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Despite significant improvements, antiretroviral therapies against HIV-1 are plagued by a high frequency of therapeutic failures
that have been associated with acquisition of drug resistance. We recently reported that HIV-1 exploits a host glycan binding
protein, galectin-1, to increase its attachment to host cells, thereby increasing its overall infectivity in susceptible cells. This find-
ing suggests that host molecules such as galectin-1 could reduce the expected efficiency of HIV-1 drugs targeting early steps of
the replicative cycle, such as attachment and entry processes. Thus, new classes of drugs that would interfere with galectin-1/
HIV-1 interactions could benefit the current antiretroviral therapy. To further explore this possibility, experiments were con-
ducted to discover leading compounds showing specific inhibition of galectin-1 activity in a cellular model of HIV-1 infection.
Three lactoside compounds were found to modestly inhibit the interaction of galectin-1 with primary human CD4* T cells. In-
terestingly, these same inhibitors reduced the galectin-1-mediated increase in HIV-1 attachment to target cells in a much more
efficient manner. More important, the tested lactoside derivatives also significantly decreased the galectin-1-dependent enhance-
ment of HIV-1 infection. These observations deserve further attention when considering that the development of new drugs to

prevent and treat HIV-1 infection remains a priority.

IV-1is the etiologic agent responsible for AIDS (6, 23), which

has already killed more than 25 million people (76). Even
though the transmission rate following unprotected sexual inter-
course is relatively low (20, 57), a successful transmission event
results in devastating effects on the immune system, since it de-
pletes more than 90% of gut-associated CD4* T cells in a relatively
short time period (10, 31, 45). So far, the life expectancy of HIV-
1-infected individuals has been improved by the development of
highly active antiretroviral therapy (HAART) (58) targeting pri-
marily the virus-encoded reverse transcriptase and protease en-
zymes. However, many therapeutic failures have resulted from the
emergence of resistant viruses and adverse side effects (17, 34, 58).
Thus, the novel antiviral drugs now target other viral processes,
such as adhesion and entry steps (9, 14, 37, 47), which require
specific interactions between the external viral envelope glycopro-
tein gp120 (Env) and cell surface host molecules, such as CD4, and
a chemokine receptor, such as CCR5 or CXCR4.

Accumulating studies indicate that in a physiological setting,
other host factors may participate in the establishment of HIV-1
infection (12, 26, 38, 70, 75). Unlike other enveloped viruses,
HIV-1 carries a limited number of Env spikes, which are required
for its adsorption to target cells (14, 24). This represents a signif-
icant bottleneck for efficiently establishing an initial replicative
focus. HIV-1 is thought to circumvent this limiting factor by ex-
ploiting the host’s membrane adhesion molecules or soluble pro-
teins that can promote attachment of viral particles to target cells
(22, 26, 36, 38, 41, 44, 46, 54, 68, 75). One of the host molecules
exploited by HIV-1 is galectin-1, which has been reported to en-
hance both HIV-1 binding and infectivity in CD4" T cells and
macrophages by increasing viral adsorption to target susceptible
cells (46, 54, 67). Since galectin-1 is abundantly found in organs
rich in CD4™" T cells, such as lymphoid tissues and tissues sur-
rounding the lamina propria of the genital and gut mucosa (50, 59,
69), it may play a significant role in HIV-1 transmission. Since
galectin-1 can significantly reduce HIV-1 sensitivity to entry in-
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hibitors (e.g., CXCR4 ligand SDF-1 and fusion inhibitors T-20
and TAK779) in vitro, it may compromise the efficacy of emerging
drugs targeting viral attachment (46, 54). Thus, specific inhibition
of galectin-1 could represent an interesting avenue to chemically
interfere with HIV-1 propagation and to maximize the efficacy of
HIV-1 attachment/entry inhibitors.

