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A B S T R A C T

Tandemers 2MG, 2MG3, 3MG and 4MG are derivatives of the potent anti-HIV-1 microbicide candidate griffithsin
(GRFT). We compared these compounds anti-HIV-1 activity to GRFT using the viruses CAP206.08 and
CAAN5342.A2 that have decreased sensitivity to this lectin. The 2MG and 2MG3 tandemers had similar activity
to GRFT against cell-free and cell-associated viruses, while 3MG and 4MG were significantly more potent.
Furthermore, the restoration of the 234N or 295N glycan in these viruses, known to increase sensitivity to GRFT,
also increased sensitivity to 2MG and 2MG3, and not to 3MG and 4MG. In addition, GRFT resistant viruses
generated in-vitro were equally resistant to 2MG and 2MG3 while they had considerably low resistance to 3MG
and 4MG. Lastly, all five compounds showed increased inhibitory activity in seminal and vaginal simulants
although the effect was more pronounced in the former. These data support further studies of tandemers as
potential microbicides.

1. Introduction

The heterosexual male-to-female transmission of HIV-1 begins when
cell-free or cell-associated viruses released into the genital tract infect
target cells (Alexandre et al., 2016; Lederman et al., 2006; Stein, 2003).
HIV-1 surface glycoprotein gp120 plays the important role of mediating
the virus interaction with cellular receptors during entry into these cells
(Griffin, 2003; Pandey et al., 2016; Wang et al., 2016). This glycopro-
tein is heavily glycosylated and contains complex glycans that have
terminal sialic acid residues; mannose-rich glycans composed of stret-
ches of 7–9 mannose residues; and hybrids glycans that are a mixture of
both (Calarese et al., 2005; Leonard et al., 1990; Panico et al., 2016).
On average there are ~24 potential N-linked glycosylation sites on
gp120 with complex oligosaccharides occupying 13 of these sites while
the remaining sites are occupied by mannose-rich and/or hybrid gly-
cans (Zhu et al., 2000). Glycans account for nearly 50% of gp120 mo-
lecular mass (Kwong et al., 1998; Leonard et al., 1990) and may play
the critical role of shielding the virus against the host immune response
(Wei et al., 2003); although on some occasions they are also points of
vulnerability in its defense against this response (Moore et al., 2012). In
addition, glycans promote the proper folding of gp120 (Li et al., 1993),
and facilitate its interaction with cellular receptors such as DC-SIGN
that help spread the infection systemically (Ordanini et al., 2015;
Pohlmann et al., 2001a, 2001b). However, these chains of

carbohydrates are also targets of many HIV-1 entry inhibitors, some
studied for use as microbicides to prevent the heterosexual transmission
of the virus (Alexandre et al., 2010a; Alexandre et al., 2012; Balzarini
and Van Damme, 2007; Balzarini et al., 2006; Calarese et al., 2003).

Griffithsin (GRFT) is a lectin or carbohydrate-binding molecule
isolated from the red algae Griffithsia sp. originating from the coastal
regions of New Zealand (Mori et al., 2005). GRFT is made of 121 amino
acids with a molecular weight of ~13kDa. This lectin has a domain
swapped dimer structure in which two β-strands of one monomer
combine with 10 β-strands of the other monomer to form a β prism of
three four-stranded sheets (Ziolkowska et al., 2006; Ziolkowska and
Wlodawer, 2006). Each GRFT monomer (mGRFT) contains three
binding sites that have high affinity for mannose residues such as those
found on HIV-1 envelope and this compound is one of the most potent
microbicide candidates isolated to date (Alexandre et al., 2010a). GRFT
has no toxicity to human cells (Kouokam et al., 2011b). We previously
showed that it inhibits viral infection with IC50 values in the low na-
nomolar range (Alexandre et al., 2010a, Alexandre et al., 2010, 2012).
HIV-1 can develop resistance to GRFT through deletion of glycosylation
sites on its envelope (Alexandre et al., 2013). Our previous studies
showed that culturing the virus under escalating concentrations of
GRFT results in the emergence of strains with significantly reduced
sensitivity to this lectin. Glycans that were deleted under GRFT selec-
tive pressure were those at position 230, 234, 241, 289, 339, 392 and
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448 (Alexandre et al., 2013).
Tandemers are GRFT derivatives generated by linking monomeric

GRFT (mGRFT) in tandem repeats of two (2MG and 2MG3), three
(3MG) and four (4MG) units (Moulaei et al., 2015). Two of the main
features of tandemers are the increased distance between clusters of
mannose residues binding sites on different mGRFT units and the
freedom of orientation of these clusters. Previously, we showed that
2MG and 2MG3, differentiated only by the three amino acids linker
found between mGRFT in the later, had similar inhibitory activities as
the parent lectin; while 3MG and 4MG were significantly more potent
(Moulaei et al., 2015). As a follow up to this study we investigated
2MG, 2MG3, 3MG and 4MG inhibitory activities against GRFT resistant
viruses generated in-vitro. We showed that these viruses were sig-
nificantly more sensitive to 3MG and 4MG while their sensitivity to
2MG and 2MG3 were reduced and similar to GRFT. We also studied the
inhibition of cell-to-cell transmission of the virus with GRFT and its
derivatives and showed that 3MG and 4MG were considerably more
potent than the parent lectin while 2MG and 2MG3 had the same po-
tency as this compound.

