.5 170.096.0 3.390.4
1.190.2 1.090.120 290.4 24.091.2 44.090.8 25.290.8

0.00.0 19.090.440 23.093.20.0 18.091.6
18.093.2 0.0 0.0120 0.0 3.290.27.090.6

Based on the number of cells undergoing syncytia formation as well as on the number of positive immunofluorescent cells, Bestatin
decreased HIV-1 infection of HUT78 cells in a dose-response manner.
Each value represents the average of two different experiments, determined in triplicate9S.D. (n=6). Cell treatment with Bestatin
for 7 days incubation did not affect cell survival (91.2–94.2%), thymidine incorporation (25.10–26.11 dpm×10−3), and the percent
of CD4+ HUT78 cells (88.0–97.3%, in comparison to untreated cells.

bated for a minimum of 12 h with Bestatin prior
to infection. HUT78 cells treated with Bestatin
(120 mg/ml) also showed less cytopathic effect as
determined by the number of syncytia/well as
well as the size and number of positive cells
following immunofluorescence staining (Table 1).
The number of proviral copies in Bestatin-
treated cells was also significantly lower when
compared with infected cells alone (Table 2).
Based on p24 levels (Fig. 2a) and reverse tran-

scriptase activity (Fig. 2b) measured in control
and Bestatin treated cells, a dose dependent de-
crease in the infection of HUT78 cells was ob-
served starting at day 5 post-infection.

In contrast, reverse transcriptase activity in
chronically-infected cells treated with Bestatin
showed only a moderate decrease (19% less than
control) after 7 days of treatment (Fig. 2c).

The direct effect of Bestatin on cellular
aminopeptidase activity in infected and control
cells was confirmed by measuring LAPase activ-
ity in whole intact cells and cell supernatants
(Fig. 3). Interestingly, both cellular and extracel-
lular LAPase activity in HIV infected cells (Fig.
3a) was higher than the LAPase activity detected
in uninfected control cells (Fig. 3b). However,
consistent with the LAPase inhibitory properties
of Bestatin, in both cases the cellular and extra-
cellular enzyme activity of LAPase found in
Bestatin-treated cells was significantly lower than
in untreated-control cells (Fig. 3a and b).

In view of the immunomodulatory properties
ascribed to Bestatin (Blomgren et al., 1981;
Jarstrand and Blomgren, 1982) and the cytokine
dependent PKC-mediated increase in the expres-
sion of HIV (Kinter et al., 1990), PKC activity
was also measured. A substantial decrease in
PKC activity (Fig. 3c) was observed in Bestatin-
treated cells in parallel with the decrease in LA-
Pase activity suggesting a combined inhibitory

Table 2
Effect of bestatin in HIV-1 proviral copies

Days post-infectionBestatin
(mg/ml)

0 3 5 7

00 21279119 34509147 49499470
19149558959113020 2669998

0 48592840 932973 1778999
120 4939927956920

HUT78 cells were incubated with bestatin prior to infection,
inactivated and the number of proviral copies determined
using a quantitative PCR assay as described by (Conway et al.,
1995). The data are expressed as mean values9S.D. (n=6).
Cell treatment with bestatin for 7 days incubation did not
affect cell survival (91.2–94.2%), thymidine incorporation
(25.10–26.11 dpm×10-3), and the percent of CD4+ HUT78
cells (88.0–97.3%), in comparison to untreated cells.
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Fig. 2. (Continued)

effect of Bestatin that leads to a significant de-
crease in HIV infection. It is likely that the par-
allel inhibition of LAPase and protein kinase C
accounts for the inhibition of HIV infection of
HUT78 cells and thus the effect of exogeneously
added purified LAPase on HIV infection was
studied. In Table 3 the effect of LAPase in HIV
infection is presented. HUT78 cells treated with
LAPase followed by HIV infection were more
susceptible to HIV infection showing higher syn-
cytia numbers and extracellular p24 levels. Col-
lectively, these results suggest that cellular and
extracellular LAPase activity potentiate infec-
tion.

The relevance of LAPase activity in the
pathophysiology of HIV is further sustained by
the circulating serum LAPase activity levels
found in HIV infected patients. Serum LAPase
activity levels are shown in Table 4.

The overall increase in LAPase activity in in-
fected individuals was observed in those patients
with as few as eight proviral copies/106 cells
(PBMCs) and did not appear to be proportional
to the circulating proviral load. However, this
increase is close to four orders of magnitude
greater than the uninfected control population.

