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Pradimicin A (PRM-A), an antifungal nonpeptidic benzonaphtacenequinone antibiotic, is a low-molecular-
weight (molecular weight, 838) carbohydrate binding agent (CBA) endowed with a selective inhibitory activity
against human immunodeficiency virus (HIV). It invariably inhibits representative virus strains of a variety of
HIV-1 clades with X4 and R5 tropisms at nontoxic concentrations. Time-of-addition studies revealed that
PRM-A acts as a true virus entry inhibitor. PRM-A specifically interacts with HIV-1 gp120 and efficiently
prevents virus transmission in cocultures of HUT-78/HIV-1 and Sup T1 cells. Upon prolonged exposure of
HIV-1-infected CEM cell cultures, PRM-A drug pressure selects for mutant HIV-1 strains containing N-
glycosylation site deletions in gp120 but not gp41. A relatively long exposure time to PRM-A is required before
drug-resistant virus strains emerge. PRM-A has a high genetic barrier, since more than five N-glycosylation
site deletions in gp120 are required to afford moderate drug resistance. Such mutated virus strains keep full
sensitivity to the other known clinically used anti-HIV drugs. PRM-A represents the first prototype compound
of a nonpeptidic CBA lead and, together with peptide-based lectins, belongs to a conceptually novel type of
potential therapeutics for which drug pressure results in the selection of glycan deletions in the HIV gp120
envelope.

Adsorption and fusion (entry) inhibitors of human immuno-
deficiency virus (HIV) are targeted to viral envelope glyco-
protein gp120 or gp41 or to cellular (co)receptor CD4, CXCR4,
or CCR5 (30). Enfuvirtide (T20; Fuzeon), which targets HIV
gp41, is the first and so far only entry inhibitor officially ap-
proved for HIV treatment (13). Several carbohydrate-binding
agents (CBA) derived from different prokaryotic, plant, inver-
tebrate, or vertebrate species with specificity for mannose
(Man), �-galactose, or N-acetylglucosamine (GlcNAc) were
reported to be endowed with antiviral activity, in particular
against HIV, in several cell culture systems (for an overview,
see reference 3). Recently, several of these CBAs (Galanthus
nivalis agglutinin [GNA], Hippeastrum hybrid agglutinin
[HHA], and Urtica dioica agglutinin [UDA]) and the prokary-
otic cyanovirin were shown to be potential drug candidates for
microbicidal use in the prevention of HIV infection (4, 39).
Due to their carbohydrate-binding properties, they interact
with the viral envelope glycoprotein and efficiently prevent the
HIV entry process. Interestingly, we have recently demon-
strated that both Man- and GlcNAc-specific plant lectins select
for mutant HIV strains that contain deletions of glycans in the
gp120 envelope (5, 6). Such a resistance spectrum is unique

among the known HIV entry inhibitors. The mutated virus
strains kept full sensitivity to the inhibitory effects of other
entry inhibitors (5, 6). A potential disadvantage of using nat-
ural products as HIV therapeutics, however, is their protein
nature. It is indeed not technically easy and is relatively costly
to produce and purify such protein CBAs on a large scale; they
may have poor, if any, oral bioavailability, and they may also
trigger an immune response when administered systemically
on a frequent-application basis. Therefore, an intensive search
for the discovery and study of low-molecular-weight CBAs is
highly advisable (2).

In the course of screening for new antibiotics active against
fungi, an actinomycete strain (Actinomadura hibisca) was
found to produce pradimicin A (PRM-A), which shows activity
against systemic fungal infections (26). PRM-A has a unique
structure containing the following moieties: the amino acid
D-alanine, the carbohydrates D-xylose and 4,6-dideoxy-4-methyl-
amino-D-galactose, and a substituted 5,6-dihydrobenzo-
[a]naphtacenequinone (Fig. 1). Interestingly, PRM-A was also
shown to be inhibitory to HIV-1 (36, 37). The biological effect
of PRM-A had been ascribed to binding to mannose residues
(37, 38). This proposed mechanism of antiviral action of
PRM-A is in agreement with the observation that the antibiotic
binds to terminal D-mannopyranoside and Ca2� to yield a
ternary complex (40; for more-detailed information on the
mechanisms of the antifungal activity and molecular interac-
tions of PRM-A, see references 18, 19, 25, and 45).

Given the interesting antiviral properties and unique re-
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sistance profile of the mannose- and GlcNAc-specific plant
lectins, we undertook an extensive study of the anti-HIV
properties and antiviral resistance profile of PRM-A as the
prototype compound among the nonpeptidic CBAs. Our
study revealed that PRM-A behaves as an “artificial (non-
peptidic) lectin” endowed with an interesting antiviral (i.e.,
HIV) chemotherapeutic activity that can force the virus to
follow a unique mutational pattern in its gp120 envelope to
escape drug pressure.

MATERIALS AND METHODS

Test compounds. PRM-A (molecular weight [MW], 838) (Fig. 1) was isolated
and purified from the fermentation broth of Actinomyces sp. TP-A0016 (10). The
mannose-specific plant lectins from GNA and HHA were derived and purified
from these plants, as previously described (42, 43). AMD3100 was obtained from
AnorMed (Langley, Canada), and dextran sulfate-5000 was obtained from Sigma
(St. Louis, MO). The monoclonal antibody (MAb) 2G12 was obtained from the
Medical Research Council, Potter Bar, Hertfordshire, United Kingdom, and
from Polymun Scientific (Vienna, Austria). The MAbs B12, NEA9205, and F105
were obtained from DuPont NEN Research Products (Boston, MA) and pro-
vided by the NIH AIDS Research and Reference Reagent program (27, 28, 46).

Cells. Human T-lymphocytic CEM and Sup T1 cells were cultivated in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS) (BioWittaker
Europe, Verviers, Belgium), 2 mM L-glutamine, and 0.075 M NaHCO3. C8166
cells were grown and maintained in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine, 0.1% sodium bicarbonate,
and 20 �g gentamicin per ml.

Viruses. HIV-1(IIIB) was provided by R. C. Gallo and M. Popovic (at that time
of the National Cancer Institute, National Institutes of Health, Bethesda, MD).
The HIV-1/NL4-3.GFP11 strain that expresses an enhanced version of green
fluorescent protein (GFP) (35) as a replacement for Nef has been described
previously (41). For this molecular clone, the expression of GFP in infected cells
is a measurement of virus production (11). For all tests described, HIV-1/NL4-
3.GFP11 was obtained from the transfection of 293T cells. One milliliter of
virus-containing 293T cell supernatant was used to infect 8 � 106 MT-4 cells in
40 ml of culture medium. Three days after being infected, the supernatant was
collected and used as the virus input in our assays.