2. Materials and methods

Viruses, cell lines and reagents: HIV-1 subtype C Env Du156.12 and
CAP206.8 were amplified from infected individuals in South Africa
during the acute or early stage of the infection (Gray et al., 2007; Li
et al., 2006). The subtype C virus Du179.14 was also isolated in South
Africa from a chronically infected individual (Williamson et al., 2003).
HIV-1 subtype B, CAAN5342.A2 was amplified from an acute infection
in U.S.A (Li et al., 2005). The transmitted variant envelopes
p1054.TC4.1499, QH209.14M.Env.A2, QH359.21M.Env.D1,
QG984.21M.Env.A3, and QF495.23M.Env.D1, as well as the pSG3ΔEnv
plasmid were obtained from the NIH Reference and Reagent Program
(Blish et al., 2009; Keele et al., 2008; Long et al., 2002). The 293T cell
line was purchased from the American Type Culture Collection. All cell
lines were cultured in DMEM containing 10% fetal bovine serum (FBS)
and cell monolayers were disrupted at confluence by treatment with
0.25% trypsin in 1 mM EDTA. Tandemers were a gift from Dr. Barry
O'Keefe (NCI, Frederick, MD) while the viral envelope Du156R18 was
provided by Prof. Kenneth Palmer (University of Louisville, Louisville,
KY).

Site-directed mutagenesis: The 234 and 295 glycosylation sites were
introduced in the HIV-1 envelope using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, LaJolla, CA). The confirmation of muta-
tion was achieved by sequencing with the ABI PRISM Big Dye
Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystem,
Foster City, CA) and by resolving on the ABI 3100 automated genetic
analyzer.

Selection of GRFT resistant HIV-1 strains: To select GRFT resistant
Du179, 1000 TCID50 of HIV-1 was grown under escalating concentra-
tions of the lectin (Alexandre et al., 2013). The virus was cultured in
2 mL of 4 × 106 peripheral blood mononuclear cells (PBMC), depleted
of CD8+ T cells by means of RosetteSep CD8 depletion cocktail
(StemCell Technologies, Vancouver, Canada). The starting concentra-
tion of GRFT was the IC50 for the inhibition of the virus. A culture
without the lectin was included as the experimental control. All cultures
were maintained in RPMI 1640 containing 20% FBS and IL-2 (0.05 μg/
mL). The virus was passaged every 7 day by transferring 500 mL of the
previous culture into fresh CD8 depleted PBMC. The concentration of
GRFT was increased whenever the p24 antigen level in the lectin con-
taining culture was similar or higher than the control culture. However,
when the level dropped the concentration of the lectin was reduced.
After 20 weeks the supernatants of the GRFT and control tissue cultures
were genotyped to identify escape mutants (Alexandre et al., 2013).

Single-cycle neutralization assay: The single-cycle neutralization assay
was performed as previously described (Alexandre et al., 2010a;
Montefiori, 2004). Briefly, a three-fold dilution series of each inhibitor

was prepared in 100 μL of DMEM containing 10% FBS (growth
medium) per well of a 96 well plate. This was followed by the addition
of 50 μL/well of 200 TCID50 HIV-1, and 1 h incubation at 37 °C. Then
1 × 104 TZM-bl cells/well/100 μL of growth medium, containing
37.5 μg/mL DEAE dextran, were added before 48h incubation. HIV-1
infection was quantified by measuring the activity of the firefly luci-
ferase. Titers were calculated as the inhibitory concentration that
caused 50% reduction (IC50) of relative light unit (RLU) compared to
the virus control (wells with no inhibitor) after subtraction of the
background (wells without both the virus and the inhibitor).

