
The High Content of Fructose in Human Semen Competitively
Inhibits Broad and Potent Antivirals That Target
High-Mannose Glycans

Jacklyn Johnson,a Manuel G. Flores,a John Rosa,a Changze Han,a Alicia M. Salvi,b Kris A. DeMali,b Jennifer R. Jagnow,c

Amy Sparks,c Hillel Haima

aDepartment of Microbiology and Immunology, Carver College of Medicine, University of Iowa, Iowa City, Iowa, USA
bDepartment of Biochemistry, Carver College of Medicine, University of Iowa, Iowa City, Iowa, USA
cIn Vitro Fertilization and Reproductive Testing Laboratory, University of Iowa Hospitals and Clinics, Iowa City, Iowa, USA

ABSTRACT Semen is the primary transmission vehicle for various pathogenic vi-
ruses. Initial steps of transmission, including cell attachment and entry, likely occur
in the presence of semen. However, the unstable nature of human seminal plasma
and its toxic effects on cells in culture limit the ability to study in vitro virus infec-
tion and inhibition in this medium. We found that whole semen significantly re-
duces the potency of antibodies and microbicides that target glycans on the enve-
lope glycoproteins (Envs) of HIV-1. The extraordinarily high concentration of the
monosaccharide fructose in semen contributes significantly to the effect by competi-
tively inhibiting the binding of ligands to �1,2-linked mannose residues on Env. In-
fection and inhibition in whole human seminal plasma are accurately mimicked by a
stable synthetic simulant of seminal fluid that we formulated. Our findings indicate
that, in addition to the protein content of biological secretions, their small-solute
composition impacts the potency of antiviral microbicides and mucosal antibodies.

IMPORTANCE Biological secretions allow viruses to spread between individuals. Each
type of secretion has a unique composition of proteins, salts, and sugars, which can
affect the infectivity potential of the virus and inhibition of this process. Here, we
describe HIV-1 infection and inhibition in whole human seminal plasma and a syn-
thetic simulant that we formulated. We discovered that the sugar fructose in semen
decreases the activity of a broad and potent class of antiviral agents that target
mannose sugars on the envelope protein of HIV-1. This effect of semen fructose
likely reduces the efficacy of such inhibitors to prevent the sexual transmission of
HIV-1. Our findings suggest that the preclinical evaluation of microbicides and
vaccine-elicited antibodies will be improved by their in vitro assessment in syn-
thetic formulations that simulate the effects of semen on HIV-1 infection and in-
hibition.

KEYWORDS antibodies, HIV-1, high-mannose glycans, human semen, lectins,
microbicides, seminal plasma simulant, sexual transmission

The envelope glycoproteins (Envs) on the surface of human immunodeficiency virus
type 1 (HIV-1) are primary targets in the design of vaccines and microbicides. Env

is a trimer composed of three gp120 surface subunits and three gp41 transmembrane
subunits. The gp120 subunit is heavily glycosylated. Many of these glycans belong to
the high-mannose class (1, 2), which contains 5 to 9 mannose residues attached to the
N-acetylglucosamine core. Mannose residues are associated by several types of link-
ages, designated by the positions of the carbon atoms involved. High-mannose glycans
most commonly contain �1,2-linked mannose residues (Man�1,2Man). These glycans
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are required for Env function and shield conserved epitopes from antibody recognition
(3–6). Env glycans also serve as targets for broad and potent inhibitors of HIV-1 (7–9).
For example, the monoclonal antibody (MAb) 2G12 targets an epitope composed of
terminal Man�1,2Man residues (10–12). Other broadly neutralizing antibodies (BNAbs)
can bind Env through dual protein-glycan epitopes (13–16). Such glycan-targeting
antibodies have demonstrated potent antiviral activity in vivo, rendering their epitopes
attractive targets in vaccine design (8, 17). Glycans on the surface of HIV-1 Env and
other enveloped viruses are also recognized by carbohydrate-binding proteins desig-
nated lectins, which have been purified from diverse organisms (9, 18). Griffithsin
(GRFT) is an alga-derived lectin that targets Man�1,2Man residues. This lectin potently
inhibits infection by several sexually transmitted viruses, including HIV-1, herpes sim-
plex virus type 2, and human papillomavirus (HPV) (9, 19). GRFT was shown to
effectively prevent the vaginal transmission of these viruses in different animal models
(20). A vaginal gel that contains GRFT is now being tested in a phase I clinical trial as
an HIV-1 microbicide.

Semen is the primary vehicle for HIV-1 transmission (21). After vaginal intercourse,
the ejaculate is the dominant medium in the female reproductive tract (the average
volume is 7-fold greater than that of vaginal fluid) (22, 23). Over the course of several
hours, the ejaculate is replaced by acidic vaginal secretions, which effectively inactivate
the virus (24–27). Therefore, initial steps of infection (i.e., attachment of the virus to host
cells and entry) likely occur in the presence of semen. Accordingly, potential microbi-
cides and vaccine-elicited antibodies must be effective in this medium. Several studies
have examined the effects of semen on virus infection and inhibition. Due to the
unstable nature and cytotoxicity of seminal fluid (28–31), these studies were performed
using (i) diluted samples, (ii) purified semen components, or (iii) protocols that expose
only virus and not cells to undiluted semen (28, 29, 32–36). Such experimental designs
limit our ability to evaluate the effects of semen on the entire entry process and on
virus inhibition under the conditions that may occur during sexual transmission of the
virus.

Semen is unique among body fluids for a high concentration of the monosaccharide
fructose (average, 15 mM; normal range, 5 to 30 mM) (22), which is required to support
sperm viability, function, and motility. Such levels are more than 3-fold higher than
those of glucose in semen and more than 300-fold higher than those of fructose in
blood. Consequently, during vaginal transmission, viruses from the infected partner
encounter recipient host cells and inhibitory agents in the presence of fructose. Since
glycan-targeting antivirals can bind soluble sugars (12, 19, 37, 38), we hypothesized
that the potency of these agents may be reduced by the high content of fructose in
human semen. Indeed, fructose significantly reduced the inhibition of HIV-1 by agents
that target glycans containing terminal Man�1,2Man residues. In whole and fraction-
ated seminal plasma (SP), fructose levels varied between donors. Inhibition of HIV-1 by
the lectin GRFT in these samples was greatly reduced and correlated with the concen-
tration of fructose in each.

RESULTS
Fructose reduces binding and inhibition of HIV-1 by the glycan-targeting

antibody 2G12. We hypothesized that the high content of fructose in semen may
affect HIV-1 inhibition by glycan-targeting inhibitors. To test this hypothesis, we
examined the effects of different monosaccharides on the binding of MAb 2G12, which
targets a glycan-dependent epitope on Env composed of Man�1,2Man residues (10,
11). Full-length HIV-1 Envs from diverse transmitted/founder (T/F) strains or from
chronically infected patients were expressed on the surface of human osteosarcoma
(HOS) cells. These cells efficiently process Env into gp120 and gp41 subunits (39).
Env-expressing cells were incubated with MAb 2G12 in Dulbecco’s modified Eagle
medium (DMEM) supplemented with glucose, mannose, or fructose. Binding of the
MAb was measured by a cell-based enzyme-linked immunosorbent assay (ELISA) (Fig.
1A). Consistent with previous reports (12), glucose did not reduce (or even modestly

Johnson et al. Journal of Virology

May 2020 Volume 94 Issue 9 e01749-19 jvi.asm.org 2

https://jvi.asm.org


increased) the binding of 2G12 to the Envs. High levels of mannose inhibited 2G12
binding; the concentrations required for a 2-fold reduction (the 50% inhibitory con-
centration [IC50]) ranged from 80 to 120 mM. Fructose inhibited 2G12 binding more
efficiently than mannose; IC50 values ranged from 15 to 41.5 mM (Fig. 1A, inset). Such
concentrations are mostly within the normal range for human semen (22). The fructose-
mediated effect on 2G12 binding was inversely related to the efficiency of the inter-
action with each Env; strains that bound 2G12 more effectively were less affected by
fructose (P � 0.003 in a Spearman correlation test). Binding of the dual glycan-protein-
targeting MAb PGT121, which can recognize high-mannose glycans on viruses and
isolated Envs (13, 15, 16), was unaffected by fructose, even at 150 mM of the saccharide
(Fig. 1B). Similarly, fructose did not alter the binding of MAbs 447-52D and b12, which