Generation of VSV-G-pseudotyped HIV-1. The vesicular stomatitis virus gly-
coprotein (VSV-G)-pseudotyped HIV-1(with env deleted) was generated by
transient cotransfection of recombinant pHIV-1/NL4-3-�E-GFP with env de-
leted (48) (a kind gift of R. Siliciano, Johns Hopkins University, Baltimore MD)
and pVSV-G in 293T cells, using calcium phosphate. The supernatants contain-
ing VSV-G-pseudotyped HIV-1 were collected 60 h after transfection. The cell
debris was removed from the supernatant by centrifugation (450 � g for 10 min),
and the supernatants were used for infection experiments or stored at �80°C.

Production of GFP-labeled HIV-1 virions. Fluorescent virions were produced
by transient cotransfection of pHIV-1/NL4-3 (48) and pGFP-Vpr, a plasmid
expressing the GFP-Vpr fusion protein (a kind gift from G. N. Pavlakis, National
Cancer Institute, Frederick MD). The supernatants holding GFP-Vpr-containing
HIV-1 were collected 60 h after transfection. The cell debris was removed from
the supernatant by centrifugation (450 � g for 10 min), and the supernatants
were used for infection experiments or stored at �80°C.

Antiretrovirus assays. The methodology of the anti-HIV assays has been
described previously. Briefly, CEM cells (4.5 � 105 cells/ml) were suspended in
fresh culture media and infected with HIV-1 at 100 50% cell culture infective
dose per ml of cell suspension in the presence of appropriate dilutions of the test
compounds. After 4 to 5 days of incubation at 37°C, giant cell formation was
recorded microscopically in the CEM cell cultures. The 50% effective concen-
tration (EC50) corresponds to the compound concentrations required to prevent
syncytium formation by 50% in the virus-infected CEM cell cultures. Several test
compounds were also tested against HIV-1 in CEM cell culture media containing
2, 5, 10, 20, or 40% FBS.

In the cocultivation assays, 5 � 104 persistently HIV-1-infected HUT-78 cells
(designated HUT-78/HIV-1) were mixed with 5 � 104 Sup T1 cells, along with
appropriate concentrations of the test compounds. After 16 to 20 h, marked
syncytium formation was noted in the control cell cultures, and the number of
syncytia was determined under a microscope.

Antiviral activity of test compounds against HIV-1 clade isolates in PBMCs.
Primary clinical isolates representing different HIV-1 clades and an HIV-2 iso-
late (see Table 2) were all kindly provided by L. Lathey of BBI Biotech Research
Laboratories, Inc., Gaithersburg, MD, and their coreceptor (R5 or X4) use was
determined (33). Antiviral testing of these isolates in peripheral blood mononu-
clear cells (PBMCs) was done as previously described (6). Briefly, PBMCs from
healthy donors were stimulated with phytohemagglutinin (PHA) at 2 �g/ml
(Sigma, Bornem, Belgium) for 3 days at 37°C. The PHA-stimulated blasts were
then seeded at 0.5 � 106 cells per well into a 48-well plate containing various
concentrations of the compound in cell culture medium (RPMI 1640) containing
10% fetal calf serum and interleukin-2 (25 U/ml, R&D Systems Europe, Abing-
don, United Kingdom). The virus stocks were added at a final dose of 250 pg of
p24 or p27/ml. The cell supernatant was collected at day 12, and the HIV-1 core
antigen (Ag) in the culture supernatant was analyzed by a p24 Ag enzyme-linked
immunosorbent assay kit (Perkin Elmer, Boston, MA). For HIV-2 p27 Ag
detection, the INNOTEST from Innogenetics (Temse, Belgium) was used.

Time-of-drug-addition experiment with GFP-expressing HIV-1/NL4-3.GFP11.
The time-of-drug-addition experiments have been previously described (11).
Briefly, C8166 cells were infected with HIV-1/NL4-3.GFP11. Following a 1-h
adsorption period, the cells were distributed in a 96-well plate at 45,000 cells/well
and incubated at 37°C. Test compounds or culture medium (control) was added
at different time points (0, 1, 2, 3, 4, 5, 6, 7, 8, 24, and 25 h) after virus infection.
Dextran sulfate (Sigma, St. Louis, MO) was used at 100 �g/ml, AMD3100
(Sigma) at 5 �g/ml, nevirapine (Boehringer Ingelheim) at 2 �g/ml, HHA (kind
gift of E. Van Damme, Ghent University, Belgium) at 100 �g/ml, and PRM-A at
50 �g/ml. No cytotoxicity was observed at these compound concentrations. The
number of GFP-expressing cells was monitored by fluorescence-activated cell
sorter (FACS) analysis at 30 h after infection. The value for the number of
GFP-expressing cells in the positive control was set at 100%, and for each time
point the percentage of infected cells was calculated relative to this value. Flow
cytometric analysis of the virus-exposed cell cultures was performed on a
FACSCalibur flow cytometer equipped with a 488-nm argon-ion laser and a
530/30-nm bandpass filter (FL1; for detection of GFP-associated fluorescence;
Becton Dickinson, San Jose, CA). Before the acquisition process was done, the
cells were pelleted at 1,000 rpm for 10 min and fixed in a 3% paraformaldehyde
solution. Acquisition was stopped when 10,000 events were counted. Data anal-
ysis was carried out with CellQuest software (BD Biosciences). The cell debris
was excluded from the analysis by gating on forward- versus side-scatter dot
plots.

Selection and isolation of PRM-A-resistant HIV-1 strains. The procedure
followed for the selection of drug-resistant virus mutants was essentially as
recently described (5, 6). Briefly, HIV-1(IIIB) was added to CEM cell cultures in
48-well plates in the presence of PRM-A at a concentration equal to one- to
twofold the EC50. For the generation of drug-resistant virus mutants, an in-
creased drug concentration was administered when the previous cell culture
became fully cytopathogenic. The drug resistance selection schedule is depicted
in Fig. 2. Ten virus isolates from four independent series of drug resistance
selections were taken at different time points during the drug resistance selection
process.

Genotyping of the HIV-1 env region. Proviral DNA was extracted from cell
pellets using the QIAamp Blood mini kit (QIAGEN, Hilden, Germany). The
genotypes of both the gp120 and gp41 genes were determined by this assay, as
recently described (44).