Inhibition of cell-to-cell transmission of HIV-1: This inhibition was
measured as described by Abela et al. (2012) with some modification.
Briefly, 2 × 106 293-T cells in 10 mL of growth medium were seeded in
a tissue culture dish for 24 h. This was followed by transfection with
4 μg each of pSG3ΔEnv and CAP206.8 or CAAN5342.A2 envelope
plasmids using the Fugene 6 transfection reagent (Roche, Basel, Swit-
zerland). After 48 h virus producing 293-T cells were washed with PBS
and trypsinized. Then 5 × 103 293-T cells/well/100 μL of growth
medium were incubated with a three-fold dilution series of GRFT or
tandemer for an hour before addition of 3 × 104 TZM-bl cells/well/
150 μL of growth medium. This was followed by the co-culture of the
two cell lines for 48 h. The virus infection was quantified by de-
termining the activity of the firefly luciferase. Titers were calculated as
the inhibitory concentration that caused 50% reduction of RLU when
compared to the virus control after subtraction of the background.

Preparation of vaginal simulant: One liter of solution was prepared by
combining 3.51 g NaCl, 1.40 g KOH, 0.22 g Ca(OH)2, 0.018 g bovine
serum albumin, 2 g lactic acid, 1 g acetic acid, 0.16 g glycerol, 0.4 g
urea and 5.0 g glucose. The pH was adjusted to 4.2 using 6 N HCl
(Owen and Katz, 1999).

Preparation of seminal simulant: A one hundred milliliters solution
was first prepared by mixing 5.46 mL of 0.123 M sodium phosphate
monobasic monohydrate with 49.14 mL of 0.123 M sodium phosphate
dibasic anhydrate. Then 813 mg sodium citrate dehydrate, 90.8 mg
potassium chloride, 88.1 mg potassium hydroxide, 272 mg fructose,
102 mg glucose anhydrous, 62 mg lactic acid, 45 mg urea and 5.04 mg
bovine serum albumin were added. Calcium chloride dehydrate
(101 mg + 15.13 mL of water), magnesium chloride hexahydrate
(92 mg + 5.13 mL of water) and zinc chloride (34.4 mg + 15.13 mL of
water) were each prepared as separate reagents and then slowly added
one at a time in that order. The pH was adjusted with 1 N sodium
hydroxide to 7.7, and then the solution was sterile filtered and stored
frozen at −80 °C (Owen and Katz, 2005).

Inhibition of HIV-1 infection in TZM-bl cells in the presence of vaginal
and seminal simulants: Twenty-four hours prior to the assay TZM-bl cells
were seeded in a 96-well flat bottom plate at the concentration of
1.5 × 104 cells/well/100 μL of growth medium. Next the inhibitors
were diluted half logarithmically in 50% v/v vaginal or seminal simu-
lant or in growth medium alone as the assay control. Then HIV-1 and
the diluted test compounds were added to the cells in an equal volume
in duplicate for a final simulant concentration of 25%. This was fol-
lowed by incubation for 48 h at 37 °C and 5% CO2. Following in-
cubation the inhibition of HIV-1 infection was evaluated by measuring
luciferase activity in the assay medium as a read out of virus expression.

3. Results

3.1. Tandemers neutralization of HIV-1 viruses with naturally decreased
sensitivity to GRFT

CAP206.8 and CAAN5342.A2 are naturally less sensitive to GRFT
(Alexandre et al., 2010a). We previously reported that the concomitant
restoration of the 234N and 295N glycosyltion sites on these viruses’
envelopes increased the inhibitory potency of GRFT derived tandemers
2MG and 2MG3, while it had no effect on the tandemers 3MG and 4MG
(Moulaei et al., 2015). In the current study we follow up on this work to
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investigate the contribution of each glycosylation site in the increased
potency observed for 2MG and 2MG3. To study this we restored the
234N or 295N glycan on HIV-1 CAP206.8 and CAAN5342.A2 envel-
opes. The two glycosylation sites were added on HIV-1 Env using site
directed mutagenesis (Alexandre et al., 2010a). The mutants and their
parent viruses were tested against 2MG, 2MG3, 3MG, 4MG, and GRFT
using the TZM-bl neutralization assay. The addition of the 234N glycan
enhanced CAP206/234N sensitivity to 2MG by 11 fold compared to the
wild type virus, while it enhanced that of CAAN5342/234N by 4 fold
(Table 1). When the 295 glycosylation site was restored on gp120 the
mutant viruses sensitivity to 2MG increased by 17 and 9 fold for
CAP206/295N and CAAN5342/295N, respectively (Table 1). A similar
trend was observed for 2MG3, where the restoration of the 234 gly-
cosylation site increased CAP206/234N and CAAN5342/234N sensi-
tivity to the lectin by 2–3 fold (Table 1). Furthermore, the addition of
the 295N glycan enhanced CAP206/295N and CAAN5342/295N sen-
sitivity to 2MG3 by 13 and 10 fold, respectively, compared to their wild
type viruses (Table 1). These increase in potency following the re-
storation of the 234 or 295 glycosylation site reflected what happened
with the parent lectin GRFT (Table 1). However, neither the addition of
the 234N nor that of the 295N glycan had an effect on HIV-1 sensitivity
to 3MG and 4MG. This suggests that similar to GRFT, each of these
glycans is important to 2MG and 2MG3 interaction with HIV-1 en-
velope, while this is not the case for 3MG and 4MG. These data are also
consistent with what we reported on the effect of the concomitant ad-
dition of the 234N and 295N glycans on tandemers neutralization of
HIV-1 (Moulaei et al., 2015).