FIG 1 Fructose reduces the binding and inhibition of HIV-1 by the glycan-targeting MAb 2G12. (A) Binding of MAb 2G12 to Env in the
presence of different monosaccharides. Full-length Envs of diverse HIV-1 strains were expressed on HOS cells. Samples were incubated
for 45 min with MAb 2G12 (2 �g/ml) in DMEM supplemented with glucose, mannose, or fructose, and binding was measured by a
cell-based ELISA. Values describe 2G12 binding as a percentage of that measured without saccharide. (Inset) The fructose concentrations
that reduced binding by 50% (IC50) are indicated. Error bars, standard errors of the means (SEM) from two replicates. Results are
representative of those from two independent experiments. (B) Effects of fructose (Fr.; 150 mM in DMEM) on binding of MAbs to Envs of
strains 89.6 and PRB956 expressed on cells. (C) Effects of fructose on HIV-1 infection. Luciferase-expressing viruses containing the indicated
Envs were incubated for 1 h at 37°C in DMEM supplemented with the indicated concentrations of fructose. Samples were then added to
Cf2Th CD4� CCR5� cells, and residual infectivity was measured 72 h later. Luciferase activity is shown in relative light units (RLUs). (D, E)
HIV-1 neutralization by MAbs in the presence of fructose. Viruses were incubated in DMEM supplemented with fructose and MAb 2G12
(15 �g/ml), PGT121 (3 �g/ml), or b12 (4 �g/ml) and then added to target cells. Infection is expressed as a percentage of the level of
infection without MAb (shown in panel C). (Inset in panel D) The concentrations of MAb 2G12 required to reduce infectivity by 50% and
75% in the absence or presence of fructose are shown. Error bars, SEM.
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target glycan-independent epitopes on the V3 loop and the CD4-binding site of Env,
respectively (Fig. 1B).

We examined whether the fructose-mediated decrease in 2G12 binding reduced the
neutralizing potency of this antibody. Luciferase-expressing viruses were incubated
with MAbs in the absence or presence of fructose and added to Canis familiaris thymus
normal (Cf2Th) cells, which express CD4 and CCR5, to measure infection. Fructose did
not affect virus infectivity (Fig. 1C). Antibody 2G12 neutralized viruses containing the
diverse Envs by 4- to 100-fold (Fig. 1D). In the presence of 2G12, fructose rescued
infectivity in a concentration-dependent manner: at 30 mM, infection was increased by
up to 10-fold (see the IC50 and IC75 values of 2G12 in the inset of Fig. 1D). By
comparison, fructose did not rescue infection in the presence of MAb PGT121 or b12
(Fig. 1E). Therefore, the concentrations of fructose normally found in semen reduce the
binding and potency of the glycan-targeting MAb 2G12.

Fructose reduces binding and inhibition of HIV-1 by the lectin microbicide
griffithsin. The lectin griffithsin (GRFT) is a broad and potent inhibitor of HIV-1 (40).
Each subunit of this homodimer contains three carbohydrate-binding pockets, which
recognize terminal Man�1,2Man residues on Env (11, 41). We examined whether the
binding of GRFT to Envs expressed on the surface of cells is affected by fructose. In the
absence of Env, the His-tagged GRFT bound to the cells (Fig. 2A), likely reflecting
recognition of cell-surface glycans (42). Expression of Env on the cell surface enhanced
binding by 1.5- to 2-fold. In the presence of 15 mM fructose, GRFT binding to Env-
negative cells was lost, whereas binding to Env-expressing cells was decreased but not

FIG 2 Fructose reduces the binding efficiency and inhibitory potency of the lectin microbicide GRFT. (A) Binding of GRFT to Envs expressed on HOS cells in
the presence of fructose. His-tagged GRFT was incubated with Env-expressing HOS cells in DMEM supplemented with different concentrations of fructose. The
cells were then washed, and GRFT binding was measured using an anti-His antibody suspended in fructose-free buffer. To quantify Env-independent binding,
cells were transfected with a plasmid containing a premature stop codon in the env gene (labeled “No Env”). (B) GRFT binding to Env on virus particles. Virus
stocks that contained the indicated Envs (or no Env) were produced in 293T cells and attached to protein-binding plates. (Left) GRFT binding was measured
by ELISA in DMEM containing the indicated fructose concentrations. (Right) Each virus stock was also analyzed by SDS-PAGE to quantify the virus capsid (p24
antigen) content. GRFT binding values were normalized to the amount of p24 in each sample. (C) Effects of fructose on HIV-1 inhibition by GRFT. Viruses
produced in 293T cells were incubated with target cells in DMEM supplemented with fructose in the absence or presence of 30 nM GRFT. (Inset) IC50 and IC75

values for GRFT in the different media are shown. (D) Effects of fructose on GRFT inhibition of viruses produced in H9 cells. (E) (Left) Fructose rescue of infection
by diverse HIV-1 strains in the presence of GRFT. (Right) Infection by each strain in the absence of GRFT. HIV-1 strains are color coded by GRFT sensitivity (red,
resistant; yellow, intermediate; green and blue, sensitive) and by the concentration of fructose required to abrogate GRFT inhibition (green, 15 mM; blue,
30 mM). (F) Effects of fructose on inhibition of virus infectivity by GNA (400 nM).
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abrogated. We also examined the effect of fructose on GRFT binding to Envs on the
surface of virus particles. Viruses were attached to protein-binding plates. GRFT binding
was then measured by ELISA and normalized for the virus particle content in each
sample by the p24 antigen content. In contrast to cell-based measurements, the
binding of GRFT to viruses was strictly Env dependent; negligible binding to particles
that lacked Env was detected (Fig. 2B). Addition of fructose modestly reduced the
binding of GRFT to the virus-surface Envs. Since modest changes in binding can
significantly impact the potency of GRFT (43, 44), we examined the effects of fructose
on GRFT inhibition. As expected, sensitivity to GRFT varied between the diverse Envs
(41, 45); 30 nM of this lectin inhibited infection between 5- and 2,000-fold (Fig. 2C).
Importantly, fructose at the concentrations found in semen (15 to 30 mM) increased
GRFT IC50 and IC75 values significantly (Fig. 2C, inset).

Viruses produced in different cell types can exhibit distinct patterns of glycosylation
(46, 47). We compared the GRFT sensitivity of viruses produced in 293T cells (Fig. 2C)
and in the human T-lymphocyte cell line H9 (Fig. 2D). H9-derived viruses that contained
1053-07 and WEAU Envs were as sensitive to GRFT as the same viruses produced in
293T cells. However, H9-derived virus that contained the 89.6 Env was significantly
more sensitive to GRFT than virus from 293T cells. Fructose rescue of infection by
H9-derived viruses was most pronounced at concentrations between 15 and 30 mM
(relative to a concentration of 15 mM in 293T-derived viruses). Therefore, viruses
produced in the two cell types can vary in sensitivity to GRFT; nonetheless, the
concentrations of fructose normally found in semen rescued the infectivity of both.

To determine the breadth of the fructose-mediated rescue of infectivity, we ex-
panded the Env panel to include Envs from 15 clade B and C strains. The effects of
fructose on GRFT inhibition varied between strains (Fig. 2E). For example, strain WEAU
and 4403 Envs were similarly sensitive to GRFT; however, fructose at 15 mM rescued the
infection of strain WEAU more than 200-fold but minimally affected strain 4403 (the
latter required 30 mM to rescue infectivity to the same extent as that of WEAU).
Sensitivity of the strains to fructose rescue of infection (Fig. 2E, left) and their infectivity
in the absence of fructose (Fig. 2E, right) were not associated.

We examined whether fructose affects a second lectin inhibitor of HIV-1. Galanthus
nivalis agglutinin (GNA) is a plant-derived lectin that targets terminal �1,3- and �1,6-
linked mannose residues (45, 48). As expected, the sensitivity of the Envs to GNA did
not correspond with their sensitivity to GRFT (48) (compare Fig. 2C and F). Interestingly,
in contrast to GRFT, which targets Man�1,2Man residues, GNA inhibition was unaf-
fected by fructose, even at very high concentrations of the saccharide (Fig. 2F).

These results suggest that the effects of fructose are specific for Man�1,2Man-
targeting agents. As previously shown, the distribution of such moieties varies between
virus strains and producer cell types (1, 46). Accordingly, the sensitivity of each Env to
GRFT cannot be fully explained by the presence of potential N-linked glycosylation sites
(PNGSs) at specific positions of Env (41, 45, 49) (see the PNGS occupancy of all Envs
tested in Data Set S1 in the supplemental material). The differential effects of fructose
on the diverse isolates likely reflect the efficiency of GRFT binding to each Env, which
is determined by the distribution of the Man�1,2Man residues. The concentrations of
fructose normally found in semen competitively inhibited this interaction and rescued
HIV-1 infectivity in a broad and effective manner.

The potency of inhibitors that target Man�1,2Man residues is reduced by
fructose in a simulant of hSP. To investigate the effects of fructose on HIV-1 inhibitors
in a medium with a chemical composition similar to that of human seminal plasma
(hSP), we generated a simulant of SP (sSP). The composition of the simulant was
modified from the commonly applied formulation developed by Owen and Katz (22, 50)
to better reflect the ionic content of semen and to increase stability (Table 1). Relative
to the above-mentioned formulation, the modified simulant does not precipitate at
37°C (Fig. 3A). Furthermore, in contrast to hSP, which rapidly reduces the viability of
cells in culture (28, 51), the sSP formulation is nontoxic over a 5-h incubation period
(Fig. 3B). Since hSP samples were also analyzed in this study, we sought to establish a
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protocol that would allow the entire fusion process to occur in whole semen with
limited induction of cell death. The protocol is outlined in Fig. 3C. Virus particles are
attached to protein-binding plates and then exposed to 97.5% sSP or hSP in the
absence or presence of inhibitors. Cells are then added to the samples (final concen-
tration of SP, 77.5%) and infection is allowed to proceed for 75 min. The infection
medium is then removed, and cells are trypsinized to detach bound virions and further
incubated for 3 days with the fusion inhibitor enfuvirtide (T-20) to prevent further entry.
The infectivity of viruses containing the WEAU and 1053-07 Envs was reduced in sSP
relative to that measured in DMEM by 2- and 6-fold, respectively (Fig. 3D). Measure-
ments of virus entry after longer incubation periods showed conserved 2-fold differ-
ences between sSP and DMEM for both strains (Fig. 3E). Such modest differences did
not result from the effects of sSP on cell viability (Fig. 3F). Furthermore, sSP did not
cause greater detachment of cells from the culture plates (Fig. 3G). To increase the
sensitivity of viability measurements, we examined whether a 75-min exposure to sSP
(without or with fructose) was associated with the induction of cellular apoptosis by
annexin V staining. No significant increase in the proportion of apoptotic cells was
observed in the samples incubated with the sSPs relative to that in the samples
incubated with DMEM (Fig. 3H).

Therefore, the simulant of human seminal plasma does not reduce the viability of
cells relative to their viability in DMEM. We attributed the 2-fold lower infectivity in sSPs
(relative to that in DMEM) to differences in the solute composition of the media,
primarily to pH (pH 7.7 in sSP relative to pH 7.4 in DMEM). Analysis of a panel of 11 T/F
Envs from clades B and C showed that such an increase in pH reduces infectivity by an
average of 1.6-fold (data not shown). In addition, the 10% fetal calf serum (FCS) used
to supplement DMEM can increase HIV-1 infection by up to 2-fold (52). Other solutes
found in human semen (including urea, high levels of calcium and magnesium, lactic
acid, and citric acid) may alter infectivity in a strain-specific manner and explain the
modestly lower entry rate of isolate 1053 relative to that of isolate WEAU (27, 53, 54).

We examined the effects of sSP on HIV-1 inhibition by different agents (Fig. 4A). For
both viruses tested, inhibition was similar in DMEM and fructose-free sSP [sSP(�Fr)].
Addition of fructose to sSP rescued virus infectivity in the presence of GRFT. Relatively
modest effects of fructose were observed on MAb 2G12, which showed a 2-fold rescue

TABLE 1 Solute composition of human seminal plasma and the simulant used in this
study

Solute

Concna (mM) in:

Human seminal plasma Simulant of seminal plasma

Sodium 130.4 117.8
Chloride 40 39.2
Potassium 27.9 27.9
Calcium 6.9 7
Magnesium 4.5 4.5
Zinc 2.5 2
Phosphate 7.8 7.8
Bicarbonate 20 20
Lactic acid 6.9 7
Citrate 27.5 27.6
Urea 7.5 7.5
Fructose 15.1 *b

Glucose 5.7 6
Albumin 0.23 0.76
Total protein 0.76 0.76

pH 7.7 7.7
Buffering capacityc 25 18.3
aThe values are the average concentrations of the major solutes in hSP, based on a literature review (22),
unless indicated otherwise.

b*, concentration, as indicated throughout the text.
cBuffering capacity is given in slykes. The normal range for human semen is 15 to 40 slykes.

Johnson et al. Journal of Virology

May 2020 Volume 94 Issue 9 e01749-19 jvi.asm.org 6

https://jvi.asm.org


for both Envs. The effects of fructose on GNA and MAbs PGT121 and b12 were not
significant. The fructose-mediated rescue of infection in the presence of GRFT was
concentration dependent; at 30 mM, fructose increased infection more than 175-fold
(Fig. 4B, top). More modest effects of fructose were observed in the presence of MAb
2G12; at 30 mM, infection was rescued by up to 2.5-fold. Similar fructose-mediated

FIG 3 HIV-1 infectivity and cell viability in a simulant of seminal plasma. (A) Precipitation in simulants of seminal plasma. Simulants were incubated at 37°C for
different time periods, and precipitation was measured by determination of the absorbance at 420 nm. (B) Cell viability in sSP. Cf2Th CD4� CCR5� cells were
incubated in sSP supplemented with 15 mM fructose [sSP(�Fr)] at 37°C for different time periods, washed, and further cultured in DMEM for 36 h. Cell viability
was measured by an ATP-based assay. Samples exposed to the cytotoxic agent dimethyl sulfoxide (DMSO) were tested as a control. (C) Schematic of virus
infectivity tests in SP. d, days. (D) Infection measured by the protocol outlined in panel C for viruses containing the indicated Envs. (E) Rate of HIV-1 entry in
sSP. Cells were incubated with viruses in sSP or DMEM for different time periods before infection was halted by trypsin and T-20 (step 4). (F) Viability in samples
treated as described in the legend to panel E was measured after 36 h. (G) Samples were treated as described in panel C in DMEM or sSP(�Fr) (15 mM) for
the indicated times. The cells were then washed three times, detached with trypsin-EDTA, and counted. (H) Apoptosis induction by DMEM and sSP. Cf2Th cells
were incubated with DMEM, sSP containing 0 or 15 mM fructose, or DMEM supplemented with 4 �M the apoptosis-inducing agent staurosporine (Stauro) for
75 min at 37°C. The cells were then washed, further incubated in DMEM for 14 h, stained by annexin V and propidium iodide (PI), and analyzed by flow
cytometry. Mean values for annexin V-positive, propidium iodide-negative cells in two replicate samples are shown. Error bars, SE.
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effects on GRFT were observed in a Tris-NaCl buffer (Fig. 4C). In comparison, the
inhibitor GNA and MAb PGT121 were unaffected by fructose (Fig. 4B). The effects of
fructose on virus inhibition by the different agents corresponded with its effects on
inhibitor binding (Fig. 4D and E); addition of this saccharide to sSP reduced the binding
of 2G12 and GRFT, whereas the binding of PGT121 and b12 was unaffected.

Therefore, in a simulant of seminal plasma, fructose reduces HIV-1 binding and
inhibition by agents that target Man�1,2Man residues. The lectin inhibitor GRFT is
highly sensitive to the fructose-mediated effects, whereas MAb 2G12 is more modestly
affected.

Seminal plasma from human donors exhibit a range of fructose concentrations
and exert different effects on the potency of HIV-1 inhibitors. We examined the
effects of semen samples from human donors on HIV-1 inhibition and the relationship
with their fructose content. Whole hSP samples were obtained from HIV-negative
donors that visited the In Vitro Fertilization and Reproductive Testing Laboratory at the
University of Iowa Hospitals and Clinics. The effects of the hSP samples on cell viability
were measured (Fig. 5A). For most donor samples tested, cell viability was minimally
affected after a 75-min exposure. As expected, longer exposure times caused a gradual
decrease in cell viability (51). This window of viability (75 min) is sufficient to analyze
HIV-1 infection and inhibition (Fig. 3C and D and Fig. 4A).

FIG 4 Fructose reduces the potency of GRFT and MAb 2G12 in a simulant of seminal plasma. (A) Effects of fructose on HIV-1 inhibition by lectins and MAbs.
Infection by viruses containing strain 1053-07 or WEAU Envs was measured in DMEM, sSP(�Fr), or sSP containing 30 mM fructose using the protocol outlined
in Fig. 3C. Infection was also measured in the presence of GRFT (60 nM), GNA (400 nM), MAb 2G12 (15 �g/ml), MAb PGT121 (3 �g/ml), or MAb b12 (10 �g/ml).
Infection in the presence of each inhibitor is expressed as a percentage of the level of infection measured in the absence of inhibitors. Error bars, SEM. P values
were determined by a two-tailed t test. *, P � 0.05; **, P � 0.005; ***, P � 0.0005. (B) Effects of fructose on inhibition of virus infection in sSP. (C) Effects of
fructose on inhibition of virus infection in Tris-buffered saline (150 mM NaCl, 20 mM Tris base, pH 7.5). (D) Binding of antibodies to Envs in sSP. The indicated
MAbs (all at 0.5 �g/ml) were suspended in sSP containing different concentrations of fructose, and the media were incubated with HOS cells that expressed
1053-07 or WEAU Envs. Values are expressed as a percentage of the level of binding in the absence of fructose. (E) GRFT binding to HIV-1 in sSP. The binding
of His-tagged GRFT to virus particles that contained the indicated Envs was measured in the presence of different fructose concentrations and is expressed
as a percentage of the level of binding in the absence of fructose. Error bars, SEM.
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FIG 5 HIV-1 infection and inhibition in human seminal plasma. (A) Dynamics of SP cytotoxicity. Cf2Th CD4� CCR5� cells were incubated with whole hSP from
different donors or with sSP(�Fr) for the indicated times, washed, and cultured in DMEM for 36 h. Cell viability was measured by an ATP-based assay. (B) Cf2Th
CD4� CCR5� cells were added to 96-well plates at the indicated densities. Samples were then incubated at 37°C for 75 min with DMEM or a sample containing
77.5% hSP and 22.5% Tris-saline buffer. All samples were then washed and further processed as described in Fig. 3C, and viability was measured after 20 or
36 h. Viability values are corrected for the number of cells seeded in each well. (C) Fructose concentrations measured by the resorcinol and indole assays.
Fructose standards were diluted in Tris-buffered saline (pH 7.5). (D) Cell viability (after 75 min of exposure) and fructose content (quantified by resorcinol) in
59 hSP samples from different donors were measured. Since samples were tested in separate experiments, values are reported as a percentage of the viability
in the DMEM control included in each assay. CAVD, congenital absence of the vas deferens. (E) Infection by virus containing strain 1053-07 or WEAU Envs in
DMEM, sSP(�Fr), and three pools of donor hSP using the protocol shown in Fig. 3C. Cell viability was measured in the same experiment. (F) HIV-1 inhibition in
hSP. Infection by virus that contains the WEAU Env was measured in DMEM and whole pooled hSP from 10 donors (pool C) in the presence of GRFT (60 nM), 2G12
(20 �g/ml), PGT121 (3 �g/ml), b12 (15 �g/ml), maraviroc (1 �M), tenofovir (2 �M), or T-20 (6 �M). Cell viability after exposure to hSP pool C was measured in the same
experiment and was 59.8% of that measured in DMEM. Error bars, SEM. P values were determined by a two-tailed t test. *, P � 0.05; **, P � 0.005. (G) GRFT inhibition
of virus containing the 1053-07 Env in hSP samples from different donors. Viability values are expressed as a percentage of those measured in samples incubated with
DMEM. (H) (Left) Immobilized viruses containing the WEAU Env were treated as shown, using GRFT (50 nM), 2G12 (20 �g/ml), or PGT121 (3 �g/ml). Entry was then
halted using trypsin and T-20, and infectivity was measured 3 days later. (Right) The viability of samples similarly treated in the same experiment was measured after
36 h. (I) Infection and GRFT inhibition in fresh and thawed hSPs. Samples were collected from donors and either subjected to one freeze-thaw cycle (frozen) or left
at room temperature (fresh) for 4 h, before they were used for infection assays in the absence or presence of GRFT.
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Human seminal plasma is toxic to cell cultures (28, 33, 36). Interestingly, recent
reports have shown that it exerts limited toxic effects on colon and vaginal tissue
explants (55, 56). We hypothesized that the high density of cells in the explants may
explain the low toxicity. To test this possibility, we incubated Cf2Th CD4� CCR5� cells
at different densities in 96-well plates and exposed them to DMEM or hSP for 75 min.
The cells were then processed as described in Fig. 3C, and viability was measured after
20 or 36 h. We found that at both time points the lower-confluence samples exposed
to hSP were significantly less viable than the higher-confluence samples (Fig. 5B).
Viability in hSP-exposed samples containing 15,000 cells per well (approximately 70%
confluence) was reduced 6-fold at 20 h and 41-fold at 36 h relative to viability in
samples incubated with DMEM. By contrast, viability in hSP-exposed samples contain-
ing 60,000 cells per well was reduced 2.1-fold at 20 h and 1.5-fold at 36 h relative to
viability in samples incubated with DMEM.

Clinical evaluation of human semen includes a qualitative analysis of fructose as an
indicator of seminal vesicle function. Two standard assays, which use the colorimetric
reagents resorcinol and indole, are commonly applied for this purpose (57, 58). We
performed both assays to quantify fructose concentrations using a range of fructose
standards (Fig. 5C). Only the resorcinol assay could accurately quantify fructose at
concentrations higher than 15 mM. We used this assay to measure fructose in 59 donor
samples (Fig. 5D). Consistent with previous reports (22), the fructose concentration
ranged from 5 to 34 mM (average concentration, 18 mM). As a control, we used hSP
from a donor with congenital absence of the vas deferens (CAVD). Since secretions from
the seminal vesicles are blocked in such individuals, negligible levels of fructose were
detected in the sample (59). We also measured the cytotoxicity induced by each hSP
sample after a 75-min exposure to the cells (Fig. 5D). A wide range of viability levels was
observed; 62% of samples exhibited viability at least 75% of that measured in DMEM-
treated cells. No association was observed between the concentration of fructose in a
sample and the toxicity that it induced (P � 0.389 in a Spearman correlation test).

We measured infectivity in sSP and in three samples of whole pooled hSP using
viruses that contained the Envs of isolates 1053-07 and WEAU. As expected, infectivity
in DMEM was higher than that in the sSP and hSP samples (Fig. 5E, top). Similar levels
of viability were measured in DMEM and sSP, whereas viability was reduced in the hSP
pools (Fig. 5E, bottom). Infectivity in sSP and the hSP pools was similar and did not
correspond with sample viability. We examined the effects of whole hSP on inhibition
of WEAU by different inhibitors. GRFT and MAb 2G12 were 25- and 5-fold less inhibitory
in hSP than in DMEM, respectively (Fig. 5F, top). In comparison, inhibition by MAbs
PGT121 and b12 was unaffected by hSP. As previously reported (36), inhibition by the
CCR5 antagonist maraviroc was unaffected by hSP, whereas inhibition by the reverse
transcriptase inhibitor tenofovir was reduced (Fig. 5F, bottom). Inhibition by the fusion
inhibitor T-20, which targets a nonglycan motif in the heptad repeat region 1 of gp41
(60), was also reduced in whole hSP.

We asked whether the effects of hSP on virus inhibition differ between donor
samples. To examine this, we measured GRFT inhibition of isolate 1053-07, which is
highly sensitive to the effects of fructose (Fig. 5G). GRFT inhibition in the different donor
samples ranged from 2.5-fold (in hSP from donor 52) and 1,000-fold (in hSP from donor
46). These differences did not correspond with virus infection in the absence of the
inhibitor (P � 0.230 in a Spearman correlation test). Similarly, GRFT inhibition did not
correspond with cell viability in each sample (P � 0.312 in a Spearman correlation test).

Human seminal plasma has previously been shown to reduce HIV-1 inhibition by a
wide range of agents (36). In that study, virus was preincubated with hSP, followed by
addition into a larger volume of medium containing the target cells and inhibitor. The
authors discovered that complexes formed in semen by cationic peptides (designated
semen enhancers of virus infection [SEVI]) increase the rate of virus attachment to cells,
thus reducing the potency of inhibition. We performed neutralization assays using a
similar dilution-based approach, which limits cell toxicity (33, 36). As described above,
immobilized viruses were used in these experiments; these viruses rapidly interact with
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the cells to initiate infection. Consequently, this approach eliminates SEVI-mediated
effects on cell attachment and allows us to focus on the effects of semen on the
virus-inhibitor interaction. The experimental design is schematically described in
Fig. 5H. Two approaches were used. In the first, the virus was preincubated with hSP or
DMEM in the presence of inhibitor and then diluted 1:10 by DMEM that contained the
target cells. In the second, virus was preincubated with hSP or DMEM, followed by a
1:10 dilution into medium that contained cells and inhibitor. We found that preincu-
bation of virus with GRFT in hSP rescued infection by 5.2-fold relative to that measured
after preincubation with GRFT in DMEM (Fig. 5H). By comparison, for a similar level of
inhibition, the protocol that incubated virus, cells, and inhibitor in 77.5% hSP showed
a 17.5-fold rescue of infection relative to DMEM (Fig. 5F). No significant rescue of
infection was observed when virus was preincubated with hSP and then diluted by
GRFT-containing DMEM with cells. Preincubation with 2G12 showed a modest
1.5-fold rescue by hSP relative to DMEM (compared with 4.6-fold in Fig. 5F). When 2G12
was suspended in the cell-containing medium, no difference was observed between
samples preincubated in hSP and DMEM. Consistent with the data in Fig. 5F, similar
inhibition was observed for PGT121 in DMEM and hSP. Interestingly, samples preincu-
bated with PGT121 (in hSP or DMEM) showed �20-fold greater inhibition than samples
in which antibody exposure occurred with the cells. We believe that this distinct pattern
results from the different time frames for inhibition by the agents (61). PGT121
inactivates Env by binding to the native (unliganded) Env and inducing conformational
changes in the CD4-binding site (16). In contrast, 2G12 (and, likely, GRFT) can interact
with the virus after binding of CD4 (61). Therefore, when CD4 engagement occurs
rapidly, the window of opportunity for PGT121 inhibition is reduced relative to that for
2G12 inhibition (and, likely, relative to that for GRFT inhibition), whereas preincubation
of the virus with PGT121 before addition to cells allows effective neutralization. In
summary, under dilution-based conditions that reduce cell toxicity, we still observed an
hSP-mediated reduction of GRFT potency, whereas a modest reduction was observed
for 2G12. Such effects are less pronounced than those detected using the protocol that
allows both inhibition and entry to occur in minimally diluted hSP (Fig. 5F).

Finally, since the hSP samples were stored at �80°C before use, we examined
whether a freeze-thaw cycle could alter their effects on inhibitor potency. Fresh seminal
plasma samples from donors 86 and 93 were either frozen and thawed or directly
tested for their effects on infection and GRFT inhibition. Both virus infectivity and virus
inhibition were unaltered by the freeze-thaw cycle (Fig. 5I).

Therefore, antibodies and HIV-1 inhibitors are differentially affected by human
seminal plasma. The effects on the lectin microbicide GRFT were the most notable.
Toxic effects of hSP on the cells could potentially reduce infection and thus present a
spurious pattern of altered inhibitor potency. Several lines of evidence suggest that the
patterns of inhibition are not related to sample toxicity: (i) SP effects are inhibitor
specific, as the potency of some agents (e.g., GRFT, T-20, and tenofovir) is reduced by
sSP and hSP, whereas that of other agents (e.g., maraviroc and PGT121) is unaffected;
(ii) after a 75-min incubation period in hSP, cell viability was not associated with the
measured level of infectivity or inhibition; and (iii) the SP simulant, which showed levels
of viability and apoptosis induction identical to those for DMEM, exhibited the same
patterns of infectivity and inhibition as hSP, which differed significantly from the
patterns observed for DMEM.

Both small- and large-solute fractions of human seminal plasma reduce the
potency of glycan-targeting inhibitors. Different proteins and molecular complexes
isolated from semen can affect HIV-1 entry and inhibition (36, 62–64). To differentiate
between the effects of such large solutes and those of the small solutes (e.g., salts and
saccharides), we fractionated hSP samples using filters with a 3-kDa-molecular-weight
cutoff (MWCO) (Fig. 6A). The filtrate, containing small hSP solutes, was collected. The
retained fraction, which contained solutes larger than 3 kDa, underwent buffer ex-
change to replace the small solutes with those of sSP(�Fr). As expected, the concen-
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trations of fructose in whole hSP and the small-solute fraction were similar, whereas this
sugar was effectively removed from the retained large-solute fraction (Fig. 6B).

We examined the infectivity and inhibition of isolate WEAU in the small- and
large-solute fractions of hSP from a pool of 10 donors. Relative to the results obtained
with DMEM, infectivity was mildly increased in the small-solute fraction and mildly
decreased in the large-solute fraction (Fig. 6C). These differences did not correspond
with the effects of the samples on cell viability. Inhibition of infection by GRFT and MAb
2G12 was up to 10-fold higher in DMEM than in the small- and large-solute fractions of
hSP, whereas similar levels of inhibition were observed for PGT121 in all media (Fig. 6D).
Consistent with the findings mentioned above, supplementation of the large-solute
fraction with fructose further rescued infection in the presence of GRFT 6-fold and
modestly rescued infection in the presence of 2G12. In comparison, inhibition by

FIG 6 The small and large solutes of human seminal plasma reduce the potency of HIV-1 inhibitors. (A) Separation of seminal plasma into small- and large-solute
fractions. sSP(–alb., –Fr.), albumin- and fructose-free sSP. (B) Fructose concentrations measured using the resorcinol assay in whole, small-solute, and large-solute
hSP fractions from a pool of 10 hSP samples (pool C) and 10 individual donors. (C) HIV-1 infection and cell viability in hSP fractions. (Left) Infection by virus
that contains the strain WEAU Env was performed in the indicated media by the approach outlined in Fig. 3C. In some large-solute samples, 30 mM fructose
was supplemented. The fructose concentrations in all samples are shown. (Right) Cell viability was measured in the same experiment by an ATP assay. (D) HIV-1
inhibition in fractions of pooled hSP. Infection by isolate WEAU was measured in the presence of GRFT (60 nM), MAb 2G12 (20 �g/ml), or MAb PGT121 (3 �g/ml).
Values are expressed as a percentage of the level of infection in each medium in the absence of inhibitors (shown in panel C). Error bars, SEM. P values were
determined by a two-tailed t test. *, P � 0.05; **, P � 0.005. (E) (Left) Titration of GRFT effects on HIV-1 containing the strain 1053-07 Env in the indicated media.
sSP was supplemented with 30 mM fructose. (Inset) Calculated IC50 and IC75 values of GRFT are shown. (Right) Infectivity, cell viability, and fructose
concentrations in the different samples are shown.
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PGT121 was unaffected by fructose supplementation. Titration of GRFT in the different
media showed that the effect of fructose-containing sSP was similar to that of whole
hSP, whereas both DMEM and fructose-free sSP allowed effective inhibition (Fig. 6E).

Semen fructose reduces HIV-1 inhibition by the lectin GRFT. To investigate the
contribution of semen fructose to SP-mediated effects on GRFT inhibition, we analyzed
whole and fractionated hSP samples from individual donors. Both the small- and
large-solute fractions contributed to the resistance profile in whole hSP. In some
samples, the large-solute fraction caused a greater rescue of infectivity in the presence
of GRFT (group I in Fig. 7A) and could account for the effect of whole hSP. In other
cases, the small-solute fraction caused a greater rescue of infection (group II in Fig. 7A).
The differences in GRFT inhibition between hSP samples were not associated with the
levels of infectivity measured in them (Fig. 7A, bottom). For example, samples from
donors 64, 52, and 46 exhibited similar levels of infectivity in their small- and large-
solute fractions but considerably different levels of GRFT inhibition. Importantly, the
effect of the small-solute fraction of each sample on GRFT inhibition was highly
correlated with the level of fructose that it contained (Fig. 7B). Virus inhibition was
approximately 100-fold greater in samples that contained high concentrations of
fructose than in samples that contained low concentrations. Consistent with this
finding and the data shown in Fig. 6E, supplementation of a whole hSP sample that
contained a low fructose concentration (from donor 30) with exogenous fructose
effectively rescued infectivity in the presence of GRFT (Fig. 7C, top). Similarly, fructose

FIG 7 Fructose in human seminal plasma reduces HIV-1 inhibition by the lectin GRFT. (A) HIV-1 infection and GRFT inhibition in hSP fractions from different
donors. (Bottom) Infection by virus containing the Env of isolate 1053-07 was measured in DMEM, sSP(�Fr) (15 mM), or whole hSP from individual donors and
in the small- and large-solute fractions of all samples. (Top) Infection in the same samples was measured in the presence of 60 nM GRFT. Infection in the
presence of GRFT is expressed as a percentage of the level of infection in its absence in the same sample. Group I donor samples showed greater effects of
the large-solute fraction on GRFT inhibition than group II samples, whereas group II samples showed greater effects of the small-solute fraction than group I
samples. (B) Relationship between the fructose concentration in the small-solute fraction of hSP samples and virus infectivity in the same samples in the
presence of GRFT. (C) Supplementation of hSP samples with exogenous fructose rescues virus infectivity in the presence of GRFT. Fructose was added to whole
SP or to the large-solute fraction from donor 30 to obtain the indicated concentrations of the saccharide. Error bars, SEM. (D, E) Comparison of HIV-1 inhibition
by T-20 and GRFT in the small- and large-solute fractions of donor hSPs. Infectivity by virus containing the isolate 1053-07 Env was measured in the presence
of T-20 (6 �M) or GRFT (60 nM) in hSP fractions from different donors. The infectivity measured in each donor sample in the presence of the inhibitors is
compared. rs, Spearman correlation coefficient. P values were determined by a two-tailed test.
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supplementation of the fructose-depleted large-solute fraction of this hSP effectively
reduced GRFT inhibition (Fig. 7C, bottom).

To examine whether these effects are specific for the inhibitor, we compared the
impact of the small- and large-solute fractions on GRFT with their impact on another
agent that exhibits reduced potency in whole semen, the fusion inhibitor T-20 (Fig. 5F).
In the presence of T-20, the small-solute fractions of the donor samples increased
infectivity to different extents, ranging from no change to a 100-fold increase (Fig. 7D).
Inhibition by T-20 and GRFT in sSP and hSP samples was significantly lower than that
in DMEM. The effect of each small-solute sample on GRFT inhibition was not associated
with its effect on T-20 inhibition. Consistent with this finding, the effects of the
small-solute samples on T-20 inhibition were not correlated with their fructose content
(P � 0.27 in a Spearman correlation test; data not shown). We also compared the
potency of the two agents in the large-solute fractions (Fig. 7E). T-20 inhibition in the
large-solute fractions of the sSP and hSP samples was 2 orders of magnitude lower than
that in DMEM. Some large-solute samples showed considerable rescue from inhibition
by both T-20 and GRFT; however, this relationship was not statistically significant
(P � 0.1 in a Spearman correlation test).

Together, these data show that both large and small solutes in semen affect HIV-1
inhibition by GRFT. Different patient samples exerted different effects; in some cases,
the profile in whole hSP could be explained by the effects of the small-solute fraction,
whereas in others it could be explained by the effects of the large-solute fraction. For
GRFT (but not for T-20), the effects of the small-solute fractions were largely deter-
mined by the fructose content. Depletion of small solutes from hSP increases GRFT
inhibition, whereas replenishment of fructose reduces it. The effects of the large-solute
fraction on the inhibitors spanned a range of up to 3 orders of magnitude in different
samples. The inhibition profiles in the synthetic SP formulation reflected well the effects
of the human semen samples and differed significantly from the inhibition profiles in
DMEM. These results further emphasize the limited ability of cell culture media to
accurately mimic the inhibitory profiles observed in human semen.

DISCUSSION

A wide array of BNAbs that target HIV-1 Env have been isolated and characterized
over the past 3 decades (65). Several potent inhibitors of Env have also been developed
as microbicides (reviewed in reference 66). The molecular basis for the interaction
between many of these agents and Env has been thoroughly investigated. Additionally,
inherent properties of the Envs have been described to explain the sensitivity profile of
each virus strain (53, 67, 68). Nevertheless, one factor that significantly impacts the
virus-inhibitor interaction has been relatively overlooked, the small-solute composition
of the solvent. Different secretions serve as vehicles for the transmission of viruses; each
contains a unique composition of salts and saccharides. Breast milk contains high levels
of lactose (more than 200 mM) and a diversity of oligosaccharides. Saliva is uniquely
hypotonic relative to other secretions (often less than 100 mOsm/l) (69, 70). Such
diverse chemical environments can impact virus transmission and inhibition. In this
work, we show that a unique chemical component of semen, fructose, affects HIV-1
recognition by inhibitory ligands. This effect is specific for a broadly acting and potent
class of antiviral agents that target �1,2-linked mannose residues, which are abundant
and conserved on HIV-1 and other pathogenic viruses.

Seminal plasma has evolved in mammals to maximize the viability of spermatozoa
and their delivery to the oocyte. Semen is formed by the merging of glandular
secretions in the ejaculatory duct, which initiates a rapid coagulation process (71). The
coagulum then liquefies over minutes by proteolytic degradation (71, 72). Liquefied
ejaculate is maintained in the vaginal cavity for several hours (24, 25). The buffering
capacity and relatively large volume of semen neutralize the acidic pH of vaginal
secretions and maintain virus infectivity (24). In healthy women, the ejaculate is then
gradually replaced by low-pH vaginal secretions that inactivate the virus (24, 26, 27).
Thus, during the time frame that viruses are infectious (i.e., transmissible), they are likely

Johnson et al. Journal of Virology

May 2020 Volume 94 Issue 9 e01749-19 jvi.asm.org 14

https://jvi.asm.org


exposed to semen (73, 74). It is during this time that mucosal antibodies and micro-
bicides should inactivate the virus. However, the activity of these agents is reduced in
semen (31, 35, 36, 62). Such effects can be explained, at least in part, by specific proteins
unique to semen. Cationic polypeptide complexes in semen increase the rate of virus
entry in vitro, thus nonspecifically reducing the potency of inhibitory agents (75, 76).
Other large solutes in semen may sequester inhibitors (77). Here, we fractionated the
donor samples into small- and large-solute components. In most samples, the large-
solute fraction exerted significant effects on the potency of the inhibitors GRFT and
T-20 (Fig. 7). In addition, we show that the small solutes of semen considerably reduce
their potency; in half of the samples that we analyzed, the small solutes exerted a
greater effect on GRFT efficacy than the large-solute fraction. The effect of the small-
solute fraction on GRFT inhibition was determined by the concentration of fructose
in the sample (Fig. 7B). Differences in fructose concentrations between donor samples
may result from various contributions of the different organs to the ejaculate (mainly
the prostate, seminal vesicles, testicles, and epididymis). For example, the volume of
seminal vesicle secretions (the source of semen fructose) is affected by the duration of
sexual abstinence (78) and inversely related to donor age (79). Other donor-specific
properties may also affect semen parameters and composition (80). Such variation in
semen glandular contributions can potentially explain the differences in inhibition
profiles by the fusion inhibitor T-20. Several components of semen may affect T-20. The
hydrophobic lipid-binding domain of this peptide at its C terminus (composed of
Trp670, Trp672, and Phe673) likely allows binding to albumin (mainly derived from the
prostate) and potentially other proteins in seminal plasma (81). Indeed, the protein
content of hSP and sSP is higher than that of DMEM supplemented by 10% FCS. That
the protein-free fraction of the simulant reduces T-20 inhibition (to a similar extent as
the large-solute fraction; Fig. 7D and E) indicates that small solutes can also impact the
efficacy of this peptide.

The high content of fructose in semen may also affect the attachment of HIV-1 (and
possibly other viruses) to target cells. Myeloid cells at mucosal sites express dendritic
cell-specific ICAM-grabbing nonintegrin (DC-SIGN). This cell-surface C-type lectin cap-
tures virions and mediates their transport to T cells in lymphoid organs (82, 83).
Saccharides in other body fluids (e.g., breast milk) can reduce the binding of HIV-1 Env
to DC-SIGN (84). It is plausible that semen fructose also affects DC-SIGN-mediated
infection. The tools described in this work, which reduce the toxic effects of hSP, will
likely facilitate investigations of the role of semen components in lectin-mediated
infection.

Whereas our understanding of the molecular events associated with HIV-1 entry and
postentry steps has improved over the past 3 decades, our knowledge of how they
occur during sexual transmission and the impact of the chemical and molecular
environment on them is still limited. A significant hurdle is imposed by the toxic effects
of human semen on cells (28, 29, 33, 36). Multiple factors in semen are detrimental to
cell viability, including the polyamines spermine, spermidine, and putrescine; their
oxidation generates hydrogen peroxide and aminoaldehydes that are toxic to cells
(85–87). In addition, the reactive oxygen species (ROS) generated by sperm and
leukocytes in semen contribute to the oxidative stress (88). ROS are required for sperm
cell capacitation and fertilization of the ovum (89); however, they can also damage
sperm and other cells (90). Furthermore, aminoaldehydes and ROS can modify inhibi-
tors by carbonylation, impairing their activity. To reduce toxic effects, we (i) used
high-density cell cultures, which maintain greater viability in hSP than low-density
cultures (Fig. 5B), and (ii) controlled the time of exposure to the medium; the entire
entry process was allowed to occur for 75 min in semen in the presence of all factors
(virus, inhibitor, cells, and 77.5% hSP). This time frame corresponds with the viability
time of the virus in the vaginal cavity. After intercourse, semen increases the pH in the
vaginal cavity from �4 to �7.2, which then decreases over the course of less than 2 h
by acidic vaginal secretions (24). Once normal vaginal acidity is restored, viruses are
inactivated. Thus, our time window of 75 min for exposure of virus to hSP reflects the
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time frame in which the virus is functional in this environment. Despite the above-
described measures, we expect that some toxicity is induced by many hSP samples.
Reduced cell viability and effects on the inhibitors can potentially present spurious
effects on inhibition. Several lines of evidence support the notion that the observed
impacts of semen on inhibition cannot be substantially attributed to these factors but,
rather, can be attributed to disruption of the Env-inhibitor interaction. First, the effect
of each hSP sample on inhibition is not associated with its effects on virus infectivity or
cell viability. For example, samples from donors 46 and 56 exerted the same effects on
viability and infectivity but caused vastly different effects on GRFT inhibition (Fig. 5G).
Second, we observed similar inhibition profiles in hSP and sSP, but these were distinct
from those observed in DMEM. Third, the effects of hSP were inhibitor specific; the
potencies of b12 and PGT121 were unaffected, whereas the potencies of 2G12, GRFT,
and T-20 were significantly impaired (Fig. 5F).

It is noteworthy that fructose abrogates inhibition by GRFT more efficiently than that
by 2G12; this was observed in DMEM (Fig. 1D), sSP (Fig. 4A), and hSP (Fig. 5F). Such
effects may be attributed to the broader specificity of GRFT, which can also bind
N-acetylglucosamine (38), whereas 2G12 does not bind this moiety (91). Efficient
disruption of the interaction between GRFT and N-acetylglucosamine by fructose may
render this inhibitor more sensitive to the effects of semen. In addition, the modestly
lower affinity of GRFT to Env (relative to that of 2G12) may account for the greater
competitive inhibition by fructose (92, 93). Supporting this notion is the finding that
Env strains that are less sensitive to GRFT neutralization are more sensitive to the effects
of fructose (Fig. 2E).

Our experimental design is based on the exposure of immobilized viruses to
minimally diluted semen. A previous study by Zirafi and colleagues, which analyzed the
effects of semen on HIV-1 neutralization, was based on dilution of the virus-hSP mix
into cell cultures that contained the inhibitor (36). The two approaches analyze distinct
effects of semen on inhibition and are complementary. The use of immobilized viruses
is designed to eliminate the effects of semen on cell attachment, which can mask
specific effects on the virus-inhibitor interaction. Accordingly, we observed no effects of
hSP on the antibody b12 or PGT121; their binding to Env was likely not disrupted by
a specific solute in semen. Our approach mimics the concentration of hSP to which
virus and cells are exposed. The normal range for an ejaculate volume is 2 to 5 ml,
whereas the volume of vaginal fluid is 0.5 to 1 ml (94), which explains the use of 77.5%
hSP. Nevertheless, our approach assumes sufficient mixing of the semen and virus with
the inhibitor before cells are encountered, which may be more limited in vivo. The
dilution-based approach (36) mimics conditions under which the microbicide is con-
tained in vaginal fluid and then semen-containing virus is deposited. It explains the
effects of semen on the virus attachment step: semen reduced the efficacy of distinct
antibodies, such as 2F5 and 2G12, to a similar extent, the changes corresponded with
the effects of SEVI alone on efficacy of the antibodies (36). However, this approach does
not reflect the proportions of semen and vaginal fluid after intercourse (normally, �7:1)
(22, 94), which may alter the interaction between Env and the inhibitor. Therefore, the
two experimental approaches are complementary: one evaluates the effects of hSP on
cell attachment and the other evaluates the effects of hSP on the interaction with the
inhibitor. Both show a reduced effect of inhibitors in semen.

A vital tool that we applied to simulate semen-mediated virus transmission was a
formulation of SP that contains the major small solutes in semen at their average
physiological concentrations. The simulant is stable (i.e., does not precipitate) and
nontoxic to cells for at least 6 h. The efficiency of HIV-1 entry in sSP resembled the
average measured in hSP samples and differed from that measured in the cell culture
medium (Fig. 7A). Furthermore, the potencies of the inhibitors (both T-20 and GRFT) in
human and synthetic SPs were similar and differed (often by several orders of magni-
tude) from those measured in DMEM (Fig. 7D and E).

GRFT has been successfully tested in mice and nonhuman primates (20, 95, 96) and
is currently applied in clinical trials as a vaginal or rectal microbicide to prevent the
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transmission of HIV-1 and HPV. New methods have recently been developed to mass
produce this agent in plants in combination with other high-mannose-targeting agents
(97). Whereas GRFT is stable (98) and nontoxic to cells (42), our data suggest that its
effective concentration is reduced by the ejaculate. Dilution by semen (99), the daily
turnover of vaginal fluid (94), and sequestration by glycans on epithelial cells (42) will
likely further reduce the activity of this agent. Since many strains exhibit intermediate
sensitivity to GRFT, their neutralization in vivo will likely be impacted more considerably
by semen fructose than the neutralization of strains that are highly sensitive to GRFT
(Fig. 2E). Our findings suggest that it would be prudent to test the efficacy of these
microbicides in the presence of semen simulants in vitro and in animal models as a
preliminary step before clinical studies in humans.

MATERIALS AND METHODS
Antibodies, cells, and reagents. The reagents indicated below were obtained through the NIH AIDS

Reagent Program, Division of AIDS, NIAID, NIH. Hermann Katinger kindly provided MAb 2G12 (10). The
MAb 447-52D was contributed by Susan Zolla-Pazner (100). The MAb b12 was a kind gift from Dennis
Burton (101, 102). Barry O’Keefe and James McMahon provided the recombinant His-tagged lectin
griffithsin (98, 103). Robert Gallo contributed the T-cell lymphoma cell line H9 (104). The fusion inhibitor
enfuvirtide (T-20) was provided by Roche. The International AIDS Vaccine Initiative (IAVI) Neutralizing
Antibody Consortium kindly provided MAbs PGT121 and PGT126 (14, 105). The antiviral lectin Galanthus
nivalis agglutinin (GNA) (9, 45) was purchased from Sigma-Aldrich (catalog number L8275). Canis
familiaris thymus normal (Cf2Th) cells expressing CD4 and CCR5 (Cf2Th CD4� CCR5� cells) were provided
by Joseph Sodroski (106). Human osteosarcoma (HOS) and human embryonic kidney (HEK) 293T cell lines
were obtained from the American Type Culture Collection (ATCC). For all experiments performed in
DMEM, the medium was supplemented with 10% fetal bovine serum.

Processing of donor seminal plasma. Semen samples from HIV-negative donors were provided to
the In Vitro Fertilization and Reproductive Testing Laboratory at the University of Iowa Hospitals and
Clinics. Deidentified donor seminal plasma intended for discarding were applied in this study (see below).
Accordingly, this work was determined to be nonhuman subject research by the University of Iowa
Human Use Review Board (Institutional Review Board number 201901845). Ejaculate was collected by
masturbation into sterile containers, allowed to liquefy for 20 min at 37°C, and centrifuged at 3,000 rpm
for 10 min to remove sperm and other cells. The supernatant (seminal plasma), which is normally
discarded at this stage, was then collected, aliquoted, and frozen at �80°C until use. Information on all
donor hSP samples, including age range, vasectomy status, days of sexual abstinence before collection,
sample volume, and fructose concentration, is provided in Data Set S2 in the supplemental material. To
separate small solutes (including fructose) from the larger SP components, 1 ml of each sample was
filtered through a 3-kDa-MWCO membrane by centrifugation at 5,000 � g for 30 min and the filtrate was
collected. To exchange the remaining small solutes in the retained fraction, 10 ml of albumin- and
fructose-free sSP (see the composition below) was added and the sample was filtered through a
3-kDa-MWCO membrane by centrifugation. This process was repeated a second time, and the final
retained fraction was collected and the volume was adjusted to the original volume (1 ml) using albumin-
and fructose-free sSP.

Preparation of recombinant luciferase-expressing viruses. Env-expressing plasmids were gener-
ated by amplification of the env genes (nucleotides 5960 to 8904 of the HIV-1 genome) from the
pCDNA3.1 expression vector and cloning of the product into the pSVIIIenv vector using the Infusion
system (Clontech), as previously described (53, 107). Information about all Envs used in this study is
provided in Data Set S1. Single-round, recombinant HIV-1 containing the Envs and expressing the firefly
luciferase gene was generated by transfection of 293T cells using JetPrime reagent (Polyplus Inc.), as
previously described (53). Briefly, 8.5 � 105 cells were seeded in each well of a 6-well plate and
transfected the next day with 1.2 �g of the firefly luciferase-expressing construct pHIvec2.luc, 0.4 �g of
the HIV-1 packaging construct pCMVΔP1ΔenvpA, and 0.2 �g and 0.4 �g of plasmids expressing HIV-1
Rev and Env, respectively. At 2 days after transfection, virus particles were pelleted from the supernatants
by ultracentrifugation at 100,000 � g for 2 h at 12°C, resuspended in phosphate-buffered saline (PBS),
and stored at �80°C until use. Viruses produced from H9 cells were generated in T75 flasks (7.0 � 106

cells per flask), using 12.4 �g of pHIvec2.luc, 4.1 �g of pCMVΔP1ΔenvpA, and 4.1 �g of a plasmid
expressing HIV-1 Env.

Measurements of HIV-1 inhibition by antibodies and microbicides. Viruses suspended in DMEM
were incubated at 37°C for 2 h in the absence or presence of HIV-1 inhibitors and different concentrations
of fructose. Samples were then added to 96-well plates containing Cf2Th CD4� CCCR5� cells (3.0 � 104

per well), and the plates were incubated at 37°C for 72 h. All infectivity tests were performed with two
replicate samples for each condition. Cells were lysed, and virus infection was measured by luminescence
using luciferin reagent, as previously described (53). Inhibitor potency was calculated by the level of virus
infection in the absence of inhibitor relative to the level of virus infection in its presence.

To measure infection in synthetic or human SP, viruses suspended in PBS were attached to 96-well
protein-binding plates (PerkinElmer) by spinoculation at 2,000 � g for 2 h at 10°C. The plates were then
blocked with DMEM for 16 h at 23°C. Plate-bound viruses were washed with Tris-buffered saline (150 mM
NaCl, 20 mM Tris base, pH 7.5), and then 80 �l of SP (composed of 77.5 �l of SP and 2.5 �l of the
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inhibitors or the PBS control) was added to each well. Samples were incubated at 37°C for 2 h, and 20 �l
containing 6.0 � 104 Cf2Th CD4� CCR5� cells suspended in Tris-buffered saline was added to each well
(final concentration of semen, 77.5%). Entry was allowed to proceed for 75 min at 37°C, the medium was
removed, and trypsin was added to detach the cells. The cells were then resuspended in DMEM
containing 11 �M the fusion inhibitor T-20 to prevent further infection and transferred to new 96-well
plates. Virus infection and inhibitor potency were measured by luminescence 3 days later, as described
above.

Measurement of inhibitor binding to HIV-1 Envs on cells and virus particles. Binding of
antibodies and GRFT to HIV-1 Envs expressed on HOS cells was measured using a previously described
cell-based ELISA system (53, 68, 106). Briefly, cells were seeded in 96-well plates (1.2 � 104 per well) and
transfected with 60, 6, and 12 ng of plasmids expressing Env, Rev, and Tat, respectively, using the
JetPrime transfection reagent. In all experiments, a negative-control plasmid containing a premature
stop codon at amino acid position 46 of Env (according to the standard HXBc2 numbering) was used to
quantify the background binding of each inhibitor to the cells. At 3 days after transfection, the cells were
incubated in DMEM or sSP containing 0.5 �g/ml of the MAbs or 5 nM GRFT at 37°C for 45 min. All samples
were then washed (in buffer containing 20 mg/ml bovine serum albumin [BSA], 1.8 mM CaCl2, 1 mM
MgCl2, 25 mM Tris, pH 7.5, and 140 mM NaCl) and incubated in the same buffer supplemented with
horseradish peroxidase (HRP)-conjugated goat anti-human immunoglobulin (Fisher Scientific) or mouse
anti-His antibody (Proteintech) for 45 min. The cells were washed, and HRP enzyme activity was
measured by light emission using chemiluminescence detection reagents with a Synergy H1 microplate
reader (BioTek Instruments), as previously described (53). To measure inhibitor binding to viruses,
purified virus stocks were diluted in PBS and attached to 96-well protein-binding plates by spinoculation
at 2,000 � g for 2 h at 10°C. The plates were then blocked with DMEM at 23°C for 16 h, and inhibitor
binding was measured by ELISA, as described above.

Measurement of HIV-1 p24 antigen content by electrophoresis and Western blotting. Purified
virus stocks (in PBS) were lysed by incubation with NP-40 buffer (0.5% NP-40, 0.5 M NaCl, 10 mM Tris, pH
7.5) for 1 h at 4°C with constant agitation. Samples were then loaded on 12% Tris-glycine polyacrylamide
gels (Invitrogen), analyzed by SDS-PAGE, and transferred to polyvinylidene difluoride membranes.
Polyclonal mouse anti-HIV-1 p24 antigen was used for probing the membranes, and a secondary
(HRP-conjugated) goat anti-mouse IgG antibody was used for detection of the primary antibody. Band
intensity was quantified by densitometry.

Preparation of sSP. The simulant of seminal plasma (sSP) formulation was prepared in 100-ml stocks
and contained the following reagents: 0.71 mM sodium phosphate monobasic, 7.09 mM sodium phos-
phate dibasic, 20 mM sodium bicarbonate, 27.64 mM trisodium citrate, 12.18 mM potassium chloride,
15.7 mM potassium hydroxide, 6 mM glucose, 7 mM lactic acid, 7.5 mM urea, 4.5 mM magnesium
chloride, 7 mM calcium chloride, 2 mM zinc chloride, and 5.04% BSA. The solution was adjusted to a pH
of 7.7 and filtered through a 0.45-�m-pore-size membrane. Fructose was prepared at a stock concen-
tration of 1.5 M in Tris-buffered saline (pH 7.7) and added to the simulant for a final concentration of 15
to 60 mM. The simulant formulation described by Owen and Katz was prepared as previously described
(22). The buffering capacity of the formulations (in slyke units) was determined by the number of
micromoles of HCl added to 1 ml of solution required to change the pH by 1 unit.

Effect of seminal plasma on cell viability and apoptosis induction. To measure cell viability, the
ATP content in the samples was quantified using the CellTiter-Glo luminescent viability assay reagent
(Promega). Cf2Th CD4� CCR5� cells were incubated in DMEM, sSP, or hSP at 37°C for different times,
washed twice with DMEM, and further cultured in DMEM for 36 h at 37°C. The culture medium was
removed, 100 �l of the CellTiter-Glo reagent was added to each well, and the samples were incubated
for 10 min at 23°C. Luminescence was measured using a Synergy H1 luminometer.

To measure the induction of apoptosis, Cf2Th CD4� CCR5� cells (2 � 105 cells per 6-well plate well)
were incubated for 75 min at 37°C with 1 ml of DMEM, sSP without fructose, sSP with 15 mM fructose,
or DMEM supplemented with 4 �M the apoptosis-inducing agent staurosporine. The cells were then
washed once with DMEM and further incubated in DMEM for 14 h at 37°C. The cells were subsequently
detached from the plates using Accutase solution (Sigma), washed twice with PBS, and resuspended in
100 �l of binding buffer (150 mM NaCl, 5 mM MgCl2, 5 mM KCl, 1.8 mM CaCl2, 10 mM HEPES, pH 7.4). Five
microliters of fluorescein isothiocyanate-conjugated annexin V antibody (BD Biosciences) was added to
the cells, and the mixture was incubated at room temperature for 15 min. The sample was then
supplemented with 400 �l of binding buffer and 1 �g/ml of propidium iodide, and the cells were
analyzed by flow cytometry. The cells were gated by forward and side scatter to exclude debris.

Measurement of fructose concentration in human seminal plasma samples. Resorcinol- and
indole-based colorimetric assays were used to measure fructose concentrations. The resorcinol agent was
prepared by adding 33 ml of 12 M HCl to 67 ml of 45.4 mM resorcinol in water. Assay standards that
contained different concentrations of fructose were prepared in Tris-buffered saline (150 mM NaCl,
20 mM Tris base, pH 7.5). Each SP sample was added to the resorcinol reagent at a 1:10 (vol/vol) dilution
in a final volume of 330 �l, vortexed, and incubated for 3 min at 100°C. The samples were cooled at room
temperature and added in duplicate to a 96-well plate, and the absorbance was read at 545 nm. For the
indole-based assay, 5 �l of hSP or fructose standards was added to 50 �l of sterile water. Each sample
was then supplemented with 12.5 �l of 63 mM zinc sulfate and 12.5 �l of 100 mM sodium hydroxide.
Fifty microliters of each sample was added to 50 �l of 2 mM indole reagent (in water) and 500 �l of 12
M HCl, and the samples were incubated for 20 min at 50°C. The samples were then cooled on ice for
15 min, and the absorbance was read at 470 nm.
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Statistical analysis. Two-tailed Spearman rank-order tests were used to evaluate the correlation
between data variables (Spearman correlation coefficient [rs]). P values of less than 0.05 were considered
statistically significant. All experiments contained at least two replicate samples for each condition and
were performed at least twice for validation. Standard errors of the means (SEM) were used to describe
experimental variation within or between experiments, as indicated in the figure legends.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
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