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The necessity to lower or halt the spread of human immunodeficiency virus (HIV) infection in the world and particularly in developing countries is an urgent problem that needs to
be addressed. Scientific progress has been made in HIV therapy and vaccine research, although it may not significantly
impact the areas of highest HIV prevalence. Educational programs and the promotion of condom use have already shown a
visible effect on the epidemic (12, 35), but there is need for
alternative solutions that can take the infection rate down
further. The development of efficient microbicides represents
one important tool, and the choice of which compounds need
to be used is likely to rely on the basic mechanisms of HIV
transmission in vivo.
Although opposing views exist on which cell(s) and which
receptor(s) may be most important for HIV transmission, observations in simian immunodeficiency virus macaque models
and in in vitro human cellular and mucosal explant models
indicate that HIV transmission can occur through multiple
pathways at the cellular and molecular levels (12, 19, 21, 22, 25,
32, 34, 35, 44, 45). For instance, at the squamous mucosa, HIV
virions may first make infectious contact with intraepithelial
CD4⫹ lymphocytes, with intraepithelial Langerhans cells
(LCs) and, in the case of the cervical mucosa and/or areas of
breached epithelium, with macrophages, CD4⫹ lymphocytes,
and the lamina propria dendritic cells (DCs).
DCs in this mixture of target cells represent a peculiar leukocyte population with regard to HIV transmission. Not only
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are DCs uniquely located in mucosal tissue, they are also
highly motile in order to communicate immunological knowledge both locally and in primary lymphoid tissues. They also
may cause an explosive HIV infection when previously exposed
to HIV and subsequently mixed with CD4⫹ lymphocytes. It is
this unique motility and catalytic feature that has led to the
hypothesis that DCs may have the ability to transport and
transfer HIV locally or distantly to responding CD4⫹ lymphocytes, thereby establishing infection and seeding the virus effectively in vivo (10, 11, 30, 31). Targeting the HIV virion-DC
interaction may be elusive and complicated. For instance, multiple levels of viral attachment and transfer exist in DCs (15,
18, 22, 31, 32, 38–40). DCs can bind and take up virus through
CD4; C-type lectin receptors (CLRs) CD206, CD207, and
CD209; and other as-yet-unidentified mechanisms (15, 18, 26,
39, 40). Transfer of virus by DCs can occur via a process of
endocytic regurgitation (commonly known as infection in trans
[15], although herein referred to as infectious transfer in trans
[I-IT]) when CD4⫹ lymphocytes make extracellular contact
with HIV-exposed DCs (27, 40). CCR5-using HIV isolates can
also enter DCs via CD4 and CCR5 and infect the DCs at low
levels. This infection of DCs can lead to a later scenario of viral
transfer and amplification of HIV in CD4⫹ lymphocytes (this
later transfer will be referred to as infectious second-phase
transfer [I-SPT]) (7, 24, 25, 31, 32, 40). In both settings, HIV
virion transfer may occur effectively away from where the microbicide will be initially applied in healthy intact tissues (but
may be accessed in damaged/inflamed tissues). Thus, the design and study of relevant compounds must take these issues
into account, and these potential compounds should be evaluated in cell models that accommodate the capacity for a DC
to effectively deliver virus to CD4⫹ lymphocytes.
Given its complexity, research focused on blocking HIV
attachment and transfer to and from DCs may provide a
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Both endocytic uptake and viral fusion can lead to human immunodeficiency virus type 1 (HIV-1) transfer
to CD4ⴙ lymphocytes, either through directional regurgitation (infectious transfer in trans [I-IT]) or through
de novo viral production in dendritic cells (DCs) resulting in a second-phase transfer to CD4ⴙ lymphocytes
(infectious second-phase transfer [I-SPT]). We have evaluated in immature monocyte-derived DCs both
pathways of transfer with regard to their susceptibilities to being blocked by potential microbicidal compounds,
including cyanovirin (CNV); the plant lectins Hippeastrum hybrid agglutinin, Galanthus nivalis agglutinin,
Urtica dioica agglutinin, and Cymbidium hybrid agglutinin; and the glycan mannan. I-IT was a relatively