3.2. Neutralization of in-vitro generated GRFT resistant viruses with
tandemers

Based on data obtained with HIV-1 that naturally have decreased
sensitivity to GRFT, we hypothesized that in-vitro generated GRFT re-
sistant viruses will also show resistance to 2MG and 2MG3; and no or
less resistance to 3MG and 4MG. To show this we tested tandemers
inhibition of GRFT resistant viruses generated by growing under esca-
lating concentrations of this lectin. One of the viruses used was Du179
GRFT cl7 that was isolated after 20 passages of the HIV-1 virus Du179
in PBMC when the concentration of GRFT reached ~10 times its
starting concentration or concentration at passage zero (Alexandre
et al., 2013). At passage 20 Du179 had deletions of the 230, 234, 339,
392, and 448 mannose-rich glycosylation sites as well as deletion of
four amino acids at position 400 to 403 (Alexandre et al., 2013). The
other virus used in the study was Du156R18, isolated after growing the
wild type Du156 in M7-luc cells under escalating concentrations of
GRFT for 11 passages (personal communication with Kenneth E.
Palmer, Louis Ville University, School of Medicine). Du156R18 could
tolerate up to 250 times the starting concentration of the lectin.
Growing under escalating concentrations of GRFT resulted in the de-
letion of mannose-rich glycans at positions 294 and 433 in addition to
the deletion of 10 amino acids at position 138 to 147. As shown in

Table 2, Du179 GRFT cl7 sensitivity to GRFT, 2MG and 2MG3 was
between 116 and 240 fold lower than that of the wild type virus while
its sensitivity to 3MG and 4MG was only ~30 fold lower. With
Du156R18 the decrease in sensitivity to GRFT, 2MG and 2MG3 ranged
from 280 to ~1500 fold compared to the parent Du156 whereas its loss
of sensitivity to 3MG and 4MG was significantly less pronounced at only
~10 fold. Taken together this supports the suggestion that HIV-1 in-
teraction with 2MG and 2MG3 is much closer to GRFT than its inter-
action with 3MG and 4MG.

3.3. Inhibition of cell-to-cell transmission of HIV-1 with tandemers

Since HIV-1 infection can be mediated by both cell-free and cell-
associated viruses (Mazurov et al., 2010; Rudnicka et al., 2009;
Shattock and Moore, 2003; Sowinski et al., 2008), and given that we
already reported on tandemers inhibition of cell-free HIV-1 (Moulaei
et al., 2015), we decided to investigate these compounds inhibitory
activity against the cell-to-cell transmission of the virus. This was stu-
died using 293-T cells transfected with plasmids expressing HIV-1
pseudoviruses. The 293-T cells were used as donor cells while TZM-bl
cells were the target cells. Viruses expressed by 293-T cells were either
the subtype C CAP206.8 or the subtype B CAAN5342.A2. The transfer
of HIV-1 from the donor to target cells was achieved by co-culturing the
two cell lines.

To determine what 293-T cells input/well to use in the inhibition of
cell-to-cell transmission assay that will only reflect the lectins inhibitory
activity on cell-associated viruses and not cell-free ones, we conducted
the following experiment: A two-fold dilution series of 293-T cells,
transfected with a plasmid expressing HIV-1 as explained above, was
performed in a flat bottom 96 well plate starting with the concentration
of 2 × 105 cells/well and ending with 781 cells/well. The cells were
cultured for 48 h followed by the transfer of all supernatants from each
well to corresponding wells of another flat bottom 96-well plate. Then
3 × 104 TZM-bl cells/well were added to the 96 well plate containing
293-T cells and the one containing their supernatants. Cells were then
cultured for 48 h before luminescence readings. The levels of HIV-1
infection between the two plates were compared. For the plate con-
taining transfected 293-T cells co-cultured with TZM-bl cells there was
observable HIV-1 infection from 2 × 105 293-T cells/well to
1 × 103 293-T cells/well (Fig. 1 shows the graph for CAP206.8).
However, with the plate containing TZM-bl cells cultured with the su-
pernatants, we observed infection only for supernatants derived from
2 × 105 to 1.0 × 105 293-T cells/well (Fig. 1). This implied that below
1.0 × 105 293-T cells/well input, transfected cells did not produce
enough cell-free viruses in the supernatant to cause a visible infection of
TZM-bl cells. Thus, for the inhibition of cell-to-cell transmission assay
we decided to use 293-T cells at the input of 5 × 103 cells/well as at
this input all infection observed will be coming from cell-associated
viruses.

