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ABSTRACT

The majority of human immunodeficiency virus type 1 (HIV-1) transmission events occur in women when semen harboring in-
fectious virus is deposited onto the mucosal barriers of the vaginal, ectocervical, and endocervical epithelia. Seminal factors such
as semen-derived enhancer of virus infection (SEVI) fibrils were previously shown to greatly enhance the infectivity of HIV-1 in
cell culture systems. However, when SEVI is intravaginally applied to living animals, there is no effect on vaginal transmission.
To define how SEVI might function in the context of sexual transmission, we applied HIV-1 and SEVI to intact human and rhe-
sus macaque reproductive tract tissues to determine how it influences virus interactions with these barriers. We show that SEVI
binds HIV-1 and sequesters most virions to the luminal surface of the stratified squamous epithelium, significantly reducing the
number of virions that penetrated the tissue. In the simple columnar epithelium, SEVI was no longer fibrillar in structure and
was detached from virions but allowed significantly deeper epithelial virus penetration. These observations reveal that the action
of SEVI in intact tissues is very different in the anatomical context of sexual transmission and begin to explain the lack of stimu-
lation of infection observed in the highly relevant mucosal transmission model.

IMPORTANCE

The most common mode of HIV-1 transmission in women occurs via genital exposure to the semen of HIV-infected men. A pro-
ductive infection requires the virus to penetrate female reproductive tract epithelial barriers to infect underlying target cells.
Certain factors identified within semen, termed semen-derived enhancers of virus infection (SEVI), have been shown to signifi-
cantly enhance HIV-1 infectivity in cell culture. However, when applied to the genital tracts of living female macaques, SEVI did
not enhance virus transmission. Here we show that SEVI functions very differently in the context of intact mucosal tissues. SEVI
decreases HIV-1 penetration of squamous epithelial barriers in humans and macaques. At the mucus-coated columnar epithelial
barrier, the HIV-1/SEVI interaction is disrupted. These observations suggest that SEVI may not play a significant stimulatory
role in the efficiency of male-to-female sexual transmission of HIV.

There has been great interest in the potential role that semen
may play in the transmission of human immunodeficiency

virus (HIV). Previous in vitro studies have shown that human
semen enhances HIV-1 infectivity independent of tropism (1–4).
Some investigations suggest a proinflammatory role when semen
is introduced to the genital tract such that it alters the activation
state of potential target cells and neutralizes the native acidic pH
(5). Still, findings presented elsewhere suggest a target cell-specific
protective effect of semen (6–9). Male-to-female HIV-1 transmis-
sion events are a consequence of exposure to semen harboring
infectious virus (10). Recently, semen-derived factors that can en-
hance HIV-1 infectivity have received much attention. The best
characterized of these factors are amyloid fibrils termed semen-
derived enhancer of viral infection (SEVI), identified by fraction-
ation of semen from healthy human donors (2, 11). SEVI is a
38-amino-acid-long fragment of the naturally occurring seminal
protein prostatic acidic phosphatase (PAP), a highly expressed
protein produced by the prostate organ that can persist within
vaginal secretions for up to 30 h after intercourse (12). The SEVI
peptide enhances infectivity only when it is in its fibrillar form and
established protocols are used (2). The amount of such fibrils in
semen is controversial, but a recent report demonstrated the abil-

ity to find similar structures at low levels in semen (13). In cell
culture, SEVI fibrils have been shown to form complexes with
HIV-1 and to facilitate virion-cell surface interactions, thereby
enhancing infectivity up to 105-fold in cell culture at limiting viral
inoculum (2). However, when tested by using the rhesus macaque
transmission model, no significant enhancement of transmission
mediated by either SEVI or seminal plasma (SP) was observed
(14). This suggests that the cell culture systems typically used to
study the potential influence of semen and SEVI on infection do
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not accurately reflect the natural transmission events that occur
once HIV-1 interacts with mucosal sites of infection. Better
knowledge of how these seminal factors influence the interaction
of HIV-1 with female reproductive tract (FRT) tissues would ex-
pand our understanding of any potential role(s) that semen plays
in the sexual transmission of HIV.

The mechanism of how HIV-1 enters the epithelial barriers of
intact FRT explant cultures and living macaques by percolative
diffusion was recently described (15). Using a unique method to
identify distinct HIV-1 particles without the encumbrance of tis-
sue autofluorescence, we demonstrated that HIV-1 can penetrate
both the vaginal and ectocervical stratified squamous and endo-
cervical simple columnar epithelia of the lower FRT (15). For a
productive infection to occur, HIV-1 must efficiently traverse
these epithelia to reach target cells (16–18) located in the intra- or
subepithelial compartments (15, 19). We took advantage of our
ability to study the interaction of HIV-1 with mucosal sites to
study the influence of SEVI on the diffusion of HIV-1 in FRT
tissues.

The observed enhancing effects of SEVI are believed to be me-
diated by its polycationic nature. SEVI is a positively charged pep-
tide possessing eight basic lysine and arginine residues, while cell
surfaces and HIV-1 are both negatively charged (20, 21). In the
context of direct infection of cells, SEVI neutralizes the repulsion
between cell surfaces and HIV-1 (22). Disruption of HIV-1/SEVI
interactions by mutation of lysines to neutral residues in the pep-
tide, exposure to polyanionic molecules, or the addition of surfen
results in a defect in the ability of fibrils to bind HIV-1 and poten-
tiate infection, thus revealing the importance of electrostatic in-
teractions (22, 23).

One major difference between mucosal tissue and a cell culture
dish is the presence of mucus. Prior to virus penetration and in-
teraction with potential target cells beneath the epithelium, semen
carrying infectious virions must first interact with the cervicova-
ginal and endocervical mucus that blankets the FRT epithelia.
Mucus is composed mostly of water (�95%) and large (megadal-
ton) mucin proteins. Mucins contain numerous O-linked glycans
terminating with negatively charged sialic acid molecules that
contribute to the overall negative charge of mucus (24). Thus,
through electrostatic mechanisms, mucus offers protection
against both positively and negatively charged pathogens such as
HIV. We previously demonstrated that dilution of mucus with SP
enhances viral transport compared to that of mucus alone, al-
though a similar increase in viral particle mobility was observed
after dilution with phosphate-buffered saline (PBS) (25). This in-
crease in mobility suggests that factors within semen may be ben-
eficial to virus transport. However, the effect that semen, SP, or
any seminal constituents have on virus entry into the intact FRT
epithelial barriers remains unknown.

Cell culture studies clearly demonstrate that SEVI can enhance
infectivity in vitro. However, understanding the contribution of
SEVI and semen to productive male-to-female sexual transmis-
sion of HIV-1 requires the use of FRT model systems. Using our
approach to label and visualize individual HIV-1 virions in tissue
without the hindrance of tissue autofluorescence (15), we investi-
gated the effects of SEVI and the semen proxy SP on HIV-1 inter-
action with and penetration of human explants. Furthermore, to
demonstrate the importance of using in vivo models of transmis-
sion to validate ex vivo and in vitro studies, we also examined the
effects of SEVI in the living-macaque model. We hypothesized

that SEVI might bind HIV-1 to form aggregates that become se-
questered on the epithelial surface, thus exhibiting inhibitory
characteristics. In the current study, we reveal that independent of
the presence of SEVI or SP, HIV-1 can penetrate the female genital
tract epithelium similarly. The number of penetrators and their
depths were influenced more by the type of tissue than by the
presence of SEVI.

MATERIALS AND METHODS
HIV-1 particle generation and characterization. All virions used in this
study were produced by a polyethylenimine (Polysciences) transfection
method, as previously described (15, 25). For photoactivatable (PA) viri-
ons, PA-green fluorescent protein (GFP)-Vpr and proviral HIVR9BaL con-
structs were used to cotransfect human embryonic kidney cells
(HEK293T). For nonphotoactivatable virions, a GFP-Gag construct was
cotransfected with a wild-type HIVR9BaL proviral construct (26). After
�20 h, cells were washed with PBS and incubated in fresh media for
another 16 to 24 h. Supernatants containing virus were then harvested,
filtered through a 0.45-�m filter to remove cellular debris, and stored at
�80°C. Prior to storage, an aliquot of each virus preparation was saved to
determine the concentration titers by a p24 enzyme-linked immunosor-
bent assay (ELISA) (PerkinElmer). Viral stocks with a concentration of
750 ng/ml were used in tissue explant experiments. Infectivity of viral
preparations was measured by using the TZM-bl indicator cell line.

SEVI preparation and functionality test. Synthetic lyophilized pros-
tatic acidic phosphatase (PAP) protein fragment 248 –286 was prepared
and stained with Congo red (Sigma-Aldrich), as previously described (2).
Labeled SEVI was inspected for fibril formation using fluorescence mi-
croscopy, followed by storage at 4°C. To demonstrate the ability of SEVI
to interact with HIV-1 viral particles, 500 �l of 84 ng/ml R5-tropic GFP-
Gag-labeled HIVR9BaL was incubated with 35 �g/ml Congo red-labeled
fibrils for up to 1 h at 37°C on top of coverslips in a 24-well plate. After 4
h, supernatants were aspirated, and the coverslips were fixed and
mounted onto glass slides for imaging. To demonstrate the functionality
of newly formed SEVI fibrils and to determine the concentration of SEVI
to be used in ex vivo and in vivo experiments, 1 � 104 TZM-bl cells were
sown onto a flat-bottom 96-well plate in Dulbecco’s modified Eagle me-
dium (DMEM) (Corning). Approximately 84 ng/ml HIVR9BaL was incu-
bated with 0, 5, 10, 15, 25, 50, or 100 �g/ml SEVI fibrils. Each concentra-
tion of SEVI was tested in triplicate with 100 �l of the indicated
concentrations incubated previously with HIV. Virions were allowed to
infect cells for 24 h before supernatants were replaced with azidothymi-
dine (AZT) diluted with DMEM. The extent of infectivity was determined
after 24 h by quantitating �-galactosidase activity. For normalization,
background values determined under control conditions (no virus, SEVI
only, and AZT only) were averaged and subtracted from values deter-
mined under experimental infectivity conditions.

Human SEVI explant experiments. Twelve cervical specimens were
received from deidentified consenting patients undergoing either hyster-
ectomies or cervicectomies with strict adherence to protocols approved by
the Institutional Review Board at Northwestern Memorial Hospital and
processed within 4 h of surgery. Cervices were separated into ectocervical
and endocervical portions, followed by further dissection into 1-cm3

cubes. Prior to the addition of tissue cubes to a 24-well plate, circular
coverslips were placed into individual wells of the plate with DMEM con-
taining 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 g/ml
streptomycin, and 2 mM L-glutamine. To fully promote virus-SEVI inter-
actions, PA-GFP-Vpr-labeled HIVR9BaL (�750 ng/ml of p24) was incu-
bated with 15 �g/ml of SEVI fibrils for up to 1 h. The lowest concentration
of SEVI needed to enhance HIV-1 infectivity (15 �g/ml) was utilized, as
described in the legend of Fig. 1D. Five hundred microliters of either virus
alone or SEVI-bound virus was incubated with tissue pieces at 37°C. After
4 h, explants were removed from the inoculum, snap-frozen in an opti-
mum-cutting-temperature (OCT) compound (Tissue-Tek) in standard-
size plastic cryomolds (Corning), and stored at �80°C. For analysis, fro-
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zen tissue blocks were cryosectioned at a 10-�m thickness and mounted
onto slides.

Seminal plasma explant experiments. Ectocervical tissue samples
were obtained following four hysterectomies. Tissue was collected, pro-
cessed, and dissected into 1-cm3 ectocervical explants. Each sample was
then inoculated with 250 �l PA-GFP-Vpr-labeled HIVR9BaL (�100 to 300
ng/ml of p24). To determine the effects of SP on virus entry, various
dilutions of pooled SP (Lee Biosolutions) in RPMI 1640 medium (1:1, 2:1,
and 3:1) were added for a 500-�l total volume. We did not demonstrate
that this commercially available and widely utilized source of SP had the
ability to enhance HIV infectivity in reporter assays. Samples were placed
into a 5% CO2 incubator at 37°C for 4 h and processed as described above.

Live-animal studies. All female rhesus macaques (Macaca mulatta)
were housed at the Tulane National Primate Center, and all experiments
performed were in accordance with Institutional Animal Care and Use
Committee (IACUC) guidelines. Up to 1 h prior to inoculation experi-
ments with live animals, SEVI fibrils were prepared with �4 ml high-titer
(�1,250 ng/ml p24) PA-GFP-Vpr-labeled HIV-1 viral stocks for inocula-
tion into animals receiving SEVI. Three control animals received �500 to
�2,000 ng/ml HIV-1, while the fourth control animal received 323 ng/�l
simian-human immunodeficiency virus SF162P3. Animals were intravag-
inally inoculated with 4 ml of either the virus alone (n � 4) or the virus
preexposed to SEVI (n � 4) for 4 h. Data from one of four control animals
were collected and analyzed during this study. The data from three of the

FIG 1 SEVI fibrils bind HIV-1 and enhance infection in vitro. (A) SEVI fibrils (red) were incubated with HIV-1 (green). (B and C) TZM-bl reporter cells,
visualized by Hoechst staining (blue), were incubated with either HIV-1 alone (B) or HIV-1/SEVI complexes obtained from the assay depicted in panel A (C).
(D) Effect of SEVI on HIV-1 infectivity. Data were normalized by control conditions (cells only, AZT only, and SEVI only). The dotted line represents the
0-�g/ml SEVI conditions. Fold enhancement of infectivity was obtained from 3 separate experiments performed in triplicate. Arrows in panels B and C highlight
HIV-1 on cells. Images were taken at a �100 magnification. Bars � 5 �m.
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four additional animals exposed to virus alone were acquired from a pre-
vious study done a year earlier (15). At necropsy, ectocervical, endocervi-
cal, and vaginal tissues were excised from animals, dissected into multiple
pieces, and processed in the same manner as that described above for
human studies.

Immunofluorescence and imaging. Sectioned tissues were fixed in a
3.7% formaldehyde–piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES)
solution and blocked with normal donkey serum prior to staining. Vagi-
nal and ectocervical tissues were stained with Cy5-conjugated wheat germ
agglutinin (Invitrogen) for 30 min to define epithelial tissue structure.
Endocervical explants were stained with cytokeratin 7 (DakoCytomation)
for 1 h to visualize simple columnar epithelium. The nuclei of all tissues
were stained with conjugated Hoechst stain (4=,6-diamidino-2-phenylin-
dole [DAPI]) (Invitrogen) for 10 min. The secondary antibodies used
during tissue experimentation included rhodamine RedX or Cy5 (Jackson
ImmunoResearch). Tissue sections were then coverslipped with Dako
mounting medium (DakoCytomation), sealed with nail polish, and
stored at 4°C until image collection. To confirm the proper incorporation
of PA-GFP into virions, p24 (AG3.0; Jonathon Allan, National Institutes
of Health AIDS Research and Reference Reagent Program) and p17 (Cap-
ricorn) antibodies were used to determine the degree of colocalization
with viral particles. The secondary antibodies used during in vitro exper-
imentation included rhodamine RedX or Cy5.

All imaging was performed by using a 100� oil lens and a CoolSnap
camera (Photometrics) mounted onto a Deltavision deconvolution mi-
croscope (Applied Precision). For all tissues, 20 to 25 images were ac-
quired, with a total of 30 0.5-�m-thick z-stacks. Images were analyzed for
the total number of virions, the number of penetrating virions, and the
extent of penetration. Total virions were defined as all virions present in
the entire image, including those virions observed in the lumen, stuck to
the epithelial surface, and penetrating the epithelium. Penetrating virions
were defined as those that entered the tissue at a distance of �1 �m. To
determine virus penetration depths, the shortest distance from the surface
of the stratified squamous or simple columnar epithelium to each virion
was measured by using the Softworx distance-measuring tool (Applied
Precision).

Statistical methods. Exact Wilcoxon two-sample and Kruskal-Wallis
tests were used to compare the distributions of the total number of virions
and the number of penetrating virions, summed across all images from
each human/monkey tissue sample. To investigate differences in penetra-
tion, we first evaluated the prevalence of penetration (number of pene-
trating virions/total number of virions) and then evaluated the depth of
penetration. Each individual virion was assigned a dichotomous indicator
for penetration status, and depths were set to zero for nonpenetrating
virions. Log-binomial regression models were used to assess the associa-
tion between the prevalence of penetration and the presence or absence of
SEVI or SP. Generalized estimating equations were used to adjust for
repeated measures. t tests were used to compare average penetration
depths per virion. P values of �0.05 were considered to be statistically
significant. All analyses were conducted with SAS version 9 (SAS, Cary,
NC, USA) or PRISM for Mac OS X (GraphPad Software). Figures were
constructed by using Spotfire S	 version 8.2 (Tibco).

RESULTS
SEVI fibrils bind HIV-1 and enhance infectivity in cultured
cells. Prior to characterizing the effects of SEVI on HIV-1 pene-
tration of FRT tissues, we confirmed the functional status of the
SEVI fibrils that we generated. SEVI was prepared as described
previously (2, 22). Fibril formation was confirmed by successful
Congo red labeling, a feature unique to amyloid proteins (Fig.
1A). We then tested whether SEVI could successfully interact with
HIV-1, and similar to previous studies, labeled SEVI fibrils effi-
ciently bound HIV-1 to form higher-order complexes (Fig. 1A) (2,
22). In vitro infectivity assays were then performed to define the
minimum concentration of SEVI needed to enhance infectivity.

Once added to cells, SEVI precipitated HIV-1 onto the cell surface
and significantly enhanced HIV-1 infectivity beginning at 15 �g/
ml. Enhancement of viral infectivity continued as the amount of
SEVI was increased to 100 �g/ml (Fig. 1B to D). At 100 �g/ml of
SEVI, HIV-1 infectivity of TZM-bl cells was increased by 
10-
fold. From these results, we determined that the SEVI fibrils that
we generated from the synthetic SEVI peptide were functional.
Based on these data, we chose a SEVI concentration of 15 �g/ml to
investigate the effects of SEVI on HIV-1 penetration of FRT tis-
sues.

SEVI reduces the frequency but not the depth of HIV-1 pen-
etration in human ectocervix. There are two distinct types of
epithelial barriers in the FRT: the vaginal vault and ectocervix are
protected by a squamous epithelial barrier, while the endocervix,
endometrium of the uterus, and fallopian tubes are composed of
ciliated columnar epithelial cells. To evaluate the potential influ-
ence of SEVI during ex vivo HIV-1 exposure, we examined the
interactions of HIV-1 in the presence or absence of SEVI fibrils in
both endocervical (columnar epithelium) and ectocervical (squa-
mous epithelium) explant cultures, utilizing tissues obtained from
routine hysterectomies. Cervical tissues are inherently autofluo-
rescent. Therefore, to visualize the infiltration of the FRT epithe-
lium by individual HIV-1 virions, we used R5-tropic (BaL) pho-
toactivatable HIV-1 (PA-HIV) to allow for efficient detection of
virions (15). Comparative analysis was performed by using endo-
cervical and ectocervical explant cultures from 12 individual do-
nors. Twenty-five microscopic fields (512 �m by 512 �m) from
both tissues from each donor in the presence and absence of SEVI
were visualized. Importantly, the detection of virions after photo-
activation is inherently blind, because the presence of particles
cannot be determined until after a region of tissue is imaged. This
aspect of the assay prevents any bias during data collection.

Using ex vivo and in vivo models of HIV-1 transmission, we
previously demonstrated virus penetration of the FRT epithelium
up to depths of 50 �m after 4 h of incubation with virus (15).
Therefore, we visually and quantitatively assessed the influence of
SEVI on the ability of PA-HIV to penetrate intact ectocervical
tissue explant cultures. The total number of virions, the number
and proportion of penetrating virions, and the extent of penetra-
tion were analyzed. The introduction of HIV-1/SEVI complexes
into cervical tissue explant cultures could influence virion behav-
ior and perturb the association with the epithelium, alter the pen-
etration status, and influence the depth of virion penetration of
the tissue. Therefore, we visually evaluated the influence of SEVI
at the two epithelia and measured these parameters. In ectocervi-
cal tissues without SEVI treatment, PA-HIV penetrated into the
stratified squamous epithelium after 4 h of inoculation (Fig. 2A),
confirming previous results with this system (15). The addition of
HIV-1/SEVI complexes, however, sequestered virions on the lu-
minal surface of the stratified squamous epithelium, thus prevent-
ing these virions from entering the tissue during the 4 h of incu-
bation in this experiment. Virions not associated with SEVI
penetrated the tissue similarly to virus without treatment (Fig. 2B
and Table 1).

In the ectocervix, we identified 1,876 total virions without
treatment and 1,204 virions with SEVI treatment in the 300 fields
examined under each condition (Table 1). Most of these virions
were located at the surface of the tissue. Although there were fewer
median total virions with SEVI treatment (median � 93) than
with no treatment (median � 198.5), the difference was not sta-
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tistically significant (P � 0.27) (Table 1). The virions believed to
be capable of causing productive infection are those that breach
the FRT epithelial barrier and subsequently interact with intraepi-
thelial and/or subbasal target cells (15, 27). Therefore, we exam-

ined the ability of SEVI to influence the penetration status of HIV.
In ectocervical tissues, we identified 615 penetrating virions with-
out treatment and 221 virions with SEVI treatment resulting in a
3-fold decrease in the frequency of observation (number of pen-

FIG 2 SEVI sequesters HIV-1 to the luminal side of human ectocervical epithelium. Labeled SEVI fibrils were incubated with PA-HIV. Either PA-HIV alone (A)
or PA-HIV-1/SEVI complexes (B) were incubated with ectocervical explants. Arrows point to areas of HIV-1 ingress into the epithelium. Epithelial nuclei are
identified by Hoechst staining. All images were taken at a �100 magnification. Bars � 5 �m.

TABLE 1 Effects of SEVI treatment on the interaction of HIV with ectocervical and endocervical tissues from 12 human donors

Parameter

Value for group

Ectocervix Endocervix

SEVI� SEVI	 P SEVI� SEVI	 P

Median total no. of virions (interquartile range)a 198.5 (28.5, 235.5) 93 (52, 109.5) 0.26 49.5 (14, 123.5) 35.5 (8.5, 68) 0.72
Total no. of virions/total no. of images (no. of

virions/image)
1,876/300 (6.25) 1,204/300 (4.01) 872/300 (2.91) 477/300 (1.59)

Median no. of penetrators (interquartile range)a 56.5 (17, 80.5) 8.5 (4.5, 21) 0.02 15 (9.5, 40.5) 16.5 (7, 38) 0.98
No. of penetrators/total no. of images (no. of

penetrators/image)
615/300 (2.05) 221/300 (0.737) 417/300 (1.39) 300/300 (1.00)

No. of penetrators/total no. of virions (%) 615/1,876 (33) 221/1,204 (18) 417/872 (48) 300/477 (63)
Prevalence ratio (SEVI	 vs SEVI�) (95%

confidence interval)b

0.56 (0.34, 0.91) 0.02 1.32 (0.92, 1.89) 0.14

Avg penetration depth (�m)c

Including nonpenetrators 1.55 1.05 0.001 5.65 10.08 �0.0001
Among penetrators 4.72 5.74 0.08 11.81 16.03 �0.0001

No. of penetrators �15 �m/total no. of
penetrators (%)d

570/615 (93) 196/221 (89) 0.07 312/417 (75) 185/300 (62) 0.0002

Max penetration depth (�m) 48.7 41.5 66.7 63.1
a Median numbers of virions (interquartile range) from all 12 donors. Exact Wilcoxon two-sample tests were performed to compare conditions without SEVI (SEVI�) to those with
SEVI (SEVI	).
b The prevalence ratio (95% confidence interval) and P value were estimated from log-binomial regression models using generalized estimating equations to adjust for repeated
measures.
c Average penetration depth per virion from all 12 donors. t tests were performed to compare conditions without SEVI to those with SEVI.
d P values obtained by chi-square tests.
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etrators per image) (Fig. 3A and Table 1). The median number of
penetrating virions with SEVI treatment was significantly
lower than that with no treatment (8.5 versus 56.5; P � 0.02)
(Table 1). Furthermore, the prevalence ratio of penetration
(pr), or the ratio of bound virions that penetrated the tissue 
1
�m, was significantly lower in the presence of SEVI (pr � 0.56;
P � 0.02) (Table 1).

Next, we investigated whether SEVI could influence the depth
of penetration of individual virions into the ectocervical epithe-
lium. In the ectocervix, less than half of all virions under untreated
(33%) and SEVI-treated (18%) conditions penetrated the epithe-
lium (Table 1). Focusing on the virions that had penetrated the
ectocervical tissue to a depth of 
1 �m, we found there was no
difference in the average penetration depth with (4.72 �m) and
that without (5.74 �m) SEVI treatment (Fig. 3B and Table 1). To
further investigate possible differences in penetration depths, we
plotted the observed particle depths against the percentage of total
viral particles (Fig. 3C). The distributions of particle depths with
and those without SEVI were similar. Virions under both condi-
tions penetrated the tissue in a gradient-like manner, with the
majority of penetrators without SEVI (93%) and those with SEVI
(89%) entering the tissue to depths of �15 �m (Table 1).

SEVI influences the depth of penetration in human endocer-
vix but does not influence the number of HIV-1 particles enter-
ing the tissue. The same analyses were performed for endocervical
tissues receiving either PA–HIV-1 alone or PA–HIV-1/SEVI com-
plexes. In contrast to what was observed for the ectocervical ex-
plants, SEVI did not significantly alter the number of penetrating
virions in endocervical explant cultures (Fig. 3A and Table 1).
While there was a higher number of total and penetrating virions
in the absence of SEVI treatment in the endocervix, the percentage

of penetrating viral particles was higher with SEVI treatment, al-
though this difference was not statistically significant (pr � 1.32;
P � 0.14) (Table 1). We did observe a small (�4-�m) but statis-
tically significantly greater average depth of virus penetration with
SEVI treatment (P � 0.0001). However, the 4-�m increase that we
observed may not be biologically significant because it is much
smaller than the depth of a single columnar epithelial cell. Inter-
estingly, virions penetrated the tissue more deeply with SEVI
treatment, which has the potential to increase the ability of the
virus to contact a target cell (Fig. 3B and Table 1). The observation
that the virus could enter the tissue more deeply even though it
was no longer associated with SEVI suggests that SEVI might be
influencing the explant culture in unanticipated ways. Similarly to
the ectocervix, the majority of particles entered the simple colum-
nar epithelium in a gradient-like manner regardless of the pres-
ence of SEVI (Fig. 3C).

In endocervical explant cultures, untreated and SEVI-treated
PA-HIV particles were observed on the surface of and entering the
simple columnar epithelium (Fig. 4A and B). However, visualiza-
tion of SEVI within the epithelium yielded unanticipated results
with a loss of the original fibrillar structure. Instead, we detected a
more spherical conformation of SEVI within the simple columnar
epithelium (Fig. 4C). Additionally, we saw a lack of HIV-1 parti-
cles associated with SEVI while SEVI was in this spherical confor-
mation in endocervical tissue. These data indicate that culture
with endocervical epithelium disrupts the interaction between
SEVI and HIV.

The fibrillar structure of SEVI is altered when introduced
into human endocervical tissues. The differing effects of SEVI on
virus penetration of ectocervical and endocervical tissues
prompted us to investigate possible causes of these observations.

FIG 3 SEVI differentially influences the numbers and depths of penetrating virions in human cervical tissues. (A and B) Bar graphs of the number of penetrating
virions (A) and average virus penetration (B) with and without SEVI treatment for ectocervix and endocervix. (C) Histograms of the distributions of penetration
depths for untreated (top) and SEVI-treated (bottom) HIV-1 in the ectocervix (left) and endocervix (right). The unshaded bars within each histogram show the
percentages of nonpenetrators (NP), i.e., virions that penetrated to depths of �1 �m.
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Therefore, we visualized the physical state of HIV-1/SEVI com-
plexes that fell onto the coverslip placed underneath the tissue
during culture (Fig. 5). In the ectocervix, PA-HIV remained
bound to SEVI, forming higher-order aggregates (Fig. 5A). Of
note, not all virions were bound by SEVI after incubation with
ectocervical tissues. In contrast, visualization of SEVI with endo-
cervical tissues yielded an unexpected result. A small amount of
the cervical mucus produced by goblet cells within the endocervi-
cal epithelium fell onto the coverslip along with SEVI and virions.
Within the mucus, SEVI was no longer fibrillar but assumed a
spherical conformation. Similarly, in separate experiments, we
mixed human cervical mucus with SEVI and observed a loss of
fibril morphology (data not shown). Surprisingly, with this con-
formation, we did not observe the typical association of HIV-1
with SEVI when SEVI was in its fibrillar form (Fig. 5B). These data
indicate that the aqueous environment of mucus might destabilize
the fibers of SEVI.

Seminal plasma does not influence HIV-1 penetration status
or depth in human ectocervical explants. As described above, the
presence of preformed SEVI fibrils did not have a dramatic effect
on the interaction of HIV-1 with ectocervical and endocervical
explants. Because of the artificial nature of the preformed SEVI
fibrils, we next examined the potential influence of SP on the

interaction of HIV-1 with the human ectocervical explant cul-
tures. In order to assess the effect of SP on virus penetration of the
epithelium, we applied virus and various dilutions of SP. Overall,
our data revealed no evidence of differences in the number of total
virions between SP-treated and untreated tissues (Table 2). Addi-
tionally, we examined the ability of SP to influence the HIV-1
penetration status. Under untreated conditions, 22 (20%) virions
penetrated the ectocervical stratified squamous epithelia, while
with SP, 13 (32%), 11 (15%), 55 (42%), and 24 (18%) virions of
the total viral populations were penetrators at various dilutions.
There was no substantial trend in the number of penetrating viri-
ons among the various concentrations of SP (Table 2). Although
the prevalence of penetration was marginally lower with SP dilu-
tions of 2:1 (pr � 0.72; P � 0.05) and marginally higher with
dilutions of 3:1 (pr � 1.95, P � 0.05) than in the untreated sam-
ples, there was no statistical difference when SP was applied at a 1:1
dilution (pr � 1.52; P � 0.13) or a 4:1 dilution (pr � 0.83; P �
0.54) (Table 2). Moreover, we found no difference in the average
depth of penetration.

SEVI fibrils slightly influence the depth of HIV-1 penetration
in macaque vaginal epithelium. Using the live-macaque model of
transmission, previous studies detected penetrating virions within
the various FRT epithelia within 4 h of virus exposure (15). We intra-

FIG 4 Untreated and SEVI-treated HIV-1 particles enter the epithelium similarly in human endocervical explants. SEVI fibrils were preincubated with
PA–HIV-1. (A and B) Either PA–HIV-1 alone (A) or PA–HIV-1/SEVI complexes (B) were incubated with endocervical explants. (C) Physical appearance of SEVI
within the simple columnar epithelium of the endocervix. Arrows in panels A and B highlight HIV-1 within the epithelium. The simple columnar epithelium is
visualized by cytokeratin 7 staining and nuclear Hoechst staining. For each panel, the lumen is on the left side of the image. Images were taken at a �100
magnification. Bars � 5 �m.
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vaginally inoculated four female rhesus macaques with PA–HIV-1/
SEVI aggregates for 4 h and compared the results to those for four
previously described female rhesus macaques after exposure to PA-
HIV alone (15). Similar to human tissues, the presence of SEVI led to
fewer penetrating virions in ectocervical and vaginal tissues, although
this decrease did not reach significance (Fig. 6A and Table 3). The
only statistically significant difference was observed for the vagina,
where the average depth of penetration of HIV-1 was decreased by

�2 �m in the presence of SEVI. Although this difference achieved
statistical significance, it is likely not biologically significant because it
is such a small difference (Fig. 6B and Table 3). The distributions of
depths by untreated and SEVI-treated HIV-1 in macaque ectocervix
and vagina showed that the majority of virus was superficial, pene-
trating �1 �m, and that penetrators exhibited gradient-like penetra-
tion, with most diffusing �15 �m into the epithelium (Fig. 6C and
Table 3).

FIG 5 HIV-1 detaches from SEVI fibrils after inoculation with endocervical tissues. Shown are images of PA-HIV (green) and SEVI (red) complexes on a
coverslip placed underneath ectocervical explants (A) and endocervical explants actively secreting mucus (blue) (B) during culture. Representative images from
each tissue type (ectocervix and endocervix) reflect similar findings for all 12 donors. Images were taken at a �100 magnification. Bars � 5 �m.

TABLE 2 Effects of seminal plasma treatment on the interaction of HIV with ectocervical tissues from 4 human donors

Parameter

Value for groupe

P valueUntreated

Treated with dilution of medium to SP of:

1:1 2:1 3:1 4:1

Median total no. of virions (range)a 25 (8–34) 14 (5–18) 19 (5–23) 15 (2–59) 25.5 (18–54) 0.26
Total no. of virions/total no. of images (no. of

virions per image)
110/93 (1.18) 41/67 (0.61) 73/88 (0.83) 132/98 (1.35) 137/90 (1.52)

No. (%) of penetrators 22 (20) 13 (32) 11 (15) 55 (42) 24 (18)
Prevalence ratio (P value)b NA 1.52 (0.13) 0.72 (0.05) 1.95 (0.05) 0.83 (0.54)

Avg penetration depth (�m)c

Including nonpenetrators 1.28 2.86 1.41 2.55 1.19 0.08
Among penetrators 6.39 9.03 9.35 6.11 6.80 0.65

No. of penetrators �15 �m/total no. of
penetrators (%)d

20/22 (91) 10/13 (77) 9/11 (82) 49/55 (89) 21/24 (88) 0.71

a Values shown are medians (ranges [minimum to maximum]); the P value was determined by a Kruskal-Wallis test comparing the distributions of the total number of virions per
20 images in each of 4 donors.
b The prevalence ratio and P value were estimated from log-binomial regression models weighted by the inverse of the number of images per donor and by using generalized
estimating equations to adjust for repeated measures.
c Average penetration depth per virion over all 4 donors. One-way analysis of variance was performed for comparisons across dilution groups.
d P value determined by a Fisher exact test.
e NA, not applicable.
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In the endocervix, the number of penetrating virions was in-
creased with SEVI treatment, and these virions, on average, exhib-
ited deeper penetration than did untreated virions (Table 3).
However, the increased number of penetrating virions and depth
of penetration were found not to be statistically significant. Less
than half of all virions with SEVI treatment (43%) penetrated the
epithelium 
1 �m, while the majority of untreated virions (52%)
entered the tissue more than this distance (1 �m), although this
difference was not statistically different (pr � 0.85; P � 0.57) (Fig.
6C and Table 3).

DISCUSSION

The knowledge that components purified from semen can stimu-
late HIV-1 infection up to 105-fold in certain cell culture systems
has generated great interest toward understanding the potential
role that semen might have in facilitating the sexual transmission
of HIV. It is worth noting that this enhancement was observed in
experiments using a limiting viral inoculum. In typical reporter
cell cultures, as shown in Fig. 1, the enhancement is more typically
�10-fold (2). It is clear that SEVI and other semen-derived fac-
tors, such as semenogelin, can stimulate HIV-1 infection in many
cell culture models (2, 28). However, studies to demonstrate the
potential role of semen-derived factors such as SEVI in the rhesus
macaque vaginal transmission model generated results that con-
flict with results of cell culture experiments (14). These conflicting
data generated the following important question: How could con-
ditions that lead to up to a 105-fold enhancement in infectivity in
certain cell culture models show no effect in the highly relevant
macaque vaginal challenge model? These contradictory data illus-
trated a large discrepancy between the influence of SEVI on HIV-1
infection of target cells in vitro and virus interactions with intact
mucosal epithelial barriers of the FRT. To address these potential
differences, we examined the interaction of individual virions

with intact mucosal surfaces of human endocervical and ectocer-
vical explants and after vaginal exposure in the rhesus macaque
model in the presence and absence of SEVI fibrils or SP. We found
that the presence of SEVI or SP had differential influences on the
interaction of HIV-1 with the squamous epithelium and colum-
nar epithelium of the FRT. Our data potentially explain the ob-
served lack of an effect when SP or SEVI was present in the rhesus
macaque vaginal transmission model.

We have recently reported that HIV-1 penetrates the squa-
mous epithelium of the vaginal vault and ectocervix through the
process of percolative diffusion (15). Particles of HIV-1 are small
enough that they can enter the squamous epithelium through wa-
ter absorption, where water-tight barriers are degraded; that is,
where water can penetrate the tissue, HIV-1 can also penetrate the
tissue. Both virus and water enter the tissue by moving between
cells of the squamous epithelium. Here we showed that SEVI
formed large complexes with multiple virions and that the pres-
ence of SEVI decreased the number of penetrating virions in the
squamous epithelium of ectocervical explants by nearly 3-fold
(Fig. 2B and Table 1). These data revealed that the HIV-1 particles
present in these large complexes cannot fit into the small spaces
between the cells and thus were trapped at the surface of the intact
squamous epithelium. However, those virions not associated with
SEVI fibrils appeared to enter the epithelium similarly to particles
when SEVI was not present (Table 1). Despite a statistically signif-
icant decrease in the number of penetrating virions in the presence
of SEVI, the depth of particles penetrating the tissue �1 �m was
similar regardless of the presence of SEVI fibrils. With SEVI treat-
ment, we noticed free virions within the epithelium and on cov-
erslips placed underneath the tissue during tissue culture (Fig. 2B
and 5A). The fact that not all virions were bound by SEVI fibrils
suggested that unbound virions penetrated the tissue just as effi-
ciently as untreated virions. Experiments utilizing SP did not

FIG 6 Virus penetration is dependent on tissue type and not SEVI in macaque genital tissues. (A and B) Bar graphs of the number of penetrating virions (A) and
average virus penetration (B) with and without SEVI treatment for macaque ectocervix, endocervix, and vagina. (C) Histograms of penetration depths for
untreated (top) and SEVI-treated (bottom) HIV-1 in macaque genital tissues (ectocervix [left], endocervix [middle], and vagina [right]). The unshaded bars in
each panel show the percentages of nonpenetrators (NP).
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change the interaction of HIV-1 with the squamous epithelium
(Table 2). The association of HIV-1 with SEVI fibrils was shown
previously to be responsible for increasing the ability of HIV-1 to
associate with exposed target cells in cell culture systems through
precipitation and charge masking (22). In this study, we demon-
strated that the interaction of HIV-1 and SEVI functioned to pre-
vent HIV-1 from entering the squamous epithelial tissue to po-
tentially interact with underlying HIV-1 target cells.

In contrast to large HIV-1/SEVI complexes sequestered at the
luminal surface of ectocervical explants, we saw a dramatic dis-
ruption of the HIV-1/SEVI complexes in endocervical explant
cultures. Furthermore, we observed a dramatic change in the
physical structure of SEVI aggregates in endocervical tissues (Fig.
4C and 5B). Rather than the fibrillar structures previously re-
ported for SEVI and confirmed here, SEVI aggregates became
spherical. Perhaps most importantly, we did not observe the typ-
ical association between HIV-1 and SEVI, even though this asso-
ciation was present before addition to endocervical explant
cultures. A major difference between the endocervical and ecto-
cervical explants is the presence of a thick layer of mucus associ-
ated with endocervical explants. Mucus is composed of water and
highly glycosylated negatively charged sialomucin proteins whose
hydrophobic domains are shielded from the primarily aqueous
environment (29–31). The SEVI peptide sequence contains 14
hydrophobic residues and may behave similarly to mucin proteins
when added to mucus (22). In this context, SEVI may assume a
more energetically favorable conformation, thus shielding its hy-
drophobic residues from the mostly aqueous environment. In fur-
ther support of this claim, previous studies investigating other
amyloid proteins containing hydrophobic residues demonstrated
that the fibrillar structure of these proteins is altered in a primarily
aqueous environment (32) such as mucus.

Our ex vivo experiments demonstrated that in the human en-
docervix, HIV-1 was detached from nonfibrillar SEVI, which may
be attributed to mucus (Fig. 5B). The O-linked glycans that coat
mucins, including the most abundant secreted mucin within the
endocervical canal, MUC5B, terminate with negatively charged
carboxyl groups (24). It is possible that positively charged SEVI
fibrils were destabilized in the unique aqueous environment of
mucus, potentially influenced by the negatively charged mucins.
The overall surface charge, or �-potential, of HIV-1 is �3 to �4
mV, and the �-potential for pig gastric mucin (PGM) is ��35 mV
(20, 30, 33, 34). Although we understand that PGM is not the same
as human female genital mucin, it is likely to have similarities in
�-potential due to the negatively charged glycans that coat both
PGM and endocervical mucins such as MUC5B. It is feasible that
SEVI may dissociate from the virus in favor of binding to mucins
due to the higher negative charge. In further support of this hy-
pothesis, it has been shown that polyanionic molecules induce the
separation of HIV-1 from SEVI fibrils (22), again suggesting that
SEVI favors binding to molecules that are more negatively charged
than the virus. The nonfibrillar structure of SEVI was also ob-
served within endocervical epithelial cells. Previous studies dem-
onstrated that live epithelial cells can internalize SEVI by captur-
ing it through extracellular protrusions (2). The highly active
simple columnar epithelium of the endocervix may also possess
the ability to internalize even nonfibrillar SEVI, since this form of
SEVI was observed within the epithelium.

By using nonhuman primates in this study, we attempted to
recapitulate the initial natural male-to-female transmission events

that could promote HIV-1 acquisition. Because the fibrillar form
of infection-enhancing SEVI has not been exclusively identified in
semen until recently (13), we exogenously applied SEVI and viri-
ons to the genital tracts of living female rhesus macaques. The lack
of any clear influence of SEVI on the interaction of HIV-1 with the
mucosal barriers of rhesus macaques after vaginal exposure sug-
gests that SEVI may not influence vaginal transmission of HIV.
Supporting this view, Munch and colleagues applied SEVI or SP
and simian immunodeficiency virus (SIV) to the genital tracts of
live female rhesus macaques (14). After monitoring plasma viral
loads, neither SEVI nor SP significantly enhanced genital mucosal
transmission rates of SIV in these animals after repeated vaginal
exposures (14). Those authors attributed these unexpected results
to the type of virus used, the drastically weak ability of SEVI or SP
to enhance SIV infectivity compared to HIV-1 in vitro, and the fact
that macaques were nonsynchronized with regard to menstrual
cycle phase. In the current macaque study, these caveats are incon-
sequential, since we utilized HIV-1 (not SIV), and the menstrual
cycle phase of female macaques used in this study was not consid-
ered. We obtained similar results in our in vivo live-macaque
model in that SEVI had either a marginal or no effect on HIV-1
penetration of the ectocervical, vaginal, or endocervical epithelia.
Thus, this study provides mechanistic insight into the results ob-
served during the transmission study by Munch and colleagues
(14). A notable limitation of the work presented here was that a
single laboratory-adapted viral isolate produced in an immortal-
ized cell line was used. However, we previously found that the
interaction of the virus with mucosal barriers of the FRT was en-
velope independent (15). Taken together, these studies demon-
strate that although SEVI and SP can enhance HIV-1 infectivity in
cell culture (14), they may not play a pivotal role in male-to-
female transmission of HIV. In the context of male-to-female
HIV-1 transmission, the correlates of transmission may lie within
the FRT, and the sole role of semen, in general, is to deliver HIV-1
to these mucosal sites.
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