inefficient means of viral transfer compared to I-SPT at both high and low levels of the viral inoculum. CNV
was able to completely block I-IT at 15 g/ml. All other compounds except mannan could inhibit I-IT by at least
90% when used at doses of 15 g/ml. In contrast, efficient inhibition of I-SPT was remarkably harder to achieve,
as 50% effective concentration levels for plant lectins and CNV to suppress this mode of HIV-1 transfer
increased significantly. Thus, our findings indicate that I-SPT may be more elusive to targeting by antiviral
drugs and stress the need for drugs affecting the pronounced inhibition of the infection of DCs by HIV-1.
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MATERIALS AND METHODS
Test compounds. The mannose-specific plant lectins from Galanthus nivalis
(GNA), Hippeastrum hybrid (HHA), and Cymbidium hybrid (CA) and the Nacetylglucosamine-specific lectin from Urtica dioica (UDA) were derived and
purified from the bulbs of these plants as described before (3, 23, 41–43). CNV
was a kind gift of Michael Boyd (National Cancer Institute, Frederick, MD), and
its preparation has been previously described (9). Mannan was commercially
obtained through Sigma (St. Louis, MO).
Isolation of primary leukocytes. Buffy coat preparations from healthy donors
were obtained from the Blood Bank in Leuven, Belgium. Monocytes were isolated from peripheral blood by positive selection using CD14 magnetic beads
(Miltenyi Biotech GmbH, Gladbach, Germany) according to the manufacturer’s
instructions, with the exception of the use of cold (4°C) phosphate-buffered
saline supplemented with 1% human serum and 2 mM EDTA (Sigma). Direct
sorting yielded purities of ⱖ98% CD14⫹ monocytes as assessed by flow cytometry (CD3 and CD14 staining). CD4⫹ lymphocytes were sorted by use of a CD4⫹
lymphocyte isolation kit or by the depletion of HLA-DR⫹ CD8⫹ CD11b⫹ cells
(Miltenyi Biotech) (ⱖ98% purity; CD3, CD4, CD8, and HLA-DR staining).
Primary cell and cell line cultures. Monocytes were converted to immature
monocyte-derived DCs (MDDCs) by upright culturing in T-25 or T-75 culture
flasks (Becton Dickinson, San Jose, CA) at concentrations of 1 ⫻ 106 cells/ml in
RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (BioWhittaker, Walkersville, MD), 400 U/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF), and 500 U/ml interleukin-4 (IL-4) (both
from PeproTech, Rocky Hill, NJ). After 6 days of culturing without additional
feeding, DC populations have the characteristic surface phenotype of high levels
of CD206, CD209, and CD1a and negligible CD25, CD80, CD83 and CD14. At
this point, half of the culture medium was replaced with fresh IL-4–GM-CSF
medium, and MDDCs were used only within a time frame of 3 days after this
time point. Peripheral blood mononuclear cells (PBMCs) were activated with
phytohemagglutinin (PHA) (2 g/ml; Sigma) for 2 days, washed, and cultured in
the presence of 1 ng/ml IL-2 (Roche Molecular Biochemicals, Indianapolis, IN).
The PM1 cell line was obtained from the National Institute of Allergy and
Infectious Diseases AIDS Reagent Program (Bethesda, MD) and maintained in
RPMI 1640 supplemented with 10% fetal bovine serum. The MT-4 T-cell line
was a kind gift of L. Montagnier (at that time at the Pasteur Institute, Paris,
France).
Viruses. HIV type 1 (HIV-1) NL4.3 and BaL were obtained through the AIDS
Research and Reference Reagent Program (Division of AIDS, NIAID, NIH) (1,
14). HIV-1 BaL was propagated in PHA-activated PBMCs, whereas NL4.3 was
propagated in the MT-4 cell line. Viral input into assays was a function of p24
antigen (Ag) concentrations. Viral titration curves were used to assay infectivity
within each system as a function of the amount of p24 Ag.
Quantitation of viral transfer and assessment of viral inhibition from MDDCs
to CD4ⴙ lymphocytes. A quantitative assay measuring early DC-to-T-cell viral
transfer events was performed by exposing immature MDDCs to HIV-1 at 10 to
20 ng/ml p24 (1 ng/ml is equivalent to 50 50% tissue culture infective doses
[TCID50] for HIV-1 BaL and 250 TCID50 for NL4.3) for 2 h. In the case of the
inhibition studies, 2.5 ⫻ 105 DCs per 150 l of IL-4–GM-CSF medium were
preincubated with 50 l of the test compounds (50-l samples contained five
times the final compound concentration) in plates with “V”-shaped bottoms for
30 min under normal culture conditions at 37°C. DCs were then incubated with
50 l of the viral inoculum with a final concentration of 20 ng/ml p24 for 2 h
under normal culture conditions. In each experiment involving the use of inhib-