Galectins are soluble glycan-binding proteins harboring one or
two carbohydrate recognition domains (CRDs), defined by con-
served peptide sequences of approximately 130 amino acids that
are responsible for their B-galactoside-binding specificity (4, 5).
Despite the similarity of their CRDs, each galectin displays a
unique ligand preference that depends on the 3-galactoside struc-
ture as well as its substitutions (32). For example, galectin-3, as
opposed to galectin-1, does not bind very efficiently to HIV-1 or
its primary cellular receptor, CD4 (67, 68). This suggests a specific
interaction between galectin-1 and HIV-1, which could be rele-
vant for AIDS pathogenesis. So far, 15 galectins have been identi-
fied in mammals. Classification of galectins relies on the structural
presentation of their CRD (i.e., prototype, chimera, and tandem
repeated) (33, 40). For example, galectin-1 is a prototype galectin,
while galectin-4 is a member of the tandem-repeat type and
galectin-3 is the sole representative of the chimera type. Galectins
are involved in a wide variety of biological processes influencing
different steps in the immunological response. Some activities
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overlap across several members of the galectin family, while others
are unique to one galectin only. Galectin-3 has been proposed to
promote cell surface retention of receptors like epidermal growth
factor receptor and T-cell receptor, leading to an increase in cell
signaling (19, 39). Other reports suggest that galectin-1 and -3
could modulate macrophage activation and differentiation to-
ward a wound-healing phenotype (7, 15, 43). In addition, both
galectin-1 and -3 were postulated to participate in cell migration
and angiogenesis (48, 74), while galectin-1 has been shown to
contribute to tumor cell evasion from immune responses (42, 62).
Thus, while galectins share relatively similar CRDs, their functions
often differ significantly, implying the necessity of developing spe-
cific antagonists/inhibitors for each galectin.

A unique feature of galectins is their capacity to promote cell-
cell or cell-pathogen interactions by directly cross-linking differ-
ent entities. Previous studies have documented the role of
galectin-1, -3, and -9 as critical mediators of heterotypic interac-
tions between immune cells and pathogens. For example,
galectin-1 enhances the interaction of human T-cell leukemia vi-
rus type 1 (HTLV-1) (25) and Trichomonas vaginalis (52) with
their target cells. Galectin-3 increases binding of Trypanosoma
cruzi to smooth muscle cells (35), while galectin-9 increases inter-
nalization of Leishmania major by macrophages (55). Such recog-
nition can initiate immune responses that can either lead to the
clearance of microorganisms or, alternatively, help their persis-
tence in the infected host. In the context of HIV-1, it has been
previously reported that galectin-1 is able to cross-link molecules
found on the exterior of both virions and target cells, thus result-
ing in a significant enhancement of HIV-1 infection (46, 54,
67, 68).

Due to the peculiar ability of galectin-1 to specifically bind to
clustered complex type glycans on HIV-1 and increase virus infec-
tivity (67), new inhibitors that interfere with galectin-1-mediated
interactions could be clinically relevant. Several recent studies
have been carried out to find specific glycan derivatives that in-
hibit various galectins by using biochemical parameters, such as
fluorescence polarization or enzyme-linked lectin assays (64, 65).
Some of the compounds that were found had a low dissociation
constant (K;) for some galectins (16, 18, 66, 71-73), but while
many inhibitors for galectin-3 have been reported, the search for a
specific inhibitor for galectin-1 continues. In most cases, the se-
lection of these inhibitors was achieved through techniques in-
volving the use of soluble glycans. Since glycans are mostly present
in a clustered fashion in physiological settings, it may affect their
preference for selected galectins, as we have previously shown in
the case of the interaction between galectin-1 and HIV-1 (67).

Interaction of a galectin with a pathogen can contribute to its
infectivity, virulence, or persistence in the host. Therefore, we en-
deavored to find synthetic compounds derived from the lactoside
or galactoside molecule that could specifically inhibit galectin-1
activity in a cellular model of HIV-1 infection by altering their
attached aglycone structures of lactoside or galactoside. While lac-
tose has been used to inhibit galectins’ activities in many investi-
gations, it is known to target every B-galactoside binding lectin
and requires high concentrations (at least 10 mM) to be effective.
Variations in aglycone structures, which modify the charge den-
sity or multivalency of lactoside derivatives, allow lactosides to
have more stable and specific interactions with the CRDs of se-
lected galectins. These synthetic compounds were first evaluated
for their ability to inhibit hemagglutination induced by different
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FIG 1 Modulation of HIV-1 infectivity by galectins. LuSIV cells were infected
for 48 h with NL4-3 in the absence or presence of the listed concentrations of
galectin-1 and/or -3. Virus infection was evaluated by measuring luciferase
activity. Data shown represent the means * standard errors of the means
(SEM) of data for triplicate samples and are representative of three different
experiments. The statistical significance of differences between results for un-
treated/infected and treated/infected cells is denoted by asterisks (%, P <
0.001).
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galectins, followed by their capacity to modulate both HIV-1
binding and virus infection.