Antibody staining and flow cytometry. Human T-lymphoid MT-4 and CEM
cells were washed once with phosphate-buffered saline (PBS) containing 2% FBS
and preincubated with the CBAs GNA, HHA, and PRM-A or the specific
CXCR4 antagonist AMD3100 at the indicated concentrations for 30 min at room
temperature. After being centrifugated and washed with PBS containing 2%

FIG. 1. Structural formula of pradimicin A.
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FBS, the cells were incubated for 30 min on ice with a panel of different
anti-human CXCR4 monoclonal antibodies (i.e., clones 12G5, 2B11 [BD Phar-
mingen)], and 44717.111 [R&D Systems Europe]), all phycoerythrin [PE] con-
jugated) and anti-human CD4 MAbs [i.e., clones SK3(Leu3a) and L120(CD4
v4), both PE-conjugated (BD Pharmingen), and OKT4 and OKT4A, both fluo-
rescein isothiocyanate (FITC)-conjugated (Ortho Diagnostic Systems, Raritan,
NJ)] in PBS containing 2% FBS. Thereafter, the cells were washed twice with
PBS, fixed in 1% paraformaldehyde in PBS and analyzed on a FACSCalibur flow
cytometer equipped with CellQuest software (Becton Dickinson, San Jose, CA).
As a negative control for a specific background staining, the cells were stained in
parallel with Simultest isotype control MAb (Becton Dickinson).

Evaluation of the immunosuppressive activity of PRM-A. The immunosup-
pressive activity of PRM-A was evaluated in PHA-stimulated PBMCs and in
mixed leukocyte cultures (MLC) with mitomycin-C-treated PBMCs from donor
number 1 as stimulators and untreated PBMCs from another donor (donor
number 2) as responders. The PBMCs were stimulated with PHA (2 �g/ml
(Sigma), and 105 PBMCs/well were set up in triplicate in a 96-well microtiter
plate in the presence of a dilution series of PRM-A. For the MLC cocultures, 105

PBMCs from each donor were set up in triplicate in a 96-well microtiter plate in
the presence of a dilution series of PRM-A. At day 3 for PHA-stimulated
PBMCs and day 5 for the MLC, 0.4 �Ci of [3H]thymidine (Amersham Pharma-
cia, Buckinghamshire, United Kingdom) with a radiospecific activity of 5 Ci/
mmol was added to each well. The plates were harvested 12 h later, and [3H]thy-
midine incorporation, which is a measure of lymphocyte proliferation, was
measured in a scintillation counter (Canberra-Packard, Zellik, Belgium) and
expressed as counts per minute.

Surface plasmon resonance binding assay. A BIAcore X apparatus (BIAcore
Inc, Piscataway, NJ) was used. Surface plasmon resonance (SPR) was exploited
to measure changes in the refractive index caused by the ability of PRM-A and
HHA to bind to gp120 immobilized to a BIAcore sensor chip. Seven and a half
micrograms per milliliter of recombinant gp120 protein (HIV-1 MN strain),
produced and purified from baculovirus (Immunodiagnostics Inc., Woburn,
MA), was allowed to react with a flow cell of a CM3 sensor chip that was
previously activated with 50 �l of a mixture of 0.2 M N-ethyl-N�-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride and 0.05 M N-hydroxysuccinimide.
These experimental conditions allowed the immobilization of 3,000 resonance
units (RU; �0.025 pmol of gp120) (14, 15). Similar results were obtained for the
immobilization of bovine serum albumin (BSA), used as a negative control and
for Blanco subtraction. Increasing concentrations of PRM-A or HHA in HBS
buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20 [pH
7.4]) were then injected over the GST-Tat or BSA surfaces for 4 min (to allow
their association with immobilized proteins) and then washed until dissociation
was observed. For PRM-A only, the injections were also made in HBS with

EDTA omitted and 10 mM Ca2� added. After every run, the sensor chip was
regenerated with an injection of 10 mM glycine buffer (pH 1.5). The SPR signal
was expressed in terms of RU.

RESULTS

Antiviral activity of CBAs in cell culture. PRM-A inhibited
the cytopathic effects induced by the virus in CEM and C8166
cell cultures at an EC50 of 2.8 and 4.0 �g/ml (i.e., 3.3 and 4.8
�M), respectively (Table 1). It was not toxic to the cell cultures
at 50 �g/ml (i.e., 60 �M), which is the highest soluble com-
pound concentration that could be obtained in cell culture.
The mannose-specific plant lectins GNA and HHA had EC50

values of 0.48 and 0.29 �g/ml (i.e., 0.01 and 0.006 �M), respec-
tively, in CEM and 1.3 and 0.77 �g/ml (i.e., 0.02 and 0.015
�M), respectively, in C8166 cell cultures, and were not toxic at
100 �g/ml (i.e., 2 �M). DS-5000 showed antiviral activity com-

FIG. 2. Time-of-drug-addition experiment. C8166 cells were infected with HIV-1/NL4-3.GFP11, and test compounds were added at different
times after infection. Virus-associated GFP expression was measured by flow cytometry at 30 h postinfection. Depending on the target of the drug
action, addition of the compounds could be delayed for a certain number of hours without loss of antiviral activity. The later the drug target occurs
in the virus infection process, the longer the drug addition can be delayed before antiviral activity is lost.

TABLE 1. Inhibitory activity of CBAs on anti-HIV-1 activity in
CEM cell cultures

Compound

EC50
a (�g/ml) for indicated cell

culture: IC50
b (�g/

ml) for
HUT-78/

HIV-1 plus
Sup T1

CC50
c

(�g/ml)
for C8166
and CEM

cells
C8166 cells CEM cells

CEM
cells plus

2.5 mg
mannan/

ml

PRM-A 4.0 	 0.0 2.8 	 1.0 32 	 11 3.4 	 1.3 
50
GNA 1.3 	 0.66 0.48 	 0.28 27 	 11 6.0 	 2.8 
100
HHA 0.77 	 0.21 0.29 	 0.19 25 	 8.7 4.3 	 2.5 
100
DS-5000 0.37 	 0.15 0.33 	 0.12 0.30 	 0.1 2.5 	 0.1 
100

a EC50 for inhibition of HIV-1-induced cytopathic effect in CEM cell cultures.
b IC50 for inhibition of syncytium formation between HUT-78/HIV-1 and Sup

T1 cells.
c CC50, 50% cytostatic concentration for inhibition of CEM or C8166 cell

proliferation. Due to the limited solubility of PRM-A, a concentration higher
than 50 �g/ml could not be reliably tested.
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parable to that of GNA and HHA when it was measured in
micrograms per milliliter but lower antiviral activity when it
was measured in micromolars (�0.07 �M). Whereas the anti-
viral activity of PRM-A could be reversed by 10-fold in the
presence of mannan, with the plant lectins it lost antiviral
activity by 50- to 100-fold. In contrast, DS-5000 was not af-
fected in its antiviral potential by mannan (Table 1).

Several CBAs, including pradimicin A, have also been eval-
uated for their anti-HIV-1 activity in CEM cell cultures in the
presence of various amounts of bovine serum (2% to up to
40%). The antiviral activities of the CBAs were not affected by
increasing amounts of serum (Table 2).