To investigate tandemers and GRFT inhibition of cell-to-cell trans-
mission of HIV-1, 5 × 103 293-T cells/well were first incubated with a

Table 1
Effects of the 234N and 295N glycans on HIV-1 sensitivity to tandemers.

Inhibitor Envelope

CAP206.8 CAP206/234N CAP206/295N CAAN5342.A2 CAAN5342/234N CAAN5342/295N

IC50 (nM)

GRFT 8.10 ± 2.70 2.10 ± 1.20 (↓4) 0.11 ± 0.02 (↓73) 20.98 ± 1.22 9.27 ± 2.32 (↓2) 2.53 ± 0.52 (↓8)
2 MG 3.30 ± 0.54 0.30 ± 0.23 (↓11) 0.19 ± 0.05 (↓17) 11.24 ± 2.50 2.93 ± 0.91 (↓4) 1.39 ± 0.77 (↓9)
2 MG3 2.10 ± 0.45 0.91 ± 0.37 (↓2) 0.16 ± 0.03 (↓13) 7.25 ± 2.31 2.15 ± 0.43 (↓3) 0.75 ± 0.26 (↓10)
3 MG 0.14 ± 0.01 0.18 ± 0.06 0.13 ± 0.03 0.22 ± 0.03 0.17 ± 0.04 0.25 ± 0.03
4 MG 0.24 ± 0.06 0.16 ± 0.06 0.15 ± 0.02 0.36 ± 0.01 0.28 ± 0.02 0.20 ± 0.03

The arrows indicate decrease in IC50 values implying an increase in sensitivity.
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three fold dilution series of each lectin before addition of TZM-bl cells
at 3 × 104 cells/well. The inhibition of HIV-1 infection was measured
after 48 h of co-culture. As shown in Fig. 2, each compound inhibited
the two viruses used with comparable potency judging from their IC50

values. In addition, the 3MG and 4MG tandemers had stronger in-
hibitory activity than GRFT; with IC50 values that were ~7 fold lower.
However, this difference was statistically significant (p≤ 0.05) only for
3MG against CAP206.8 (Fig. 2). The inhibition of cell-to-cell trans-
mission with 2MG and 2MG3 was generally similar to GRFT. These data
are consistent with what we previously reported for the TZM-bl neu-
tralization assay that uses cell-free viruses (Montefiori, 2004; Moulaei
et al., 2015). Next we compared the IC50 values of tandemers and GRFT
for the inhibition of cell-associated and cell-free HIV-1 in order to de-
termine the mode of transmission that these compounds inhibited the
strongest. We observed that they blocked cell-free viruses with sig-
nificantly lower IC50 values than cell-associated ones (Table 3), im-
plying that they were more effective against the former mode of
transmission.

3.4. Involvement of the 234N and 295N glycans in tandemers inhibition of
cell-to-cell transmission of HIV-1

Given that the addition of the 234N and 295N glycans on HIV-1
envelope had an effect on GRFT, 2MG and 2MG3 inhibitory activity
against cell-free viruses, and not on 3MG and 4MG (Table 1), we

investigated whether this was also true for the inhibition of cell-to-cell
transmission of HIV-1. We used CAP206.8 and CAAN5342.A2 and their
mutant viruses containing the 234N and 295N glycosylation sites re-
stored alone or together. The inhibition of cell-to-cell transmission was
carried out as explained above. The addition of the 234N or 295N
glycan alone increased the two viruses sensitivity to 2MG, 2MG3 and
GRFT between 3 and 18 fold (see the numbers on top of the bars in
Fig. 3), while it had no effect on 3MG and 4MG inhibitory activity.

Table 2
In-vitro generated GRFT resistant viruses sensitivity to tandemers.

Envelope IC50 (nM)

2MG 2MG3 3MG 4MG GRFT

Du179.14 (WT) 0.158 ± 0.096 0.144 ± 0.044 0.124 ± 0.026 0.0934 ± 0.029 0.606 ± 0.14
Du179 GRFT cl7 (R) 35.99 ± 0.44 (↑228) 34.37 ± 0.63 (↑239) 3.86 ± 0.89 (↑31) 2.08 ± 0.63 (↑22) 70 ± 13.010 (↑116)
Du156.12 (WT) 0.0182 ± 0.0013 0.0616 ± 0.0034 0.0794 ± 0.025 0.0887 ± 0.018 0.0324 ± 0.0021
Du156R18 (R) 27.1 ± 11.60 (↑1489) 26.0 ± 15.70 (↑422) 1.11 ± 0.31 (↑14) 0.688 ± 0.20 (↑8) 9.14 ± 5.34 (↑282)

The arrows indicate increase in IC50 values implying a decrease in potency.