MATERIALS AND METHODS

Reagents. Chemicals and other reagents were obtained from Sigma-
Aldrich (St-Louis, MO) unless otherwise specified. Lactoside derivatives
that were used as specific galectin-1 inhibitors were synthesized and pu-
rified as described previously (28-30).

Recombinant proteins. Recombinant human galectin-1 and -3 were
purified by affinity chromatography using an established procedure (54,
68) and were run through Acticlean ETOX endotoxin-removing gels (Ste-
rogene, Carlsbad, CA). Alexa 488-labeled galectin-1 was prepared follow-
ing the manufacturer’s instructions (Molecular Probes, Eugene, OR) with
a slight modification as described previously (55, 56).

Cell line and primary cells. The LuSIV cell line is derived from the
CEMx174 cell line and stably expresses a luciferase reporter gene driven by
the SIVmac 239 long terminal repeat (LTR) region (obtained from the
NIH AIDS Research and Reference Reagent Program, Germantown,
MD). This indicator cell line was grown in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS) and 300 ug/ml of hygromycin
B as previously published (61, 68). LuSIV cells allow the quantitative
evaluation of single-cycle HIV-1 infection events through transcriptional
activation of the integrated LTR region, which drives luciferase reporter
gene transcription following the production of the viral protein Tat by de
novo viral infection (77). The LuSIV reporter cell line expresses only
CXCR4 but not CCR5 and is thus not susceptible to infection by R5-
utilizing virus. Peripheral blood mononuclear cells (PBMCs) were puri-
fied from healthy donors by Ficoll-Hypaque centrifugation, and CD4" T
cells were purified from PBMCs by using the human CD4 ™" T cell enrich-
ment kit from Stemcell Technologies Inc. (Vancouver, Canada) according
to the manufacturer’s instructions. PBMCs and CD4* T cells were main-
tained in RPMI 1640 medium supplemented with 10% FBS.

Virus stocks. Virus particles were prepared from the culture medium
of human embryonic kidney 293T cells that were transiently transfected
with the infectious molecular clone pNL4-3 (X4 tropic) as previously
published (1, 68). Titers of virus particles were normalized by assessing
the p24 content as determined by an in-house sandwich-type enzyme-
linked immunosorbent assay (ELISA) (8, 68) Briefly, flat-bottom 96-well
plates were initially coated with 183 H12-5C, a monoclonal anti-p24 an-
tibody (NIH AIDS Research and Reference Reagent Program, German-
town, MD). After washing and blocking with 1% bovine serum albumin
(Sigma, St. Louis, MO), viral lysates were added to the wells. Plates were
incubated for 1 h at 37°C and washed, and a biotinylated anti-p24 mono-
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FIG 2 Inhibition of galectin-induced erythrocyte hemagglutination by galactoside and lactoside derivatives. (A) Structures of the studied compounds. Com-
pounds showing high preference for galectin-1, as shown in panels B and C, are marked with squares and were selected for further studies. (B) Compounds were
evaluated for their ability to block the cell-cell aggregation of RBC mediated by galectins. Data shown represent the means of data for triplicate samples and are
representative of three different experiments. Potencies of the compounds relative to that of lactose is shown. (C) The minimum inhibitory concentrations (mM)
of some compounds are shown. Experiments were done twice, and representative data are shown in the table. For panels B and C, no SEM is shown due to
minimal differences between triplicate samples.

clonal antibody (clone 31-90-25; NIH AIDS Research and Reference Re-
agent Program, Germantown, MD) was then added. After 1 h of incuba-
tion at 37°C, the plates were washed and incubated with a streptavidin-
peroxidase conjugate (streptavidin-HRP-40; Research Diagnostics, Inc.,
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Flanders, NJ) for 30 min. Following extensive washes, the TMB-S sub-
strate (Research Diagnostics, Inc.) was added to measure the activity of
peroxidase bound to the plates. The reaction was terminated by adding
H,PO,, and the absorbance was measured at 450 nm. The level of p24 in
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the samples were calculated based on the standard curve using recombi-
nant p24gag/SF2, which was kindly supplied by Chiron Corporation.