PRM-A efficiently prevented giant cell formation between
persistently HIV-1(IIIB)-infected HUT-78/HIV-1 and unin-
fected Sup T1 cells at an EC50 of 3.4 �g/ml, that is, at a drug
concentration that is equally effective in preventing cytopathic
effects induced by HIV in CEM cell cultures (Table 1). In
contrast, the peptidic CBAs such as GNA and HHA and the
polyanionic compound DS-5000 lost �10-fold of their inhibi-
tory potential in the cocultivation assay compared with that for
the infection assay with free virus (Table 1).

PRM-A was also endowed with a consistent suppressive
activity against a wide variety of X4- and R5-tropic HIV-1
clade isolates in PBMCs (Table 3). In contrast, the mannose-
specific plant lectins showed much higher variability in their
virus-suppressive potential (i.e., 1.2 �g/ml [group O] to �100
�g/ml [clade C]).

Mechanism of antiviral action of PRM-A. Three separate ex-
periments were designed to reveal the target of PRM-A interac-
tion with the virus. In a time-of-drug-addition experiment, C8166
cell cultures were infected with a HIV-1/NL4.3-GFP strain that
contains an optimized version of a GFP gene as a replacement for
the nef gene and the compounds were added at 1, 2, 3, . . . 9 h
after infection, as indicated in Fig. 2. The extent of GFP expres-
sion at 30 h postinfection was used as a parameter of virus infec-
tion (Fig. 2). Depending on the target of drug action, addition of
the compounds could be delayed for a certain number of hours

characteristic for each compound without loss of antiviral activity.
The presence of dextran sulfate-5000 (an adsorption inhibitor)
and AMD3100, a CXCR4 coreceptor antagonist of HIV-1, at the
time of virus infection was required to display full antiviral
potential. A delay in drug addition of as short as 1 to 2 h
postinfection resulted in significantly decreased suppression
of virus replication by dextran sulfate-5000 and AMD3100.
Also, the mannose-specific plant lectin HHA and PRM-A
needed to be present from the very beginning of the virus
infection to fully suppress the infection, suggesting an early
target of interaction. In contrast, addition of the reverse
transcriptase inhibitors UC-781 and nevirapine could be
markedly delayed (up to 5 h) after virus infection before
losing their antiviral potential (Fig. 2).

To further investigate the effect of PRM-A on the HIV-1
entry process, VSV-G-pseudotyped (env-deficient) GFP-en-
coding HIV-1 was exposed to C8166 cells in the absence
(control) or presence of different concentrations of the test
compounds (Fig. 3). Forty-eight hours postinfection, the su-

FIG. 3. Effect of test compounds against VSV-G-pseudotyped HIV-1.
C8166 cells were infected with GFP-encoding, env-deleted HIV-1
pseudotyped with envelope VSV-G and treated with different compounds
at different concentrations. The letters on the x axis represent different
concentrations of the respective compounds (in �g/ml, for AMD3100, A � 0,
B � 0.008, C � 0.04, D � 0.2, E � 1, and F � 5; for PRM-A, A � 0, B
� 0.08, C � 0.4, D � 2, E � 10, and F � 50; for HHA, A � 0, B � 0.16,
C � 0.8, D � 4, E � 20, and F � 100; for UC781, A � 0, B � 0.0016, C �
0.008, D � 0.04, E � 0.2, and F � 1; for nevirapine, A � 0, B � 0.0008,
C � 0.004, D � 0.02, E � 0.1, and F � 0.5). The infected cells were
assayed for GFP expression at 48 h postinfection. One hundred percent of
GFP expression for each compound was defined as that for the control
culture without the compound added.

TABLE 2. Inhibitory activity of CBAs on anti-HIV-1 activity in CEM
cell cultures in the presence of different concentrations of serum

Compound
EC50

a (�g/ml) for indicated conc of newborn bovine serum

2% 5% 10% 20% 40%

PRM-A 4.0 	 0.0 3.5 	 0.7 4.0 	 0.0 3.5 	 0.7 4.0 	 0.0
GNA 1.7 	 1.2 0.90 	 0.14 1.0 	 0.28 1.0 	 0.28 1.6 	 0.85
HHA 0.55 	 0.35 0.58 	 0.59 0.65 	 0.49 0.75 	 0.35 1.0 	 0.28

a EC50 for inhibition of HIV-1-induced cytopathic effect in CEM cell cultures.

TABLE 3. Inhibitory activity of CBAs on HIV strains and clinical HIV-1 clade isolates in PBMC cultures

CBA

EC50
a (�g/ml) for indicated HIV strain of indicated group or clade and with indicated tropism:

Clade A Clade B Clade C Clade D Clade E Clade F Clade G Group O NL4.3 IIIB BaL HIV-2
UG273 US2 ETH2220 UG270 ID12 BZ163 BCF-DIOUM BCF06 BV-5061W

R5 tropic R5 tropic R5 tropic X4 tropic R5 tropic R5 tropic R5 tropic X4 tropic X4 tropic X4 tropic R5 tropic X4 tropic

PRM-A 2.2 2.3 8.7 3.1 3.4 11 2.2 NDb 0.69 2.8 2.2 NDb

GNA 27 17 �100 
20 19 25 �50 1.9 1.4 0.33 6.5 9.5
HHA 29 5.4 44 4.9 12 4.6 41 1.2 0.35 1.1 6.0 8.9

a EC50 for inhibition of HIV replication in cell cultures.
b ND, not determined.
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pernatants were analyzed for GFP production. The reverse
transcriptase inhibitors UC-781 and nevirapine dose depen-
dently suppressed GFP expression by the pseudotyped virus-
infected cells, while the CXCR4 antagonist AMD3100, HHA,
and PRM-A completely lost their inhibitory effect, pointing to
the specific interaction of the HIV-1 envelope with susceptible
cells as the target of antiviral intervention of PRM-A and
HHA (Fig. 3).

To study in more detail the mechanisms of action of PRM-A
on HIV-1-specific entry, C8166 cell cultures were exposed to
HIV-1/NL4.3 virions labeled with GFP-Vpr fusion proteins in
the intact virion particles to monitor virion attachment to tar-
get cells in the presence of different concentrations of PRM-A
and DS-5000. Interestingly, the presence of PRM-A showed a
dose-dependent increase in cell-associated GFP fluorescence,
pointing to enhanced binding of HIV-1 to the C8166 cells. In
contrast, DS-5000 completely prevented appearance of cell-
associated GFP fluorescence, pointing to an efficient inhibition
of virus adsorption to the cells (Fig. 4).