FIG. 1. Schematic diagram highlighting the phases of transfer from
immature DCs to CD4⫹ T lymphocytes after viral pulsing. At time
point ⫺2 h, DCs are pulsed with virus. Time point 0 h is when DCs are
cocultured with CD4⫹ lymphocytes for I-IT. Time point 72 h is when
DCs are to be cocultured with CD4⫹ lymphocytes to measure I-SPT.
The peaks for viral transfer for I-IT (time point 0 h) and for I-SPT
(time point 72 h) are marked by asterisks on the curve. Stylized DCs at
several time points highlight the major means of transfer at different
time points in the curve. The diagram is based on the observations
outlined in reference 40 and on data obtained from 10 different blood
donors.

itors, positive-control titrations were set up in parallel with 40 ng/ml, 20 ng/ml, 4
ng/ml, 0.8 ng/ml, 0.16 ng/ml and 0.032 ng/ml p24 viral inputs for the DC exposure.
After the 2-h exposure, MDDCs were thoroughly washed three times in 250 l
of RMPI 1640 medium supplemented with 10% fetal calf serum and subsequently resuspended in IL-4–GM-CSF medium as described above. MDDCs (5
⫻ 104 in 50 l of IL-4–GM-CSF medium) were transferred into 96-well plates
containing 2 ⫻ 105 PHA-activated allogeneic CD4⫹ lymphocytes (in 150 l of
culture medium containing 10 U/ml IL-2) or 5 ⫻ 104 PM1 cells (in 200 l of
RPMI 1640 with 10% fetal calf serum). DC cultures were maintained in parallel
to assess the inhibitions of DC infection and to establish the levels of viral DNA
input by DCs in the cocultures. The contribution of DCs to R5 HIV-1 DNA in
cocultures was consistently observed to be 1 log lower than that observed with
CD4⫹ lymphocytes (see Fig. 2 and Results). DC and DC/T-cell cocultures were
harvested 84 h after virus exposure to the DC culture by washing cells in
phosphate-buffered saline and later pelleting and storing cells at ⫺80°C until
quantitative PCR (Q-PCR) analysis.
The inhibition data were analyzed by linear regression to calculate the concentrations of compounds that afforded 50 and 90% reductions in HIV fulllength long terminal repeat (LTR)-gag DNA formation in cocultures. These were
designated the 50 and 90% effective concentrations (EC50 and EC90), respectively. We analyzed the different variables with Student’s t test to check statistical
significance (P ⬍ 0.05).
Quantitation of viral transfer and assessment of viral inhibition during I-IT
and I-SPT. DCs after HIV exposure have previously been shown to transfer virus
by two distinct mechanisms: I-IT and I-SPT (this is summarized in the scheme
presented in Fig. 1). In the case of I-IT, virus transfer is not dependent on DC
infection, and virus can be transferred in the short term only (less than 24 h after
exposure). Virus transfer in I-SPT is dependent on infection and occurs in the
long term (more than 48 h) (Fig. 1). To distinguish between the transfers in I-IT
and I-SPT, we pulsed virus in the presence of inhibitors and either (i) cultured
DCs immediately with lymphocytes for I-IT or (ii) cultured DCs alone for 72 h,
after which they were cultured with lymphocytes for I-SPT. Cocultures in both
I-IT and I-SPT were then cultured for 84 h for viral amplification to take place,
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broader strategy for investigating potential microbicides.
Therefore, we have evaluated the efficiencies of viral transfer
mechanisms of immature DCs (i.e., the functional phenotypic
form of DCs found in mucosa and peripheral tissue) to CD4⫹
lymphocytes and investigated the blocking capacities of five
sugar-recognizing compounds that have previously been shown
to inhibit HIV infection of T lymphocytes: three mannosespecific plant lectins, Galanthus nivalis agglutinin (GNA), Hippeastrum hybrid agglutinin (HHA), and Cymbidium hybrid agglutinin (CA) (2–5); the N-acetylglucosamine-specific plant
lectin Urtica dioica agglutinin (UDA) (3); the mannose-specific
cyanovirin (CNV), derived from the green blue alga Nostoc
ellipsosporum (9); and the broad C-type lectin inhibitor mannan.
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after which cocultures were washed, harvested, and analyzed for viral DNA via
Q-PCR. For both I-IT and I-SPT, DC cultures were maintained in parallel to
subtract the input of DC viral DNA. The shortcoming of the I-IT measurement
method is that background virus transfer via I-SPT may occur when using R5
HIV isolates; therefore, the X4 virus NL4.3 was included as a more representative measurement for I-IT in this assay, and subsequent comparisons were made
with R5 HIV-1 BaL I-SPT.
Quantitative PCR. For the lysis of cells stored dry at ⫺80°C, pellets were
resuspended at 10 ⫻ 106 cells/ml in DNA lysis buffer (10 mM Tris [pH 8.3], 2.5
mM MgCl2, 50 mM KCl, 0.45% Tween 20, 0.45% Igepal-630 [all chemicals from
Sigma]) and 1 mg/ml proteinase K (Roche Biochemicals, Indianapolis, IN).
Quantitative PCR for HIV-1 LTR-gag DNA and an estimation of cell numbers
using albumin DNA copy numbers were performed using primers and molecular
probes as previously described (13).