Virus attachment assay. LuSIV cells or CD4* T cells were incubated
with galectin-1 or -3 and HIV-1 (5 ng p24 per 10° cells) in the absence or
presence of a potential antagonist/inhibitor for 1 h at 4°C. After two
washes with cold phosphate-buffered saline (PBS), cells were lysed imme-
diately and viral attachment was estimated by measuring p24 levels.

Infection assay. LuSIV cells or CD4" T cells were incubated with
galectin-1 or -3 and HIV-1 (5 ng of p24 per 10° cells) in the absence or
presence of a potential antagonist/inhibitor for 1 h at 4°C. After two
washes with PBS, cells were transferred at 37°C for 24 to 72 h before lysis.
In the case of LuSIV cells, the infection level was evaluated by measuring
the luciferase activity as previously described (53). Virus replication in
CD4" T cells was evaluated at 48 to 72 h following virus infection by
estimating p24 levels.

Hemagglutination assay. Hemagglutination assays were used to evalu-
ate the inhibitory potential of synthetic compounds on the cross-linking-
mediated aggregation of red blood cells (RBC) by galectins through their
affinity for glycans at the surface of RBC. Briefly, type O RBC were purified,
fixed with 3% glutaraldehyde, and resuspended at 3 to 4% in PBS with so-
dium azide. Serial dilutions of compounds were placed in a U-shape 96-well
plate, and appropriate amounts of RBC and galectins (1 to 2 uM) were added.
After 30 min of incubation at 37°C, the MIC of each molecule was evaluated
by comparing with controls (11). Since the output of the hemagglutination
assay is digital (i.e., positive or negative), an inhibition curve could not be
determined with precision. Thus, the concentration of a compound that in-
hibits 100% of galectin-induced hemagglutination was used as its MIC to
compare the inhibitory property of each compound.

Cell viability. Cell viability was evaluated by the MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] test, using the CellTiter 96 AQ,,.,,s nonradioactive cell
proliferation assay (Promega, Madison, WI). Following the manufactur-
er’s instructions, MTS reagent was added to LuSIV or CD4* T cells (2 X
10° cells/well) that had been pretreated or not with different synthetic
inhibitors (200 uM) and galectin-1 (2 uM) for 1 h at 4°C, as for virus
attachment and infection assays. Cells were then incubated at 37°C for 4 h
in the presence of MTS, which was reduced to formazan by metabolically
active cells. The absorbance was detected at 490 nm with a Wallac Victor
microplate reader (Perkin Elmer Life Sciences, Waltham, MA). Metabolic
activity was finally compared to that of untreated cells to evaluate the
toxicities of inhibitors.

Flow cytometry (galectin-1 binding). Freshly isolated CD4* T cells
(2 X 10° cells/ml) were resuspended in PBS containing Alexa 488-labeled
galectin-1 (2 uM) with or without different inhibitors (200 uM). After
incubation at 4°C for 1 h, cells were washed twice with PBS-bovine serum
albumin (BSA)-sodium azide (NaN;) and fixed in PBS containing 2%
formaldehyde. The percentages of cells labeled with galectin-1 were esti-
mated by detecting fluorescence with a Beckman-Coulter flow cytometer.

Statistical analysis. Statistical significance was analyzed with the
GraphPad Prism software program (GraphPad Software, La Jolla, CA)
using the Student ¢ test. P values of less than 0.05 were deemed statistically
significant.