Selection and genotypic characterization of PRM-A-resis-
tant HIV-1(IIIB) strains. HIV-1(IIIB)-infected CEM cell cul-
tures were exposed to PRM-A at 2 to 5 �g/ml, that is at an
approximately one- to twofold-higher concentration than its
EC50 (Fig. 5A-D). Four independent series of subcultivations
were performed. Only when giant cell formation was abun-
dantly visible in the drug-exposed virus-infected cell cultures
was the PRM-A concentration increased stepwise. At several
time points during the selection process, virus isolates were
stored at �80°C and used for genotypic and phenotypic char-
acterization (Fig. 5). A substantial number of cultivations (at

least 15 to 20 subcultivations; 4 or 5 days/subcultivation) were
required before the drug concentration could be increased
without losing the virus from the infected cell cultures. Indeed,
when PRM-A was added to the virus-infected cell cultures
during the selection process at concentrations two- to threefold
higher than the previous PRM-A concentration, the virus was
easily lost upon further subcultivations. During the PRM-A-
resistance selection process, a total of ten virus strains were
isolated and characterized (Fig. 5A to D).

A variety of amino acid changes occurred in gp120 but not
gp41 of the drug-exposed virus strains (Table 4). Importantly,
the mutations found in gp120 were located at N-glycosylation
sites or at T/S sites that are part of the glycosylation motif
NXT/S. Each isolate contained a variety of multiple amino acid
mutations at glycosylation sites in gp120 (Table 4). In a num-
ber of cases, there was still a mixture of wild-type and mutated
amino acids present in the virus preparation. The virus isolates
taken early during the selection process already contained 4 to
5 different glycan deletions in their gp120s (i.e., PRM-A-8-1,
PRM-A-8-2, and PRM-A-7-4). Further selection, up to the
highest PRM-A concentration, resulted in the addition of sev-
eral more glycan deletions in gp120 (i.e., PRM-A-15-1, PRM-
A-30-1, PRM-A-30-3, and PRM-A-30-4). The virus isolates at
the end of the selection could contain up to eight different
glycan deletions. Interestingly, in the first series of virus strain
isolates, an insertion of five amino acids containing an extra
putative glycosylation site was observed in the different isolates
(Table 4). However, it should be mentioned that this glycosyl-
ation site is present in most HIV-1 strains but appears to be
deleted in the HIV-1(IIIB) strain that was used in our drug

FIG. 4. Flow cytometric analysis of human C8166 cells incubated with GFP-Vpr-labeled HIV-1 virions. C8166 cells were incubated in the
presence or absence of different compounds for 30 min at 37°C. (Panels 1 and 2) Medium (control); (panel 3) 100 �g/ml DS5000; (panels 4, 5,
and 6) different concentrations of PRM-A. The cells were then inoculated with GFP-Vpr-labeled HIV-1 (15 ng of p24) for 6 h at 37°C. The cells
were subsequently washed with PBS, fixed with 3% paraformaldehyde, and analyzed by flow cytometry for GFP fluorescence. The toxicity of the
compounds was assessed by comparing the forward- versus the side-scatter dot plots. Cell debris was excluded from the analysis by gating on
forward- versus side-scatter dot plots. The percentage of GFP-positive cells (R2) is indicated in the upper right hand corner of each panel.
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resistance selection experiments. When all mutated glycosyla-
tion sites (with deleted glycans) were spotted on the three-
dimensional structure of HIV-1 gp120 (the amino acid num-
bering is according to Kwong et al., 21), none of the six glycans
in the V1/V2 area were deleted. In the major remaining part of
gp120, no clustered mutational pattern could be detected. The
glycan deletions had obviously appeared in a rather disperse
manner (Fig. 6). However, most of the glycan deletions oc-
curred at glycosylation sites that were reported to carry a
high-mannose type of glycan (23) (Table 4).

Phenotypic characterization of PRM-A-exposed HIV-1(IIIB)
strains. PRM-A showed a gradually decreasing inhibitory po-
tential against those virus strains that were isolated at a later
stage during the drug resistance selection process (Table 5). It
lost antiviral potential against the virus strains at most by 3- to
10-fold except for strain HIV-1/PRM-A-30-3, for which the
decrease in antiviral efficacy was 18-fold. GNA and HHA lost
20-fold to up to 50-fold of their inhibitory activity. In contrast,
DS-5000 and AMD3100 kept their full suppressive effects to all
evaluated virus strains (Table 4). The monoclonal antibody
2G12, which showed specificity against a well-defined glycan-
containing epitope of HIV-1 gp120 (31, 32), completely lost its
antiviral potential against all mutant virus isolates [EC50 for
wild-type HIV-1(IIIB), 1.1 �g/ml versus 
50 �g/ml for all
mutant viruses] (Table 5). Also, the MAb B12 that recognizes
peptide segments of gp120 that lie at the periphery of the CD4
binding site (9), the MAb F105 that recognizes the CD4 bind-
ing site on gp120 (27, 28, 46), and the MAb NEA-9205 that is

directed to the gp120 V3 loop (34) have been evaluated against
several PRM-A-exposed mutant HIV-1 strains. It was found
that some of the MAbs (i.e., B12) keep their inhibitory poten-
tial against the different mutant virus strains, whereas other
MAbs, such as F105 and NEA-9205, show antiviral efficacies
that differ depending on the nature of the glycan deletions in
the viral gp120 (Table 5).

Interaction of PRM-A with the HIV (co)receptors CD4 and
CXCR4 and with HIV-1 envelope gp120. To reveal whether
PRM-A exerts its antiviral activity solely by interaction with the
viral gp120 or whether potential interaction with the cell mem-
brane also plays a role in the eventual antiviral activity of the
drug, PRM-A, the mannose-specific plant lectins GNA and
HHA, and the CXCR4 antagonist AMD3100 (as a control
inhibitory agent) were evaluated for their interference with a
variety of anti-CD4 (i.e., SK3, OKT4, and OKT4A) and anti-
CXCR4 (i.e., 12G5, 2B11, and 44717.111) MAbs for binding to
CD4 and CXCR4 in MT-4 cell cultures. Data were obtained by
flow cytometric analysis. Neither PRM-A (250 �g/ml) nor the
other CBAs (GNA and HHA at 20 �g/ml) measurably affected
the anti-CD4 and anti-CXCR4 MAb binding to CD4 and
CXCR4 abundantly present on T-lymphocyte (i.e., MT-4 and
CEM) cell cultures (data not shown). The drug concentrations
used in these experiments were at least two orders of magni-
tude higher than their effective antiviral concentrations. As a
control, the CXCR4 antagonist AMD3100 strongly prevented
anti-CXCR4 MAb binding to the MT-4 cells but did not pre-
vent anti-CD4 MAb binding.