MDDC-CD4ⴙ lymphocyte coculture assay development. In
order to evaluate the effectiveness of the test compounds in
blocking HIV transfer from DCs to CD4⫹ lymphocytes, it was
necessary to develop an assay which was highly reproducible,
scalable for the parallel evaluation of multiple compounds, and
sensitive to low-dose virus input. Therefore, we initially used a
previously described assay that was developed to measure viral
half-life infectivity within MDDCs (40). The shortcoming of
this assay was that for the DC exposure to HIV-1, a high viral
inoculum level was needed for the detection of HIV LTR-gag
DNA in DC-CD4⫹ T lymphocyte cocultures (24-h cocultivation). Limiting HIV doses to a range from 0.01 ng/ml to 25
ng/ml p24 Ag (1 ng/ml p24 Ag corresponds to 50 TCID50 when
titrating on PHA-activated PBMCs) did not result in levels of
LTR-gag DNA detectable by Q-PCR either in HIV-exposed
DCs alone or in cocultures of HIV-exposed DC and PHAstimulated PBMCs (data not shown). However, by increasing
the time of cocultivation from 24 to 84 h, we could obtain
reproducible and detectable differences in proviral DNA production levels at viral titers from 10 to 25 ng/ml p24 in both DC
cultures and DC-PBMC cocultures (Fig. 2a). In DC-PBMC
cocultures, the vast majority of detectable DNA appeared in
the PBMCs, which was confirmed by measuring viral DNA in
DCs alone and subtracting this value from that for the viral
DNA measured in the DC-PBMC cocultures. We consistently
observed HIV DNA levels in the cocultures that were at least
1 log higher than the DNA level observed in DCs cultured
alone. Also, the use of viral laboratory strains (e.g., HIV
NL4.3) that inefficiently infect DCs resulted in undetectable
levels of HIV DNA in DC cultures (data not shown) and
confirmed the values for viral DNA in cocultures to be a
quantitative reflection of virus transfer from DCs to CD4⫹
lymphocytes (Fig. 2) rather than of HIV DNA directly generated by DCs alone. Although the initial assay was set up
with virus-exposed DCs in cocultivation with PHA-activated
PBMCs at a ratio of 5 ⫻ 104 DCs/2 ⫻ 105 PBMCs, we observed
variability in the level of HIV LTR-gag DNA when using different donors. In order to find a more reproducible donor of
CD4⫹ T-cell populations, we used the PM1 cell line, which is
preferable to other R5 HIV-1-permissive cell lines since it
represents a subclonal population rather than a CCR5-transfected cell line and is more representative of a CD4⫹ lymphocyte population with respect to low CCR5 surface levels (data
not shown). Due to a high level of cell division of this cell line
resulting in the progressive dilution of the number of cells that

FIG. 2. Measuring the efficiencies of I-IT and I-SPT from MDDCs
to recipient cells. Viral inocula of BaL (a to c) and NL4.3 (d) were
titrated either directly on recipient T-lymphocyte cells (open triangles), on MDDCs alone (open squares in panels a and b), or on
MDDCs which were subsequently cocultured with recipients immediately after the viral pulsing for I-IT (closed circles in panels a through
d) or were cocultured after 72 h for I-SPT (open circles). Recipient
cells were either activated PBMCs (panel a) or PM1 cells (panels b to
d). Virion production efficiency is measured as the accumulation of
HIV LTR-gag viral DNA in the coculture as a function of cell number
(albumin copy number). Both HIV LTR-gag DNA and albumin DNA
were quantitated by Q-PCR as outlined in Materials and Methods.
Results are representative of four independent experiments, and error
bars represent standard deviations (SD) (n ⫽ 4).

were initially infected by HIV at the start of the experiment, we
cocultured the DCs with PM1 cells at a ratio of 1:1.
Efficiency of I-IT and I-SPT in immature DCs. Previous
observations have highlighted the ability of DCs to “trans enhance” HIV infection. That is, DCs have the capacity to take
up virus at low levels and thereafter to expose these virions to
neighboring lymphocytes. Whether this is predominantly from
I-IT or I-SPT in immature DCs is not known. Therefore, virus
was titrated to cover 4 logs of HIV p24 Ag concentrations (i.e.,
from 0.064 to 80 ng p24 Ag/ml) in order to study I-IT and
I-SPT efficiencies in comparison to that of cell-free infection of
PM1 cells. Given that I-SPT may be starting in BaL cocultures
and that this may partially contribute to the levels attributed to
I-IT, we also used NL4.3 in our studies, since it is inefficient in
infecting DCs (16) and thus would predominantly, if not exclusively, reflect I-IT.
For BaL, the level of HIV LTR/gag DNA formation in I-IT
cocultures was significantly lower than that in direct virusinoculated PM1 cells (P ⬍ 0.05) at viral inoculum concentrations of greater than 4 ng/ml of p24. In contrast, there was a
significant enhancement observed in the number of HIV DNA
copies/cell in I-SPT compared to that for direct viral inocula-
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TABLE 1. Summary of EC50 values of evaluated lectins for I-IT of
HIV-1 BaL and NL4.3
EC50 for I-IT (g/ml) ofa:

Lectin
BaL

CNV
UDA
HHA
GNA
CA
a
b

tion of PM1 cells over the same range of inoculum concentrations (P ⬍ 0.05) (Fig. 2c). For NL4.3, although the viral infection level in I-IT cocultures was lower than that in direct
inoculation, there was no significant difference (Fig. 2d). Given
that I-IT values of BaL and NL4.3 were similar and not significantly different, comparisons were also made between
NL4.3 I-IT and BaL I-SPT (given that the former clearly
lacked any significant levels of I-SPT and thus may be more
representative of true I-IT). At viral inoculum concentrations
of 20 ng/ml to 0.8 ng/ml, there was a significantly higher level
of HIV LTR-gag copies/cell for BaL in I-SPT than for NL4.3 in
I-IT (P ⬍ 0.05) (Fig. 2c and d).
Ability of mannose-specific plant lectins and CNV to inhibit
DC I-IT. The ability of HIV to infect target cells is not re-