RESULTS

Galectin-3 does not affect the galectin-1-mediated increase in
HIV-1 infection. It is well known that galectins can modulate the
inflammatory response through interactions with ligands ex-
pressed on a single cell or through cross-linking ligands present on
different entities. It has been previously shown that the prototype
galectin-1, which is actively secreted in secondary lymphoid tis-
sues, binds to HIV-1 Env and CD4 and greatly enhances the ki-
netics of HIV-1 infection in vitro in various cell types, including
primary human CD4" T cells and macrophages (46, 54, 67, 68).
Experiments conducted in the LuSIV reporter cell line confirm
that galectin-1 promotes HIV-1 infection, since treatment with
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FIG 3 Impact of synthetic lactoside derivatives on cellular toxicity. LuSIV cells
were incubated for 1 h in absence or presence of the listed lactoside derivatives
(200 uM), followed by incubation with the MTS substrate. Metabolic activity
was evaluated by measuring the optical density at 490 nm, and results are
presented as a percentage of viability compared with untreated controls. Data
shown represent the means = SEM of triplicate samples and are representative
of three distinct experiments.

this lectin leads to a stastistically significant increase in luciferase
activity (Fig. 1). A similar enhancement in HIV-1 infection is not
seen with galectin-3. However, since galectin-3 shares some glycan
binding preferences with galectin-1, it remained undefined
whether or not galectin-3 could influence the galectin-1-mediated
effect on virus infection. Data displayed in Fig. 1 indicate that
galectin-3 does not compete with galectin-1 for their respective
ligands. These results suggest a high specificity of galectin-1 with
respect to its possible modulatory effect on the life cycle of HIV-1
and thus indicate that it can be possible to develop inhibitors
specific for this soluble glycan-binding protein (i.e., galectin-1).

Galectin-1-dependent formation of cell-cell conjugates is in-
hibited by some lactoside derivatives. We next performed a well-
established hemagglutination test using galectin-1 and -3 along
with a series of different synthetic galactose and lactose derivatives
(Fig. 2A) (11). This test can evaluate the inhibitory strength of
molecules for galectin-induced erythrocyte aggregation, which
occurs through cross-linking of cell surface glycoconjugates by the
multivalent lectin. Compounds showing an inhibition of galectin-
mediated hemagglutination at doses higher than 1 mM were not
studied further since the central objective of this study was to
discover compounds with antagonistic potential for galectins
higher than that of lactose, which was used as a control in this
study and displays a MIC of 0.8 mM (Fig. 2C). Some lactoside
derivatives showed a noteworthy inhibitory effect on galectin-1-
dependent hemagglutination compared to lactose (Fig. 2B). For
example, the potencies (relative to that of lactose) of DEG-1193,
DEG-168, and DEG-II140 were 10, 20, and 40, respectively. In the
case of DEG-1193, the MIC for galectin-1 was 80 uM, while it re-
quired a concentration nearly 8 times higher to inhibit galectin-3
(Fig. 2C). This represents a significant improvement in selectivity
for galectin-1. DEG-168 and DEG-III40 exhibited the lowest
MIC:s for galectin-1 (40 uM and 20 uM, respectively) (Fig. 2C).
Importantly, these compounds also exhibited preferential inhibi-
tion of galectin-1 over galectin-3, since their MICs for galectin-3
were 7.83- and 62.5-fold higher, respectively. These results suggest
that such inhibitors are specific for galectin-1 and could be used to
interfere with the galectin-1-mediated enhancement of HIV-1 in-
fection.
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FIG 4 Inhibition of galectin-1 binding to HIV-1-susceptible cells by lactoside
derivatives. (A) Binding of galectin-1 (2 uM) to primary human CD4* T cells
was monitored by flow cytometry analysis. Typical histogram of Alexa 488-
labeled galectin-1 binding (continuous line) is shown, as well as its inhibition
by lactose (50 mM) (dotted line). The gray area is the background fluorescence
from cells without galectin-1. Cells in the gated region were considered
galectin-1 positive. (B) Cells were either left untreated or treated with either
the listed lactose derivatives (200 wM) or lactose (50 mM) before addition of
fluorophore-labeled galectin-1. Levels of inhibition are shown by percent re-
duction calculated with comparison to fluorescent levels of cells in the absence
of inhibitors. Data shown represent the means = SEM of data for triplicate
samples and are representative of three different experiments. The statistical
significance of differences between untreated and treated cells is denoted by
asterisks (#3%, P < 0.01; #%%, P < 0.001).