FIG. 5. Four independent selection pathways for PRM-A-resistant HIV-1 strains. The drug concentrations were increased when a marked viral
cytopathic effect was observed in the cell cultures. The time points at which virus isolates were propagated are indicated by arrows and a designation
that corresponds with the virus strains depicted in Table 3.
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PRM-A and HHA were also investigated for their binding
capacity for HIV-1 gp120, using the BIAcore technology.
When tested in HBS buffer, HHA interacted with gp120 im-
mobilized on the BIAcore sensor chip (Fig. 7A), while PRM-A
did not show any binding capacity (Fig. 7C). However, the
gp120 binding capacity of PRM-A became evident when
EDTA was omitted and Ca2� (10 mM) was added to the HBS
buffer (Fig. 7C). The same buffer only slightly increased the
binding of HHA to gp120 (less than 20%) without altering the

binding parameters (data not shown). When tested in the ap-
propriate buffers (unmodified HBS for HHA and HBS without
EDTA and containing 10 mM Ca2� for PRM-A), HHA and
PRM-A showed a similar binding capacity (800 to 960 RU
bound at the end of the injection phase). The specificity of the
interactions was demonstrated by the lack of significant bind-
ing for the compounds when tested at the maximal doses on a
BSA-coated sensor chip (Fig. 7A and C). In a second series of
experiments, increasing concentrations of the two compounds

FIG. 6. Mapping of the deleted glycosylation sites in gp120 of HIV-1 strains isolated under escalating PRM-A concentrations in CEM cell
cultures. HIV-1 (HXB-2) gp120 contains 24 numbered N-glycosylation sites (circles) (21, 23). The N-glycosylation sites that were found to be
deleted in the ten PRM-A-exposed virus strains are in red. The N-glycosylation sites that were not found to be mutated are in green. The
N-glycosylation site that was created during the drug selection process (series-1) is indicated in blue.

TABLE 5. Inhibitory activity of CBAs to pradimicin A-exposed HIV-1(IIIB) isolates in CEM cell culturesa

Compound
EC50 (�g/ml) for indicated isolate:

HIV-1(IIIB) PRM-A-8-1 PRM-A-30-1 PRM-A-8-2 PRM-A-30-2 PRM-A-30-3 PRM-A-30-4

PRM-A 2.8 	 1.0 7.5 	 0.7 32 	 25 8.0 	 0.0 15 	 7.1 50 32.5 	 24.7
GNA 0.48 	 0.28 2.5 	 0.0 4.0 	 0.0 0.90 	 0.14 4.85 	 3.04 19.0 	 15.6 13.0 	 9.9
HHA 0.29 	 0.19 1.85 	 0.49 5.5 	 2.1 0.55 	 0.35 5.0 	 1.4 16.0 	 5.7 8.0 	 2.8
DS-5000 0.33 	 0.12 0.30 	 0.14 0.8 	 0.0 0.3 	 0.0 0.28 	 0.17 1.25 	 0.35 1.25 	 0.35
AMD3100 0.05 	 0.03 0.019 	 0.002 0.045 	 0.007 0.036 	 0.006 0.070 	 0.028 0.06 0.08
MAb 2G12 1.1 	 0.12 
50 
50 
50 
50 
50 
50
MAb B-12 0.012 	 0.011 0.020 	 0.017 0.021 	 0.009 0.017 	 0.005
MAb NEA-9205 0.0003 	 0.00007 0.0003 	 0.0002 0.025 	 0.006 0.0004 	 0.0003
MAb F105 0.17 	 0.05 0.68 	 0.50 �1 0.80 	 0.56

a Data are expressed as the EC50 (�g/ml) for inhibition of HIV-1-induced cytopathic effect in CEM cell cultures.
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were injected over the gp120 surface to evaluate the binding
parameters. HHA, once bound, hardly detached from the
gp120 surface, even when the dissociation phase was prolonged
to 2,200 s (Fig. 7B), that is, at experimental conditions in which
PRM-A almost completely dissociated (Fig. 7D). Accordingly,
the dissociation rate of PRM-A is significantly higher than that
of the plant lectin (Table 6). The dissociation constant (KD) for
the interaction of HHA with gp120 was in the low nanomolar
range, while that calculated for PRM-A proved significantly
higher, being equal to �2.7 �M (Table 6). Interestingly, while
the molar ratio of gp120 versus the drug could be calculated to
be approximately 1:1.5 for HHA, a value of 1:33 was found for
PRM-A (Table 6).

Effect of PRM-A on immunological parameters. Many lec-
tins are endowed with mitogenic activity. We recently found

mannose-specific cyanovirin mitogenic in cell culture and also
stimulatory to several differentiation markers (7). Therefore,
the effect of PRM-A was examined on several immunological
parameters. Whereas PHA caused a marked stimulation of
[3H]thymidine incorporation into PBMC DNA, PRM-A had
no such stimulatory (mitogenic) effect at any of the concentra-
tions tested (20, 4, and 0.8 �g/ml). However, PRM-A inhibited
PHA-induced stimulation at its highest tested concentration
(20 �g/ml) (data not shown). Lower PRM-A concentrations
had no effect at all on the PHA stimulatory effect. Finally, in
mixed lymphocyte reaction assays, PRM-A was devoid of any
significant inhibitory activity on the stimulatory T-lymphocytic
response at the tested concentrations (20 and 4 �g/ml). Thus,
PRM-A seems not to interfere with these particular immuno-
logical parameters at its antiviral concentrations.

DISCUSSION

Pradimicin A represents the first prototype drug of a class of
nonpeptidic low-molecular-weight (MW, 838) CBAs that show
consistent antiviral (i.e., HIV) properties in cell cultures.
Time-of-drug-addition studies pointed to an early event in the
infection cycle of HIV as the target of therapeutic intervention
by PRM-A (Fig. 2). The lack of inhibitory activity against
VSV-G-pseudotyped HIV-1 infection indicates that the entry
process is inhibited by the drug, pointing to a specific inhibition
of the interaction of the HIV-1 gp120 envelope with the target
cells (Fig. 3). The molecular mechanism of action of PRM-A
likely requires binding to the mannose moieties that are part of
the glycans on HIV gp120, because mannan can reverse the

FIG. 7. Interaction of HHA and PRM-A with gp120. In the first series of experiments, HHA (A) was injected at 5 nM in HBS over BIAcore
sensor chips containing p120 (upper sensor grams) or BSA (lower sensor grams). PRM-A (C) was injected at 700 nM in HBS over gp120 (dotted
sensor gram) or BSA (hacked sensor gram) surfaces. Alternatively, PRM-A was injected into HBS without EDTA but in the presence of 10 mM
Ca2� over gp120 (upper straight sensor gram) or BSA (lower straight sensor gram) surfaces (C). The solid black lines represent the experimental
data. The gray lines represent the fit (A and C). In a second series of experiments, HHA (B) and PRM-A (D) were injected into the appropriate
buffers at increasing concentrations over the gp120 surface (HHA at 0.3, 0.75, 0.5, 1.3, and 5 nM; PRM-A at 100, 150, 200, 350, 500, and 700 nM).
In panels B and D, the sensor grams shown are those obtained after blank subtraction.