0.016 ⫾ 0.009
0.050 ⫾ 0.060
0.007 ⫾ 0.001
0.017 ⫾ 0.006
0.065 ⫾ 0.050

0.074 ⫾ 0.065
0.102 ⫾ 0.061
0.308 ⫾ 0.275
0.169 ⫾ 0.210
0.495 ⫾ 0.478

EC50 values calculated from two independent donors.
Mean ⫾ SD (n ⫽ 2).

stricted to the surface of the mucosa, where microbicides can
be applied. Indeed, DCs can capture virus and migrate subsequently to regions away from the site of topically applied microbicides. In order to simulate a scenario whereby DCs capture virus and transfer virus to CD4⫹ T cells away from the
microbicide in peripheral tissue, we exposed DCs to several
test compounds for a brief time period prior to the addition of
the viral inoculum. Subsequent washing and cocultivation with
CD4⫹ lymphocytes provided a situation where the DCs were
not exposed to the microbicide and the viral inoculum anymore
but were in contact with the responding CD4⫹ lymphocytes.
The first set of compounds consisted of CNV, three mannosespecific plant lectins (i.e., GNA, HHA, and CA), and the Nacetylglucosamine-specific plant lectin UDA, all which have
been previously shown to inhibit HIV infection in T lymphocytes and monocytes (2–5).
At a BaL inoculation level of 20 ng/ml of p24 to the DCs
(Fig. 3a), all compounds evaluated in this cell model exerted
marked antiviral activities, with EC50 values ranging from 0.01
for HHA to 0.07 g/ml for CA. When the X4 virus NL4.3 was
used, there was an increase in EC50 values ranging from 0.07
g/ml for CNV to 0.50 g/ml for the lectin CA (Table 1 and
Fig. 3b).
Ability of sugar-binding proteins to inhibit DC I-IT with
various concentrations of virus. As one cannot reliably predict
the viral inoculation per sexual encounter, we choose to vary
viral dose at fixed inhibitor concentrations (i.e., 15 g/ml,
which is approximately the EC100 for all inhibitors used). As
expected, virus infections at low levels of BaL and NL4.3 (ⱕ1.6
ng/ml p24 Ag) were effectively inhibited below the detection
limit for all compounds (Fig. 4).
UDA had significantly lower I-IT EC50 values for both BaL
and NL4.3 than did GNA and CA (P ⬍ 0.05) but not HHA or
CNV at viral inoculum levels above 8 ng/ml of p24 Ag (Fig. 4).
Note that CNV at a concentration of 15 g/ml consistently
inhibited I-IT to levels below the detection limit for all viral
doses used, and thus CNV was significantly more potent than
GNA, HHA, UDA, and CA (P ⬍ 0.05) at viral inoculum levels
greater than or equal to 8 ng/ml of p24 Ag for both BaL and
NL4.3 (Fig. 4).
Inhibition at the DC surface with mannan, a C-type lectin
receptor inhibitor. If CD209 and/or other lectin receptors are
responsible for the I-IT, the inhibition of one or all of these
receptors is likely to have a significant impact on virus transfer.
Therefore, the antiviral activity of mannan, a well-known inhibitor of the C-type lectin receptor, was evaluated. In contrast
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FIG. 3. Antiviral activity of plant lectins and CNV against HIV-1
BaL (a) and HIV-1 NL4.3 (b) prior to I-IT. Briefly, MDDCs were
exposed to increasing levels of inhibitors and preincubated for 30 min
prior to addition of the viral inoculum to give final concentrations of 20
ng/ml for both BaL and NL4.3. After incubation with inhibitor and
virus for 2 h, MDDCs were washed three times and resuspended in
IL-4/GM-CSF culture medium. MDDCs were then mixed with recipient PM1 cells at a ratio of 1:1 and cocultured for 4 days. After 4 days,
cells from cocultures were harvested and DNA quantified for both
HIV LTR-gag DNA and cellular albumin DNA as outlined in the
legend to Fig. 2. The percent infectivity was calculated by dividing the
value for HIV LTR-gag per cell of the sample with that for the positive
control. Results are representative of at least four independent experiments, and the error bars represent SD (n ⫽ 4).