4. Discussion

Results presented in this study showed that
Bestatin, a competitive inhibitor of LAPase hin-
ders HIV infection. The antiviral effect of Bestatin
seems to correlate with a decrease in both LAPase
and PKC activities following a 12 h preincubation
period prior to infection. In this regard, Kinter et
al. (1990) have shown that the cytokine-mediated
activation of PKC can enhance HIV expression in
chronically infected promonocytic cells. Hence, it
is possible that the concurrent inhibition of LA-
Pase and PKC by Bestatin accounts for the inhi-
bition of HIV infection of newly infected HUT78
and chronically infected H9 cells. The potential
dual mechanism of Bestatin-mediated inhibition
prompted us to analyze the effect of exogenously
added purified LAPase in HIV infection. These
experiments demonstrated that LAPase-treated
HUT78 cells are in fact more prone towards HIV
infection. Briefly, these cells showed higher syncy-
tia numbers and extracellular p24 levels after pre-
treatment and incubation with LAPase followed
by HIV infection, when compared with cells in-
fected alone. Taken together, these results suggest
that cellular and extracellular LAPase exopepti-
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Fig. 3. Bestatin-mediated inhibition of LAP and PKC activities in HIV-1 infected and non-infected HUT78 cells. Following HIV-1
infection of HUT78 cells, there was a steady increase in both cellular and extracellular LAPase activity (a). Although both cellular
and extracellular LAPase activity also increased in non-infected cells (b), this increment was significantly lower. However, in both
cases LAPase activity was significantly decreased in the presence of Bestatin (a,b). HUT78 cells incubated with Bestatin also showed
a significant decrease in PKC activity which otherwise remained constant during 7 days of incubation (c).
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Fig. 3. (Continued)

dase activity can significantly potentiate HIV in-
fection. In contrast, Bestatin effectively inhibits
both cell-associated and extracellular exopepti-
dase activity of LAPase leading to a significant
reduction in viral infection. The observed post-in-
fection increase in cellular as well as extracellular
LAPase activities may provide the basis for a
sustained HIV infection. Concomitantly, Bestatin-
mediated decrease in LAPase activity may ac-
count in part for the antiviral effect of Bestatin.

Although this data stresses the relevance of
LAPase exopeptidase activity in HIV infection,
the inhibitory effect of Bestatin on cellular PKC
suggests that the antiviral effect of Bestatin may
also be related to early events of infection, such as
viral entry or cytokine-mediated upregulation of
HIV replication.

The amount of LAPase activity found follow-
ing HIV infection suggests that LAPase activity
may be useful as a surrogate marker for HIV
infection. In this study, we also showed that
serum LAPase activity levels were at least three

orders of magnitude greater in HIV-infected pa-
tients with as low as eight proviral copies/106

PBMCs than in normal healthy individuals. This
observation reinforces the implication of LAPase
as a key cellular enzyme involved in the pathogen-
esis of HIV. While the exact mechanism of
Bestatin-mediated inhibition of HIV infection re-
quires further considerations such as its direct
effect on virus-cell fusion, reverse trancriptase and
protease activities, this study provides evidence in
support of the possible role of cellular LAPase in
early events of HIV infection. Recently, it has
been suggested that following the required cleav-
age of HIV-1 envelope precursor glycoprotein
(Env gp160) into gp120 and gp41 to promote
viral-induced cell fusion, further cellular-mediated
proteolytic processing at the V3 loop and at a
novel site located within the carboxyl terminus of
gp41 takes place (Rodriguez et al., 1995). We
suggest that LAPase exopeptidase activity may be
involved in the further cellular processing of Env
during virus to cell and cell to cell fusion.
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Table 3
Effect of leucine aminopeptidase on HIV-1 infection

p24 Levels (nmol/ml)Cytopathicity (syncytia/well)

Days post-infection

75373 5

0.0690.003 1.9490.096Control 4091.5 9091.5 16993.0 4.2990.210
4.5390.5600.13690.004 9.6290.520LAP (0.10 U/ml) 3329117791.0 13895

Incubation of HUT78 cells with LAP (0.10 U/ml) 12 h before and during HIV-1 infection caused a two-fold increase in p24 levels,
as well as in the number of syncytia/well found in the infected cells alone suggesting an increased proneness to HIV infection. The
addition of LAP did not affect cell viability. The average viability of HUT78 cells incubated with LAP (0.10 U/ml) during 7 days
without infection was 97.095.1% (n=15).

This study also provides a strong rationale for
the design of future studies pertaining to the
validation of serum LAPase activity as a surro-
gate marker for HIV infection and response to
chemotherapy as well as to test the effect of
Bestatin in first course combined chemotherapeu-
tic protocols of phase 1 and phase 2 trials. In
accordance with our previous report on the effect
of Bestatin on HIV-infection (Pulido-Cejudo et
al., 1992) in this report we provide further evi-
dence that emphasizes the role of LAPase and
PKC in the early events of infection and demon-
strate that the actual number of HIV proviral
copies is decreased after in vitro infection of
HUT78 cells incubated with Bestatin. Although
Bestatin has also been shown to possess in vitro

anti-viral activity in lymphocyte coculture experi-
ments (Bourinbaiar et al., 1994), to date, the
potential clinical application of Bestatin alone or
in combination therapies remains largely unex-
plored (Hording et al., 1990). The clinical benefit
of Bestatin in combination therapies is currently
under investigation.
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