TABLE 6. Binding parameters of the interactions of HHA and
PRM-A to gp120 immobilized to a BIAcore sensor chipa

Compound Association
rate (1/Ms)

Dissociation
rate (1/s)

Dissociation
constant

(M)

Molecular
ratio of

gp120 to
compound

HHA 4.15 � 105 2.1 � 10�6 7.7 � 10�9 1:1.5
PRM-A 7.93 � 103 4.01 � 10�3 2.7 � 10�6 1:33

a Binding parameters were calculated by the nonlinear-curve-fitting software
package BIAevaluation 3.2, using a single-site model with a drifting baseline.
Only sensorgrams whose fitting gave values of x2 close to 10 were used (20). Data
for equilibrium binding between the compounds and gp120 were used to calcu-
late an affinity value (KD) independently of the kinetics of binding. The corre-
lation coefficient of the linear regression of the equilibrium binding data was
always higher than 0.8.
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antiviral activity of the drug. The interaction of PRM-A with
Man is Ca2�-dependent, as evidenced by our BIAcore studies
that showed the strict requirement of Ca2� for binding to HIV
gp120. These observations are in agreement with the early
findings on the Ca2� requirement of PRM-A for antifungal
activity and the yielding of a ternary complex among PRM-A,
mannopyranoside, and Ca2� (40). Also, evidence is provided
that such interaction eventually yields a ternary complex con-
sisting of two molecules of PRM-A, four molecules of D-man-
nopyranoside, and one atom of Ca2� (40). In this respect,
PRM-A behaves as a C-type “artificial lectin” in its interaction
with glycans (such as DC-SIGN, present on the dendritic cell
membrane), in contrast to the mannose-specific GNA and
HHA plant lectins that do not require Ca2� for efficient inter-
action with gp120, as is also demonstrated by the BIAcore
studies (Fig. 7). Given the requirements of calcium for the
binding of PRM-A to carbohydrates, the antiviral efficacies of
PRM-A, and GNA and HHA, which do not require Ca2�,
were examined in the presence of a broad variety (2% to 40%)
of serum concentrations. Similar antiviral efficacies were ob-
served.

Although virus infection/replication could be completely
blocked by PRM-A, the drug seems to enhance virus interac-
tions with its target cells in a dose-dependent manner (Fig. 4).
In this respect, the enhancing effects of PRM-A were more
pronounced than those of the mannose-specific HHA (data
not shown). Since DS-5000 clearly showed the opposite effect
(Fig. 4), we hypothesize that CBAs such as plant lectins, as well
as the nonpeptidic low-molecular-weight PRM-A, may be en-
dowed with a cross-linking ability that creates a network of
cross-linked and immobilized surface glycoproteins between
the virus particle gp120 envelope and the target cell mem-
brane. Given the evidence of the presence of two PRM-A
molecules in the ternary complex that have mannose oligomers
and Ca2� and a total of two mannose binding sites for each
PRM-A molecule, this cross-linking hypothesis may be viable.
PRM-A may then inhibit virus entry by cross-linking glycans,
affecting their mobility and preventing the virus particle gp120
from adopting the conformations necessary for efficient virus-
cell fusion. This proposed mechanism of action, however, has
still to be proven. However, such a cross-linking activity on
surface glycoproteins has also been proposed for the antiviral
action of the �-defensin retrocyclin 2 (a multivalent lectin),
which inhibits influenza virus infection by blocking membrane
fusion mediated by the viral hemagglutinin (22). It was also
shown that human �-defensin 3 and mannan-binding C-type
lectin block viral fusion by creating a protective barricade of
immobilized surface glycoproteins. This general binding mech-
anism may explain the broad-spectrum antiviral activity of
many multivalent lectins of the immune system (22).

The KD of PRM-A/gp120 interaction (in the presence of
Ca2�) was markedly higher than that of the mannose-specific
plant lectin HHA. This correlates with our observation that
PRM-A is 5- to 10-fold less inhibitory to HIV in cell culture
than the HHA plant lectin. However, PRM-A has a much
lower variability of antiviral activity against a broad variety of
X4- and R5-tropic HIV-1 clades than the plant lectins HHA
and GNA. Whereas the plant lectins HHA and GNA are
reported to recognize �(1-3) and/or �(1-6) mannose oligomers
(43), it has been suggested that PRM-A predominantly recog-

nizes �(1-2) mannose residues (38) that are predominantly
present on high-mannose-type glycans of HIV-1 gp120. Cya-
novirin N, which also selectively recognizes �(1-2) mannose
residues (8), is also more consistently active against all differ-
ent HIV-1 clades than HHA and GNA (7).

Since CBAs, in particular PRM-A, may simultaneously bind
to multiple sites on HIV gp120, this drug differs from the
currently available anti-HIV drugs that stoichiometrically bind
to their target molecules (at an obligatory 1:1 ratio). Indeed,
one reverse transcriptase or protease or gp41 molecule can
bind to only one interacting drug molecule (nonnucleoside
reverse transcriptase inhibitor, protease inhibitor, or fusion
inhibitor) at the same moment. As a consequence, one or a few
mutations that appear in a target, like reverse transcriptase,
protease, or gp41, usually result in a marked degree of drug
resistance. Instead, the data obtained from the BIAcore stud-
ies revealed a molar ratio for gp120 to drug of 1:33 (Table 6),
which means that a high number of PRM-A molecules may
bind to one gp120 molecule. Data in the literature has revealed
a stoichiometry ratio of 1:5 for the �1,2-mannose-specific cya-
novirin (24), which is still higher than the 1:1.5 ratio found for
HHA (Table 6). These striking differences in stoichiometry
may be directly correlated with the size of the drug molecules:
50,000 D for HHA, 11,000 D for cyanovirin, and 838 D for
PRM-A. Obviously, the smaller the size of the molecule, the
easier the carbohydrates on gp120 can be reached by the CBAs
without steric hindrance. Therefore, the multiple binding sites
on gp120 for CBAs make these drugs much less susceptible to
sensitivity loss by the deletion of a few glycosylation sites in
gp120, resulting in a high genetic barrier for the CBAs. More-
over, in particular for high-molecular-weight CBAs such as
HHA, one single glycan deletion in HIV gp120 may immedi-
ately make space for an efficient interaction of one of the other
(remaining) glycans with the CBA. As a consequence, multiple
glycans need concomitantly to be deleted before CBAs will
show a decreased antiviral efficacy. These properties are in-
deed observed in our drug resistance selection experiments.
Interestingly, whereas PRM-A also seems to be able to induce
apoptosis-like cell death in Saccharomyces cerevisiae, a mutant
that lacks a putative N-glycosylation site in the extracellular
domain of a surface protein of the yeast became resistant to
the PRM-A derivative (18), showing a molecular mechanism of
resistance development (deletion of glycosylation sites) com-
parable to that found in our studies for HIV.