NL4.3
b
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to the other inhibitors, high levels of mannan (up to 1 mg/ml)
are required, since the number of interacting molecules on a
DC is far greater than that on the viral surface. As shown in
Fig. 5, mannan was efficient at inhibiting I-IT by approximately
50 to 75% at concentrations from 1 to 1,000 g/ml for both
NL4.3 and BaL infections. For NL4.3, it reached a threshold of
about 40 to 50%, after which higher concentrations of mannan
could not reduce I-IT further (Fig. 5a). In varying the viral
dose in the presence of 1.25 mg/ml mannan, the inhibitory
efficiency of mannan decreased markedly. Once the viral inoculum levels of BaL and NL4.3 exceeded 8 ng/ml, there was no
significant decrease in I-IT for either BaL or NL4.3 (P ⬎ 0.05)
compared to the control of medium alone (Fig. 5b).
Inhibition of DC infection and I-SPT in immature DCs with
the sugar-binding proteins and mannan. The ability of DCs to
transfer virus in I-SPT is not only greater and more efficient
than that seen in I-IT but may also represent long-term virus
transfer from DCs which have migrated from the periphery to
the draining lymph nodes. Initially, we addressed this second-

FIG. 5. Antiviral activity of mannan against HIV-1 BaL and HIV-1
NL4.3 prior to direct DC infection and I-IT with increasing levels of
mannan (a) or set mannan levels with increasing viral inoculum levels
(b). In panel a, increasing levels of mannan were preincubated with
MDDC under conditions outlined in the legend to Fig. 3, after which
infection of DCs and/or I-IT was subsequently detected and the percent infectivity was calculated as described for Fig. 3. In panel b, a fixed
level of mannan (1.25 mg/ml) was used, and viral inoculum was added
at increasing levels as in the experiment outlined in Fig. 4.

phase virion transfer as a function of DC infection. Indeed,
when using virus in the presence of blocking CD4 antibodies
(data not shown) and reverse transcriptase inhibitors such as
zidovudine (40) or when using virus which inefficiently infects
DCs in this study (see NL4.3 second-phase transfer in Fig. 2d),
no measurable I-SPT could be observed. When looking at the
inhibition of BaL infection of DCs alone (Fig. 6a), all compounds were quite effective (⬎50% inhibition at their lowest
concentrations of 0.0048 g/ml, except for mannan, which was
effective at 1 g/ml or higher). In fact, at a dose of 0.32 g/ml,
a complete inhibition of DC infection was noted with all compounds tested except for mannan, for which an EC100 value of
ⱖ1 mg/ml was observed (Fig. 6a).
However, it must be noted that HIV DNA levels in DCs
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FIG. 4. Antiviral activity of plant lectins and CNV at fixed concentrations against HIV-1 BaL (a) and HIV-1 NL4.3 (b) prior to I-IT with
increasing levels of viral inoculum. All inhibitors were used at 15
g/ml, and viral inoculum levels were increased to cover a range from
0.064 to 80 ng/ml p24 Ag for both BaL and NL4.3. Conditions, detection strategy, and percent infectivity calculations are outlined in the
legend to Fig. 3.
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TABLE 2. Summary of EC50 values of evaluated lectins
for I-SPT of HIV BaL
P value forb:

Lectin

EC50 for I-SPT (g/ml)
of BaLa

I-IT of BaL

I-IT of NL4.3

CNV
UDA
HHA
GNA
CA

0.789 ⫾ 0.019
2.905 ⫾ 0.177
2.604 ⫾ 0.368
2.530 ⫾ 0.481
3.265 ⫾ 0.134

0.0081
0.0187
0.0288
0.0433
0.0130

0.0145
0.0190
0.0561
0.0493
0.0258

c

a

EC50 values calculated from two independent donors.
P values are calculated from comparison with results of I-SPT of BaL (twotailed paired t test).
c
Mean ⫾ SD (n ⫽ 2).
b

DISCUSSION

FIG. 6. Antiviral activities of mannan, plant lectins, and CNV in (a)
direct DC inhibition and (b) I-SPT. As described for Fig. 3 and 5, DCs
were preincubated with various amounts of plant lectins, CNV, and/or
mannan, after which virus was added to give final p24 concentrations
of 20 ng/ml. After 2 h of viral pulsing, MDDCs were washed thoroughly and, in contrast to I-IT, were cultured alone in IL-4/GM-CSF
culture medium for 3 days. After 3 days, residual I-IT was undetectable, and I-SPT commenced (see also Fig. 2d); therefore, MDDCs
were washed once, resuspended in IL-4/GM-CSF medium, and subsequently added to cocultures at a ratio of 1:1 for MDDC cells to PM1
cells and cocultured for 4 days as for I-IT. Detection and percent
infectivity calculations are as outlined in the legend for Fig. 3. Results
are representative of at least three independent experiments, and error
bars indicate SD (n ⫽ 3).

alone are low at this viral inoculum level (the highest control
level was only 0.12 copies per cell), and low EC50 values may be
more of a reflection of the limiting levels of detection for viral
DNA in DCs.
Comparison of the EC50 values for the lectins obtained in
I-IT with those obtained in I-SPT (Table 1 and Table 2)
showed that the EC50 values for all compounds significantly
increased for I-SPT (P ⬍ 0.05 with the exception of the HHA
EC50 values for NL4.3 inhibition) (Fig. 6b and Table 2). At
higher compound concentrations, EC90 values for NL4.3 I-IT
and for BaL I-IT were not significantly different (P ⬎ 0.05)
from those observed for I-SPT (Fig. 6b). In I-SPT, CNV was