Fig. 1. Determination of 293T cells input for the inhibition of cell-to-cell
transmission assay. TZM-bl cells were co-cultured with either the indicated
amount of 293 T cells transfected with plasmids expressing HIV-1 pseudovirus
CAP206.8 (closed symbols) or with supernatants from these 293 T cells (open
symbols). After 48 h HIV-1 infection was determined by measuring lumines-
cence emitted by the cells. Data shown represent the results of two independent
experiments, and bars represent the mean plus standard deviations.

Fig. 2. Tandemers and GRFT inhibition of cell-to-cell transmission of HIV-
1. (A) 293T cells expressing HIV-1 pseudovirus CAP206.8 and (B) those ex-
pressing CAAN5342.A2 were incubated with the five lectins before co-culture
with TZM-bl cells. The inhibition of cell-associated HIV-1 infection was de-
termined by luminescence measurement after 48 h. Bars represent the mean
plus standard deviation of three independent experiments. Statistically sig-
nificant difference (p ≤ 0.05) is indicated by an asterisks.
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However, unlike the inhibition of cell-free viruses (Moulaei et al.,
2015), the concomitant addition of the 234N and 295N glycans in-
creased cell-associated CAP206.8 and CAAN5342.A2 sensitivity to
GRFT and all its four derivatives. This being said, the effect was more
pronounced for 2MG, 2MG3 and GRFT, with the viruses increase in
sensitivity ranging from 8 to 75 fold, compared to around 4 fold for
3MG and 4MG. In most cases all the observed increase in HIV-1 sen-
sitivity to the lectins were statistically significant (p ≤ 0.05) (Fig. 3).
These data are consistent with those we obtained for the inhibition of
cell-free HIV-1 in TZM-bl cells (Table 1) (Moulaei et al., 2015); and
suggest that the 234N and 295N glycans also play an important role in
the tandemers and GRFT inhibition of cell-associated HIV-1 infection of
susceptible cells.

3.5. Investigation of tandemers inhibitory activity in seminal and vaginal
simulants

A study by Zirafi et al. showed that the presence of semen sig-
nificantly decreased the inhibitory activity of many HIV-1 microbicide
candidates (Zirafi et al., 2014). We investigated whether seminal and
vaginal fluids would have a similar effect on GRFT and tandemers.
Since suitable microbicides should be inhibitory to transmitted viruses
that are present at the initiation of the infection, we tested GRFT and its
derivatives against five transmitted HIV-1 variants that included four
subtype A and one subtype B virus (Blish et al., 2009; Keele et al., 2008;
Long et al., 2002). All the transmitted variants used were isolated
during the acute phase and mostly within the first three weeks of the
infection. We also used seminal and vaginal simulants for this study,
which have been used before by other investigators to mimic seminal
and vaginal fluids (Albertini et al., 2009; Hombach et al., 2009; Owen
and Katz, 1999, 2005). Free viral particles were incubated with each
inhibitor in the presence of either simulant before addition of TZM-bl
cells. Contrary to what we observed with nontransmitted HIV-1 variants
(Moulaei et al., 2015), GRFT, 2MG, 2MG3, 3MG, and 4MG had com-
parable inhibitory potency against transmitted viruses (Table 4). Fur-
thermore, all lectins showed increased potency, ranging from 3 to 9
fold, against the five viruses tested in the presence of seminal simulants.
However, in most cases GRFT and the tandemers did not have increased
inhibitory activity in the presence of vaginal simulant (Table 4). We
obtained similar data when we tested GRFT and its derivatives against a
laboratory adapted X4 virus, in the presence of vaginal and seminal
simulants (data not shown). These data suggest that the anti-HIV-1
activity of GRFT, 2MG, 2MG3, 3MG, and 4MG is not likely to be ne-
gatively affected in seminal or vaginal fluid. On the contrary these
compounds may become more potent in such environment. In addition,
the data indicate that the increase in array of monomeric GRFT in a
tandemer may not have an effect on its potency against transmitted
HIV-1 variants.

Table 3
Comparison of tandemers and GRFT inhibition of cell-free and cell-associated HIV-1.

Lectin CAAN5342.A2 CAP206.8

IC50

Inhibition of cell-free viruses Inhibition of cell-associated viruses Inhibition of cell-free viruses Inhibition of cell-associated viruses

2MG 5.32 ± 1.25 9.54 ± 1.12 0.16 ± 0.02 10.43 ± 1.67 (↑65)
2MG3 17.47 ± 0.67 16.76 ± 2.66 0.85 ± 0.15 5.82 ± 1.53 (↑7)
3MG 0.45 ± 0.12 2.08 ± 0.19 (↑5)a 0.20 ± 0.02 3.1 ± 1.15 (↑16)
4MG 0.34 ± 0.10 3.14 ± 1.06 (↑9) 0.19 ± 0.02 2.51 ± 0.49 (↑13)
GRFT 8.93 ± 1.46 13.77 ± 1.32 3.59 ± 1.84 17.53 ± 2.56 (↑5)

a Where the difference was 3 fold or more is shown in bold and arrows indicate increase in IC50 value.

Fig. 3. Comparison of tandemers and GRFT inhibition of cell-to-cell
transmission of wild type HIV-1 and their 234N and 295N mutants. The
effects of addition of the 234N and 295N glycosylation sites on (A) CAP206.8
and (B) CAAN5342.A2 susceptibility to 2MG, 2MG3, 3MG, 4MG and GRFT
inhibition of cell-to-cell transmission. Virus expressing 293T cells were co-
cultured with TZM-bl cells in the presence of each lectin. The inhibition of HIV-
1 infection was measured after 48 h. The bars represent the mean plus standard
deviation of 3 different experiments. The numbers on top of the bars indicate
the fold decrease in IC50 value resulting from the glycosylation site addition.
Statistically significant differences are indicated by asterisks (p ≤ 0.05).
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4. Discussion

Tandemers 2MG, 2MG3, 3MG and 4MG are derivatives of the HIV-1
microbicide candidate GRFT (Alexandre et al., 2016; Grooms et al.,
2016; Kouokam et al., 2011a, 2016). We previously reported that 2MG
and 2MG3 inhibition of HIV-1 was similar to GRFT while 3MG and 4MG
were significantly more potent (Moulaei et al., 2015). In the current
study we followed up on these findings and tested tandemers against
GRFT resistance viruses generated in vitro as well as viruses that were
naturally resistant to this compound. We found that these viruses were
similarly resistant to 2MG and 2MG3 while being considerably less
resistant to 3MG and 4MG. We also compared the inhibition of cell-to-
cell transmission of HIV-1 between tandemers and GRFT and observed
that 3MG and 4MG were markedly more potent than 2MG, 2MG3 and
GRFT. Lastly, we investigated the five lectins inhibitory activities in the
presence of seminal and vaginal simulants and showed that under these
conditions their activities were generally increased.

The envelope of the GRFT resistant virus Du179 cl7 has deleted
mannose-rich glycans at position 230, 234, 339, 392 and 448, together
with the deletion of four amino acids, as a result of growing under
escalating concentrations of this lectin (Alexandre et al., 2013). Simi-
larly, GRFT selective pressure resulted in Du156R18 losing four po-
tential N-linked glycosylation sites, including mannose-rich glycans at
positions 294 and 433, and incurring a 10 amino acids deletion. The
fact that these viruses also showed a decrease in sensitivity to 2MG and
2MG3 that was comparable to GRFT suggests that these three com-
pounds may target the same binding site on HIV-1 envelope. This is in
agreement with what we have showed in Table 1 i.e. the restoration of
either the 234N or the 295N glycan on HIV-1 envelope had similar
effect on GRFT, 2MG and 2MG3 inhibition of the virus. It is also con-
sistent with our previous study that reported that when these two
glycosylation sites are restored together they affect GRFT, 2MG, and
2MG3 anti-viral activity the same way (Moulaei et al., 2015). Du179 cl7
and Du156R18 decrease in sensitivity to 3MG and 4MG were markedly
less pronounced, consistent with the idea that these two tandemers
binding site may be different to GRFT. The high number of mannose
residue binding sites on 3MG and 4MG, 9 and 12, respectively (Moulaei
et al., 2015), may be allowing these lectins to interact with many more
mannose-rich glycans on HIV-1 than GRFT, 2MG, and 2MG3 that only
have 6 binding sites each (Alexandre et al., 2013; Moulaei et al., 2015;
Ziolkowska et al., 2006; Ziolkowska and Wlodawer, 2006). This in turn
may reduce the effects caused by the loss of few glycans.

The finding that GRFT, 2MG, and 2MG3 had similar potency against
the cell-to-cell transmission of HIV-1 while 3MG and 4MG were more
potent followed the same pattern as what we observed for the inhibition
of cell-free viruses (Table 1). However, the fact that all five lectins
performed significantly better in inhibiting the cell-free transmission of
the virus compared to the inhibition of cell-to-cell transmission
(Table 3) is similar to what have been reported for other entry in-
hibitors that were also found to be more potent against cell-free HIV-1
than cell-associated viruses (Abela et al., 2012; Chen et al., 2007;
Ganesh et al., 2004). One possible explanation is that HIV-1 infected
cells, such as the 293-T cells used here, have both viral particles and
virion-free Envs on their surface (Miranda et al., 2002; Vincent et al.,
1999). Thus, this may result in envelop inhibitors targeting the virus
also binding these free Envs ultimately reducing the number of in-
hibitor molecules that are present in solution to inhibit cell-associated
HIV-1 infection (Fig. 4 A). It is noteworthy that the reduction of HIV-1
inhibitors activity against the cell-to-cell transmission of infection due
to virus-free Envs expressed by virus producing cells has also been re-
ported before (Herschhorn et al., 2011). For the inhibition of cell-free
viruses the situation is different as inhibitor molecules do not have
virion-free Envs competing with viral particles for binding (Fig. 4 B).
Another possibility is that since the cell-to-cell transmission of HIV-1
takes place via virological synapses (Jolly et al., 2004; Jolly and
Sattentau, 2004; Sattentau, 2008), these may render it difficult forTa
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lectins to reach their targets as readily as it would be the case with cell-
fee viruses. Lastly, the concomitant restoration of the 234N and 295N
glycans increased the inhibitory activity of all four tandemers and GRFT
against the cell-to-cell transmission of HIV-1. This is different from
what we observed in cell-free viruses where this double restoration had
no effect on 3MG and 4MG activity (Moulaei et al., 2015). Therefore, it
is likely that for the inhibition of cell-to-cell transmission of HIV-1 the
234N and 295N glycans play a role in 3MG and 4MG binding to the
viral envelope while they do not in the inhibition of cell-free viruses.
The further implication of this observation is that the interaction of
3MG and 4MG with cell-free and cell-associated viruses may somewhat
be different.

Like GRFT, tandemers are potential HIV-1 microbicides destined for
use in the female genital tract to prevent the sexual transmission of the
virus (Alexandre et al., 2010a; Moulaei et al., 2015). Thus, these
compounds have to be active against transmitted variants. Interest-
ingly, our data indicated that against the four subtype A and one sub-
type B transmitted HIV-1 we tested all four tandemers and GRFT had
comparable potency (Table 4). This is different from what we reported
in the past, when screening of 2MG, 2MG3, 3MG, 4MG, and GRFT
against two subtype A, four subtype B, and five subtype C viruses that
were not transmitted variants showed that 3MG and 4MG were mark-
edly more potent (Moulaei et al., 2015). Thus, it is possible that as
microbicides GRFT and its derivatives might have similar activity, at
least against cell-free viruses given that the study with the transmitted
variants was done using this model. Since seminal simulant increased
these lectins inhibition of HIV-1, it can be speculated that the presence
of human semen may in fact enhance their potency. This is important
given that a study by Zirafi et al. showed that semen significantly de-
creased the inhibitory activity of several HIV-1 microbicide candidates
(Zirafi et al., 2014), among them the lectin antibody 2G12 that has an
overlapping binding site with GRFT (Alexandre et al., 2010a; Calarese
et al., 2005; Zirafi et al., 2014). On some occasions we also observed the

enhanced inhibition of HIV-1 in vaginal simulant (Table 4) supporting
the idea that in the female genital tract the potency of these lectins is
likely to be increased.

Tandemers are GRFT derivatives designed with the aim of obtaining
stronger HIV-1 inhibitory activity than the parent compound. The
current study suggests this can be achieved with tandemers containing
more than two arrays of monomeric GRFT. In addition, those made of
three monomers may be optimal since the inhibitory activity of 4MG
mirrored that of 3MG in nearly all assays we conducted. Lastly, given
HIV-1 high genetic barrier to GRFT resistance (Alexandre et al., 2013),
it will be interesting to investigate whether this is also the case for 3MG
and 4MG. Although, our previous study with GRFT resistant viruses and
the current one (Alexandre et al., 2013; Moulaei et al., 2015) suggest
that HIV-1 may need to delete different and/or more glycans and amino
acids on the envelope in order to show resistance to 3MG and 4MG that
is comparable to GRFT.
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Fig. 4. Illustration of the inhibition of cell-free and cell-associated HIV-1 infection of target cells. (A) Partial inhibition of cell-to-cell transmission of HIV-1 as
some envelope inhibitors bound Envs on the cell surface instead of those on the viral envelope. (B) Illustration of how the same amount of the inhibitor is likely to
have a stronger effect on similar number of cell-free viruses. Note that the interaction of the lectins with the viral envelope or Env as shown in the Figure is simply for
illustration purposes and does not suggest that the five lectins interact with the virus in exactly the same way.
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