Lactoside derivatives do not affect cell viability. HIV-1 infec-
tivity can be evaluated using luciferase activity in a reporter cell line or
by the de novo production of viral particles, two different methods
requiring metabolically active cells. Thus, we assessed the cytotoxici-
ties of the selected synthetic compounds in our experimental model
system. By using a cell viability assay based on the reduction of the
tetrazolium ring into formazan in active mitochondria, the cytotox-
icity of each potential galectin-1 inhibitor was assessed. As shown in
Fig. 3, no significant cytotoxic effects were observed following treat-
ment of cells with the most potent galectin-1 inhibitors at the highest
concentration tested (i.e., 200 uM).

Effect of lactoside derivatives on the capacity of galectin-1 to
bind to CD4™* T cells. We next evaluated the capacity of lactoside
derivatives to inhibit binding of galectin-1 to primary human
CD4* T cells. As shown in Fig. 4A, in the absence of inhibitors,
Alexa 488-labeled galectin-1 binds to more than 75% of cells and
this binding is inhibited by lactose (50 mM), which is used as a
positive control. Interestingly, at the dose that efficiently blocked
cell-cell conjugate formation (as defined with the hemagglutina-
tion assay), the studied lactoside derivatives were not as efficient as
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FIG 5 Inhibition of galectin-1-mediated increase in HIV-1 binding by lacto-
side derivatives. LuSIV cells were either left untreated or treated with
galectin-1 (2 uM) and treated or not with the listed galectin-1 inhibitors before
exposure to HIV-1. Cells were next washed extensively, and the quantity of
cell-associated virus was estimated by measuring p24 levels. Data shown rep-
resent the means == SEM of data for triplicate samples and are representative of
three distinct experiments. The statistical significance of differences between
cells left untreated or treated with the studied lactoside derivatives is denoted
by asterisks (s, P < 0.001).

lactose in diminishing attachment of galectin-1 to CD4™" T cells,
since they exhibited a mere 20 to ~40% reduction of galectin-1
binding (Fig. 4B). These results suggest that inhibiting the cross-
linking activity of galectin-1 requires a lower concentration of
lactoside derivatives than the inhibition of galectin-1 binding to
the cell surface.

Effect of lactoside derivatives on galectin-1-mediated HIV-1
binding and infection. In order to examine whether or not the
studied lactoside derivatives can interfere with the enhancement
of HIV-1 infectivity mediated by galectin-1, a virus binding assay
on LuSIV cells was first performed in the absence or presence
of each inhibitor. A significant diminution of the galectin-1-
mediated increase in HIV-1 binding to target cells was seen when
using DEG-1193 and DEG-III40 (Fig. 5). A more impressive de-
crease in the lectin-mediated enhancing effect on virus attach-
ment was obtained with DEG-168.

The final step was to determine whether these lactose deriv-
atives can similarly modulate the galectin-1-dependent en-
hancement of HIV-1 infection. As shown in Fig. 6, each of these
inhibitors was able to potently reduce the galectin-1-directed
increase in virus infectivity. Importantly, even at the lowest
concentration tested (i.e., 10 wM), all inhibitors still induced a
reduction in the galectin-1-mediated enhancement of HIV-1
replication. Together, these data indicate that galectin-1-
specific lactoside derivative inhibitors can repress efficiently
both galectin-1-mediated HIV-1 binding and infection of host
cells.

DISCUSSION

Although CRDs of galectins display remarkable similarity, ac-
cumulating evidences indicate that while some functions over-
lap, each galectin often exhibits unique functions (60). The
present and previous studies suggest that galectin-1 but not
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FIG 6 Inhibition of galectin-1-mediated enhancement in HIV-1 infection by lactoside derivatives. LuSIV cells were first either left untreated or treated with
galectin-1 (2 uM) and next subjected to a treatment with DEG-1193 (A), DEG-II140 (B), or DEG-168 (C) at the indicated concentrations before exposure to
HIV-1. Cells were washed extensively and cultured at 37°C for 48 h. Finally, virus infection was assessed by monitoring luciferase activity (expressed in relative
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SEM of data for triplicate samples and are representative of three different experiments. The statistical significance of differences between cells untreated or
treated with the studied lactoside derivatives is denoted by asterisks (, P < 0.05).