DCs may represent one of several pathways that HIV uses to
gain access to its target cells in lymphoid tissue. With a specific
emphasis on HIV-blocking compounds, we have observed the
mechanisms by which immature DCs can transfer virus to
CD4⫹ lymphocytes and evaluated their efficiencies. Immature
DCs were chosen, as they represent the “sentinel” population
of DCs in peripheral tissue (17, 33). In addition, immature
DCs have the capacity to transfer virus upon infection or without being infected, in contrast to mature DCs, in which the
former characteristic tends to predominate (16, 27, 40). The in
vitro-derived DCs were chosen, since they currently represent
the only suitable in vitro-derived model in which these events
could be observed. Although in vivo-derived DCs could be
used, the screening of several compounds simultaneously with
various concentrations of compound and/or viral dose would
not be feasible with current DC isolation methods (i.e., the
relatively low absolute numbers of viable cells is the limiting
factor for the use of such cells in this assay). With respect to
infectious virus transfer, I-SPT represents the most sensitive
and efficient form of viral transfer, compared directly to I-IT.
The degree to which HIV could be inhibited by test compounds also relied on this feature, as the more efficient the
virion transfer was, the higher were the EC50 values. The mode
of action of each compound also played a key role. Indeed,
compounds that targeted only one pathway at the cell surface
(e.g., mannan binding to mannose-binding lectins) often did
not work well, presumably since multiple paths of virus transmission are clearly involved in the infection process. In contrast, attacking the virus at the level of the viral envelope
proved to be a more attractive target. Indeed, plant lectins and
in particular CNV could block I-IT but also subsequent I-SPT.
Thus, the sugar-binding proteins are likely to represent moremultivalent compounds with respect to blocking the multiple
mechanisms of transfer at the mucosal epithelium.
The marked ability of I-SPT to outscore I-IT is consistent
with several features with respect to the role of immature DCs
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the only compound with EC50 values that were significantly
lower than those of the plant lectins (P ⬍ 0.05) (Fig. 6b and
Table 2). In contrast, mannan showed marginal activity in
inhibiting I-SPT, with only 63% inhibition at 1 mg/ml (Fig. 6b),
and was not significantly different from the positive control of
medium alone (P ⬎ 0.05).
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geting ␣-(1-2)-linked mannose residues on high-mannose-level
glycan structures (6, 8), and UDA recognizing ␣-(1-4)-linked
oligomers of N-acetyl-D-glucosamine (GlcNAc). The capacity
of CNV and plant lectins to bind directly to the virus envelope
is advantageous for the prevention of both pathways of virus
transfer. In I-IT, the inhibitors are effective even after the
endocytosis of virions and later regurgitation. They are also
effective at blocking the HIV infection of DCs to levels suitable
to afford inhibition in I-SPT. CNV was usually more potent
than the plant lectins and mannan. However, it must be noted
that CNV is active predominantly in its wild-type monomeric
form (molecular weight, 8,700), whereas the lectins GNA and
HHA are functional in their tetrameric states (molecular
weight, 50,000) and CA and UDA are active in their dimeric
and monomeric states, respectively. Indeed, if one looks at
molarity on this functional basis, then the inhibitory activities
of the plant lectins (in tetrameric and dimeric forms) would
come much closer to that of CNV.
Our data on blocking the viral attachment and uptake of
virus into DCs (endocytosis as opposed to infection[s]) indicated that there is no or only a weak inhibition observed for all
lectins and CNV. The mechanism of blocking may be the
attachment of inhibitors prior to uptake and/or in the endosome itself (assuming the inhibitors are taken into the same
compartment). Thus, the important feature of both plant lectins and CNV is that HIV remains noninfectious while it is
passaged through the DC endosome and subsequently recycled
to the surface for transfer to CD4⫹ lymphocytes.
Although mannan could inhibit both I-IT and I-SPT, it could
not do so completely. This is observed in I-IT, for which inhibition is often reached only at a threshold of 50 to 60% when
mannan is used at concentrations as high as 1 mg/ml. The lack
of efficient blocking of I-IT may be due to several mechanisms.
First, mannan is a biological ligand for DCs, and it is likely that
the compound may be taken up and degraded. Thus, the compound concentration needed for efficient inhibition would
therefore be higher than for other compounds that may be
more stable and efficiently persist either in the medium and/or
on the receptor being investigated. However, this effect should
be attributable only at lower compound concentrations and not
at concentrations of up to 1 mg/ml. Second, the presence of
mannan may stimulate other processes in DCs. Indeed, it recently has been observed in fresh ex vivo LCs that the presence
of mannan actually increases HIV uptake (F. Hladik, personal
communication). For instance, micropinocytosis may increase
in the presence of ligands that trigger innate immune receptors, such as CLRs. Moreover, other virion uptake and attachment processes may exist independently of CLRs, as uptake of
virus can occur on ex vivo blood DC subsets in the absence of
CLR expression (33, 38, 40). The recent hypothesis that virions
are essentially modified exosomes (28) may suggest that mechanisms of exosomal handling of virions by DCs may also be in
operation with HIV. This latter point is intriguing, as recent
observations of DCs have shown that exosome uptake is quite
active in DCs (28) and may give us an indication of the CLR/
CD4-independent pathway at which DCs can take up virions.
A common observation in this study is that the inhibition of
I-SPT is not as easy as that of I-IT. This concept is consistent
with the higher efficiency of I-SPT relative to that of I-IT in
transmitting HIV. However, it also highlights the importance
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in the transmission of HIV and the quality and overall quantity
of newly produced virions over time. For the former point, it
has been previously shown that immature DCs are hostile
towards internalized virions (29, 40). Indeed, the location of
the virus in a nonlysosomal compartment has no impact on its
ability to survive. In addition, the virus that is exposed to the
recipient cell by the DC in I-IT is essentially “old” virus. Thus,
unless a mechanism is present to counteract these effects on
half-lives, the level of viral infection by I-IT in a recipient
CD4⫹ lymphocyte would be expected to be lower than that
seen in recipient cells that have just recently received cell-free
virus. McDonald and colleagues have visualized a mechanism
that may counter the negative factors in DC I-IT mentioned
above (27), resulting in an enhancement of recipient CD4⫹
T-cell infection compared to cell-free virus infection of CD4⫹
T cells (referred to by others as trans enhancement). This
enhancing mechanism is seen in polarized viral regurgitation
by mature DCs and concomitant polarized CD4 and CCR5 on
the opposing contacting surface of the recipient CD4⫹ T cell
(27). Although similar polarized budding has been seen in
immature DC I-IT, it is not observed to the extent that is seen
in mature DCs. Thus, trans enhancement with regard to I-IT
may be restricted only to the mature DC phenotype.
In contrast, the concept of I-SPT has received little, if any,
support. The underlying factor of I-SPT is the ability of HIV to
infect DCs. The level of DC infection may indeed be undetectable compared to that of the infection of a macrophage
and/or a CD4⫹ T cell. For instance, in certain viral titrations
and blocking experiments, viral DNA in DC cultures was undetectable, but there was a readily detectable I-SPT when DCs
were brought into coculture (Fig. 6). The ways whereby this
occurs and becomes ultimately efficient compared to those of
I-IT may be twofold. First, newly produced virus that is likely
to bud from a polarized point towards CD4⫹ T cells (20) would
be far more efficient than the regurgitation of older (earliercaught) virus. Second, the probability of virion transfer by any
infected DC is likely to be a function of its cellular half-life
(assuming the viral production continues over this time and the
cellular phenotype is constant), and one would expect that the
half-life of an infected DC would be far greater than that for a
cell-free virion or for one that is internalized into a digestive
compartment.
Although I-SPT outscores I-IT, the latter still may exist in
vivo. Thus, the approach of concomitantly blocking both HIV
transfer mechanisms would be advisable in this situation. It has
been known for some time that mannose- and N-acetylglucosamine-specific plant lectins which can bind the HIV envelope block HIV infection in vitro (3, 4). However, their therapeutic use in infected individuals may be limited, as they are
not expected to have oral bioavailability (4), and several levels
of resistance to these compounds are also observed in vitro (5).
The mannose-binding CNV is an anti-HIV agent that was
originally isolated from cultures of the cyanobacterium Nostoc
ellipsosporum (9). The common feature of both plant lectins
and CNV is that they bind to the HIV envelope protein in a
carbohydrate-dependent manner. Specificity for carbohydrate
structures varies, with GNA and HHA recognizing ␣-(1-3)linked mannose residues and ␣-(1-3)- and ␣-(1-6)-linked mannose residues, respectively, CA binding to mannose sugars
(while their preferred conformation is not known), CNV tar-
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of affording potent viral inhibition in the genital mucosa. For
instance, an effective threshold level of viral inoculum not
inhibited by a microbicidal drug will need to be close to zero.
In the majority of cases, we could not detect DC infection in
populations of 30,000 cells via Q-PCR. However, there was an
infected population that represented less than 0.01% (under
the assumption of one copy of HIV per DC), which is, in
absolute terms, fewer than 5 DCs that need to be infected in a
population of 50,000 DCs in order to establish a robust and
readily detectable level of infection in a coculture. One cannot
rule out other cellular mechanisms existing either alone or in
parallel with DC-mediated or DC-catalyzed transmission
events.
Thus, a microbicidal strategy developing a compound that is
not only a potent antiviral but also able to show concomitant
activity in several cell models would be imperative. Our studies
revealed that CNV and several plant lectins may have the
ability to afford this. The successful blocking of simian immunodeficiency virus/HIV-1 transmission by the use of CNV in
microbicide formulations in macaques provides further support that the mechanism of action of this class of compounds
through the direct binding of the viral envelope is indeed
successful in vivo (36, 37) and therefore that they have the
potential to be effective agents as future topical anti-HIV microbicides.
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