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Abstract. By immunocytochemistry and in situ hy-
bridization at the electron microscopy level, and by
the PCR technique, we have shown that HIV-1 binds
and enters normal sperm; that viral particles, their an-
tigens, and nucleic acid are present in sperm from

HIV-1 infected men; and that such sperm can transfer
HIV-1 like particles to normal human oocytes. We also
present evidence that a galactosylceramide-like com-
pound is present on the sperm membrane and could
function as an alternative receptor for HIV.

controversial. Using electron microscopy, some inves-

tigations have detected HI'V-like particles in the sperm
of infected individuals and in virus-incubated normal sperm
(Bagasraetal., 1988, 1990; Bagasra and Freund, 1990; Bac-
cetti et al., 1990, 1991, 1992; Scofield, 1992). Others (Pud-
ney, 1990; