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Abstract

Most HIV-1 transmissions occur at mucosae and involve exposure to semen. Semen contains immunomodu-
latory factors, which inhibit anti-HIV-1 natural killer cell and T cell responses. We demonstrate high con-
centrations (1:2 dilution) of seminal plasma (SP) inhibit monocyte phagocytosis and anti-HIV-1 Fc-dependent
functions of both neutrophils and monocytes. In addition, slightly lower SP concentrations (1:2–1:10 dilutions)
inhibit granulocyte phagocytosis and oxidative burst of both monocytes and granulocytes. These observations
may have implications for HIV-1 infectivity after mucosal exposure.
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There is interest in utilizing anti-HIV-1 antibody Fc-
dependent effector cell functions to protect against HIV-

1 infection. The RV144 vaccine trial showed partial protec-
tion from HIV-1 infection correlated with non-neutralizing
immunoglobulin G (IgG) directed to envelope.1 Secondary
analyses revealed that the ability of anti-HIV-1 IgG to trigger
antibody-dependent cellular cytotoxicity (ADCC), an Fc-
dependent function, correlated with protection in individuals
carrying low levels of anti-HIV-1 immunoglobulin A.1 Si-
milarly, Fc-dependent functions of anti-viral IgG have been
implicated in protection of infants from HIV-1 infection
through breastfeeding2 and protection of macaques immu-
nized with live-attenuated simian immunodeficiency virus.3

Much research regarding anti-HIV-1 Fc-dependent functions
has focused on natural killer cell-mediated ADCC. It is im-
portant to note, however, Fc-dependent functions are also
mediated by neutrophils and monocytes,4,5 which might be
present at sites of mucosal exposure to HIV-1.

Most new HIV-1 infections are established after sexual
exposure at mucosal membranes, often involving semen.
Semen is a complex solution containing factors that can drive
or inhibit HIV-1 infection.6 Semen contains proinflammatory
components, which can serve to recruit leukocytes, including
macrophages, to the female reproductive tract postcoitus.7

Semen also contains immunosuppressive factors that inhibit
immune responses in vitro.8–10 We previously showed T cell
and NK cell anti-HIV-1 functions are inhibited by seminal
plasma (SP),9 but have not analyzed the effect of SP on
neutrophils and monocytes.

We first tested the effect of SP on phagocytosis of op-
sonized heat-inactivated fluorescein isothiocyanate-labeled
Escherichia coli (PHAGOTEST� kit; Glycotope Bio-
technology). Whole blood (50 lL) was mixed with 50 lL of
an HIV-1-uninfected SP pool (BioIVT) diluted in RF10 or
RF10 alone. E. coli (20 lL of 2 · 109/mL) was added and
incubated for 10 min at 37�C. Samples were then placed on
ice and quenched to prevent detection of surface-bound
bacteria. Finally, samples were treated with 500 lL of AC-
CUTASE (StemCell Technologies) for 10 min to promote
detachment before analysis by flow cytometry, using forward
and side scatter to identify monocytes and granulocytes.
Robust phagocytosis of opsonized bacteria was detected in
the absence of SP by both leukocyte populations, with be-
tween 83.0%–94.0% monocytes and 68.9%–96.5% granu-
locytes containing FITC-labeled bacteria (Fig. 1A). SP
inhibited phagocytosis activity of both leukocyte popula-
tions in a dose-dependent manner. Significant decreases
in granulocyte-mediated phagocytosis were noted in the
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presence of 1:2, 1:5, and 1:10 SP dilutions. A significant
decrease in monocyte-mediated phagocytosis was only ob-
served in the presence of a 1:2 SP dilution.

Oxidative burst functions of phagocytes are critical to the
killing of engulfed pathogens by granulocytes and mono-
cytes. We next tested the effect of SP on oxidative burst, as
measured by conversion of a fluorogenic substrate dihydro-
rhodamine 123 to rhodamine 123, of granulocytes and
monocytes after phagocytosis of E. coli (PHAGOBURST�
kit; Glycotope Biotechnology). Samples were prepared as
previously, except that after the 10 min incubation at 37�C,
20 lL of substrate was added to tubes, which were then in-
cubated for another 10 min at 37�C. Oxidative burst activity
was detected in 37.4%–83.1% monocytes and 62.2%–92.0%
granulocytes in the absence of SP (Fig. 1B). The addition of
1:2–1:10 dilutions of SP significantly inhibited oxidative
burst activity for both granulocytes and monocytes.

Anti-HIV-1 antibody-mediated functions of phagocytic
cells may be important effector mechanisms of HIV-1 pre-
vention,11 but the effect of SP on these functions has not been
studied. The rapid fluorescent ADCC (RFADCC) assay de-
tects anti-HIV-1 antibody-dependent functions of effector
cells using a labeled HIV-1 envelope-coated CD4+ T cell
line as targets.4,5 Although envelope-coated target cells do
not recapture the trimeric closed conformation of envelope
observed on HIV-1-infected cells, antibodies targeting CD4-
bound envelope are common in plasma IgG from HIV-1-
infected donors.12 As such, utilization of gp120-coated target
cells allows detection of robust anti-HIV-1 antibody-
dependent responses using plasma IgG. Peripheral blood
mononuclear cells or enriched neutrophils (EasySep� Direct
Human Neutrophil Isolation Kit; StemCell Technologies)
were coincubated for 1 h with CFSE and PKH26 labeled
HIV-1BaL gp120-coated CEM.NKr-CCR5 cells at a 5:1
effector to target cell ratio. Incubations were conducted in
the presence of 100 lg/mL of pooled HIV-1 immuno-
globulin (HIVIG), as the source of anti-HIV-1 antibody, and
in the presence or absence of SP. The HIV-1 specificity of

monocyte and neutrophil RFADCC responses has been
previously confirmed.4,5 Purified neutrophils, or monocytes
within PBMC, that took up PKH26+ CEM.NKr-CCR5
membrane were quantified by flow cytometry. SP had a
modest negative impact on anti-HIV-1 RFADCC, significantly
inhibiting the response at a 1:2 dilution only (Fig. 1C).

High concentrations of SP were employed to assess mod-
ulation of leukocyte responses. Importantly, SP is known to
have cytotoxic effects after cell culture.13 To determine if
cytotoxicity explained inhibition of leukocytes, we incubated
50 lL of blood from three donors with a 1:2 dilution of SP for
3 h. Next, blood was washed twice with phosphate buffered
saline (PBS), to remove serum proteins, and stained with
LIVE/DEAD� far red stain (Invitrogen). Lastly, samples
were treated with lysis buffer (BD Biosciences), washed in
PBS and analyzed by flow cytometry. As shown in Figure 1D,
granulocytes and monocytes within blood treated with SP
exhibited similar viability as those not exposed to SP. To
confirm the viability dye identified dead cells, blood from one
donor was fixed with 1% formaldehyde for 10 min before
washing and staining. Cell death of monocytes and granu-
locytes were detected in this sample (Fig. 1D).

The capacity of SP to influence HIV-1 susceptibility is likely
multifactorial, involving both induction of mucosal inflam-
mation and alterations in immune function. We previously
showed SP at very low concentrations (i.e., 1:100–1:1,000 di-
lutions) significantly inhibited NK cell and T cell functions.9 In
this study, we show SP inhibits monocyte phagocytosis and
monocyte and neutrophil RFADCC responses, but relatively
high concentrations (i.e., 1:2 dilution) of SP are required for
this effect. In the absence of SP exposure to underlying innate
cells through microtears of the mucosa, this concentration
may not be achieved. Interestingly, intermediate concentra-
tions of SP (i.e., 1:5 and 1:10) were sufficient to inhibit gran-
ulocyte phagocytosis and monocyte and granulocyte oxidative
burst responses. These data are consistent with previous lit-
erature demonstrating SP to inhibit monocyte and neutro-
phil/granulocyte responses.8,10 The heightened sensitivity of

‰

FIG. 1. Effects of SP on the functions of phagocytes. (A) The capacity of granulocytes and monocytes within heparinized
whole blood from six donors to ingest FITC-labeled Escherichia coli was assessed using the PHAGOTEST� kit. Ex-
periments were conducted in the absence of SP, or in the presence of a range of SP dilutions (1:2. 1:5, 1:10, 1:50, and
1:100). The graphs depict the percentage of granulocytes (top) or monocytes (bottom) positive for E. coli uptake in each
experimental condition. (B) The capacity of granulocytes and monocytes within heparinized whole blood from six donors to
mediate oxidative burst after E. coli exposure was measured using the PHAGOBURST� kit. Experiments were conducted
in the absence of SP, or in the presence of a range of SP dilutions (1:2. 1:5, 1:10, 1:50, and 1:100). The graphs depict the
percentage of granulocytes (top) or monocytes (bottom) positive for oxidative burst in each experimental condition. (C) The
capacity of enriched neutrophils and monocytes within PBMC from six donors to absorb the PKH26+ membrane of PKH26-
and CFSE-labeled HIV-1BaL gp120-coated CEM.NKr-CCR5 target cells, in an anti-HIV-1 antibody-dependent manner, was
assessed using the RFADCC assay. Experiments were conducted in the absence of SP, or in the presence of a range of SP
dilutions (1:2. 1:5, 1:10, 1:50, and 1:100). The graphs depict the percentage of PKH26+ neutrophils (top) or monocytes
(bottom). (D) The effect of SP on granulocyte and monocyte viability was assessed by incubating whole blood alone or in
the presence of SP (1:2 dilution) for 3 h before washing blood with phosphate buffered saline and staining with a viability
dye. As a control for detecting dead cells, a whole blood sample was fixed with 1% formaldehyde before washing and
staining with viability dye. The graphs depict the percentage of live granulocytes (top) or monocytes (bottom), gated by
forward and side scatter, in each experimental condition. For assays depicted in (A, B, C), statistical differences be-
tween experimental conditions were compared using the Friedman test. The condition conducted in the absence of SP
was compared with each condition containing a dilution of SP using Dunn’s multiple comparisons post hoc tests.
Statistical differences between the conditions are represented by the p values at the top of each graph. The horizontal lines
within graphs refer to the median of each experimental condition. The symbols within each graph refer to individual
effector cell donors. ADCC, antibody-dependent cellular cytotoxicity; FITC, fluorescein isothiocyanate; SP, seminal
plasma; PBMC, peripheral blood mononuclear cells; RFADCC, rapid fluorescent ADCC.
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the PHAGOBURST response to inhibition by SP led us to
speculate that inhibition of oxidative burst could create a sit-
uation whereby SP-exposed phagocytic cells engulf but fail to
destroy viral particles. This could increase the likelihood of
noninfected virus-harboring cells infecting new target cells
through infectious synapses. Future research is required
to confirm that SP-mediated inhibition of monocyte and
granulocyte function occurs under physiologically relevant
conditions. Several studies have identified macrophages and
neutrophils in cervicovaginal fluid,14,15 which would rep-
resent mucosal immune cells exposed to the highest con-
centration of SP. The contribution of these cells to immune
function, however, is difficult to determine. Once released
from tissue and shed into the vaginal lumen, these cells are
likely transitory and not long retained in the reproductive
tract. In addition to determining the effects of SP on leu-
kocytes within vaginal fluid, the impact of vaginal fluid it-
self on SP-mediated immunomodulation should be assessed.
Furthermore, determining the degree that SP is diluted by
vaginal fluid postcoitus will establish the physiological
relevance of SP dilutions that suppress leukocyte function
in vitro. Additional work in tissue explants and animal
models should evaluate how immunomodulation by SP in-
teracts with other features of semen, such as the capacity to
recruit cells to mucosal tissues7,16 and the presence of am-
yloid fibrils reported to enhance HIV-1 infectivity,13,17,18 to
shape susceptibility to HIV-1 infection.
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