The very slow (and moderate) resistance development of
HIV-1 against the plant lectins (5, 6) and PRM-A (this study)
is in full agreement with the mechanisms of action and inter-
action of PRM-A with its target molecule. Given the unique-
ness of the drug resistance profile (i.e., glycan deletions in HIV
gp120) of the CBAs, in casu PRM-A, mutant HIV strains that
emerge under CBA pressure are not expected to loose their
susceptibilities to other anti-HIV drugs, including the variety
of available entry inhibitors as also shown in our drug-suscep-
tibility studies. Instead, HIV-1 strains resistant to other drug
targets such as RT, protease, and gp41 are not expected to
loose susceptibility to CBAs, including PRM-A. However, it
was previously shown that mannose (i.e., HHA, GNA, and
cyanovirin)- and GlcNAc (i.e., UDA)-specific plant lectins also
select for glycan deletions in the HIV-1 gp120 (5–7, 47). Such
deletions predominantly occurred at similar glycosylation sites,
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as observed for PRM-A. Consequently, PRM-A also showed
decreased antiviral activity against such GNA-, HHA-, and
UDA-resistant virus strains (data not shown) and vice versa:
GNA, HHA, and UDA partially lost antiviral activity against
the PRM-A-resistant virus strains (Table 5). Although no gly-
can deletions have been observed so far in gp41 under PRM-A
pressure, it cannot be excluded that such mutations might
appear at higher concentrations (with a more-soluble PRM-A
derivative) or longer selection times for compensatory pur-
poses.

The antiviral properties of PRM-A and the mutational pat-
tern the virus follows in an attempt to escape PRM-A drug
pressure led us to consider that the application of CBAs may
represent a novel therapeutic approach to HIV treatment that
is entirely different in concept from currently existing thera-
peutic approaches. Indeed, exposure of HIV to CBAs such as
PRM-A may put the virus in a dilemma: it must either even-
tually be eliminated from its host by continual suppression by
the CBA, or it must escape the drug pressure by progressively
deleting the glycosylation sites in its envelope, thereby becom-
ing highly susceptible to neutralization and elimination by the
immune system (2). The proposed therapeutic concept may
display a thus far unprecedented concerted action between
drug chemotherapy and the immune system. Indeed, besides a
direct antiviral activity of the CBAs, CBA-induced deletions of
gp120 glycans may have the potential to trigger the immune
system against previously hidden highly immunogenic and an-
tigenic epitopes on gp120, resulting in “therapeutic self-vacci-
nation” (2). The observation that a number of known mono-
clonal neutralizing antibodies (i.e., B12, NEA-9205, and F105)
did not display a more pronounced inhibitory effect and in
some cases even displayed a decreased antiviral efficacy against
the PRM-A-exposed mutant HIV-1 strains is not necessarily
against this hypothesis. In fact, these antibodies have been
generated against the wild-type virus but not the mutated virus
(with glycan deleted) and thus may never have encountered the
epitopes that became uncovered after the glycan deletions
appeared in the gp120 envelope. Although a dual mechanism
of antiviral action with involvement of the immune system has
to be shown in the in vivo setting, the earlier findings of Reitter
et al. (29) may be highly relevant in this context. It was indeed
demonstrated that infection of monkeys with mutant SIV
strains that contain as few as two deleted glycosylation sites in
their envelope glycoproteins induced a much stronger produc-
tion of neutralizing antibodies (to the uncovered, exposed,
immunogenic envelope epitopes) and eventually resulted in
markedly lower viral levels in the plasma (up to three orders of
magnitude lower) (29). It now seems imperative to examine
CBAs such as PRM-A in SIV-infected monkeys to determine
whether a similar phenomenon would occur. Also, other vi-
ruses with a glycosylated envelope, such as para- and ortho-
myxoviruses (i.e., influenza virus), flaviviruses (i.e., hepatitis C
virus), and coronaviruses (i.e., severe acute respiratory syn-
drome coronavirus), may be susceptible to the inhibitory ac-
tivity of CBAs as well, putting the proposed therapeutic con-
cept in a broader (antiviral) context.

Although general in vivo toxicity should be a realistic con-
cern with the CBA therapeutic concept, it should be men-
tioned that in previous studies intravenous injection of plant
lectins (i.e., HHA, GNA, and UDA) into mice did not result in

acute animal toxicity (4, 6). Also, a PRM-A derivative was
shown to have in vivo antifungal activity in the treatment of
experimental pulmonary aspergillosis in persistently neutro-
penic rabbits. In this study, the drug was well tolerated at all
dosing schedules (up to 150 mg/kg/day) and no toxicity was
noted (16). Moreover, it was shown that the PRM-A derivative
can bind only to terminal D-mannopyranosides of glycans (40),
which are abundantly present on the HIV gp120 envelope,
whereas normal animal cells show no binding of the drug,
probably because D-mannopyranoside terminals which are nec-
essary for PRM-A binding are very scarce on the cell surface
(4, 40). Interestingly, large doses of PRM-A derivative have
been administered to animals in the past with minimal toxicity
(45), and one (more-soluble) compound derivative (BMS
181184) has already been subjected to phase I/II clinical trials
to investigate its antifungal activity. In the clinical study, he-
patic transaminase was significantly induced in the majority of
volunteers (17). It would be important to reveal whether this
side effect is entirely the result of, or not related to, the car-
bohydrate-binding property of the compound.

In conclusion, nonpeptidic CBAs such as PRM-A represent
a novel therapeutic concept for HIV therapy. PRM-A repre-
sents the first nonpeptidic (low-molecular-weight) drug with an
interesting anti-HIV activity, unique mutational pattern and
resistance profile, and high genetic barrier. Moreover, the
drug’s lead may have the potential to act in vivo through a dual
mechanism of action involving a “direct” antiviral activity (en-
try inhibition) and the triggering of the immune system against
previously hidden immunogenic epitopes on HIV gp120 (“self-
vaccination”). Therefore, CBAs in general, and the nonpep-
tidic PRM-A lead compound and its derivatives in particular,
should be given prompt consideration for further (pre)clinical
development as a potential new conceptual generation of anti-
HIV agents.
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