galectin-3 can significantly enhance HIV-1 infectivity (46, 54,
67, 68), while involvement of other members of galectins has
remained elusive. Interestingly, although galectin-3 often ex-
hibits high avidity for glycans that are present on cells suscep-
tible to productive HIV-1 infection, it failed to interfere with
galectin-1’s ability to increase HIV-1 binding. Nevertheless,
galectin-3 is reported to play important roles in the recruit-
ment of neutrophils, the maintenance of epithelium integrity,
and mucosal natural defenses (3, 13, 21, 49). Thus, specific
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inhibition of a galectin might represent an important avenue
not only for understanding the biological significance of each
member of this protein family but also as a basis for the devel-
opment of future therapeutic interventions.

Pioneering studies led by Nilsson and colleagues and
Giguere and colleagues reported the development of specific
galectin inhibitors by using soluble glycans in fluorescence po-
larization assays (27, 51, 63, 64, 73). Other findings also re-
ported that a multimeric or a clustered arrangement of lacto-
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side derivatives may enhance their affinity for specific galectins
(2,29). While the majority of those compounds are antagonists
for both galectin-1 and -3, a few galectin antagonist candidates
could be relatively specific for galectin-1 over galectin-3 (73).
In the current work, lactoside-derived compounds were first
screened for a specific inhibition of galectin-1 using homotypic
aggregation of RBC. Compounds were screened for their po-
tency, which relates to their structure or their charge density.
This cell-based test is ideal to screen for inhibition of the cross-
linking ability of each galectin in native settings, which more
closely approximates the HIV-1 attachment step to the cell
surface. Three distinct lactoside derivatives were identified as
highly specific for galectin-1 in this assay. All of these galectin-
1-specific inhibitors bear aglycones which have electron do-
nors close to the O-1 hydroxyl group of their glucose residues,
suggesting that having both the electrostatic and steric states in
proximity to the OH-1 group may be critical for their prefer-
ence for galectin-1. Further studies are necessary to exploit
such a possibility and to develop galectin-1 inhibitors display-
ing a higher specificity and potency.

During an initial virus transmission event, adhesion and fusion
of HIV-1 viral particles to susceptible CD4* T cells represent po-
tential limiting steps that galectin-1 can help to overcome. There-
fore, inhibition of the galectin-1-mediated effect on the first step
in HIV-1 replication (i.e., attachment) could reduce transmission
risks in the early stages of infection and thus avoid chronic infec-
tion, life-long monitoring, and costly antiretroviral therapies. At
least three promising lactoside derivatives identified in the hem-
agglutination assay were potent at blocking the galectin-1-
mediated enhancement in virus binding. Furthermore, these
compounds can also inhibit the ability of galectin-1 to enhance
HIV-1 infectivity without affecting cell viability. Since cytotoxicity
was not evaluated with a wide range of concentrations of the stud-
ied galectin-1-specific inhibitors, we could not establish a thera-
peutic index per se. The absence of toxicity with the highest dose of
each inhibitor is a proof of concept that inhibition of HIV-1 binding
and infection is directly related to the modulation of the activity of
galectin-1. However, the possible cytotoxic effects of the tested com-
pounds were not measured over an extended time period. Therefore,
long-term treatment toxicity studies will be needed if galectin-1-
specific inhibitors are ever used in clinical settings.

This effect seen with galectin-1 inhibitors might be associated,
at least in part, with the destabilization of galectin-1’s interaction
with susceptible cells. Interestingly, although the studied lactoside
derivatives could only weakly inhibit the binding of galectin-1 to
individual cells, the effect of galectin-1 on HIV-1 infection was
effectively abolished by the same concentration of each com-
pound. This suggests that inhibition of only one of the binding
sites of homodimeric galectin-1 is sufficient to interfere with the
cross-linking ability of galectin-1. In summary, our results show
that inhibition of the galectin-1-mediated increase in HIV-1 bind-
ing and infection can be achieved by using some specific lactoside
derivatives. Thus, further modifications of these leading com-
pounds are expected to increase their potency and specificity as
galectin-1 antagonists and could possibly enable their use as
promising new antiretroviral strategies, either to prevent sexual
HIV-1 transmission or to be used in combination with existing
entry/fusion inhibitors.
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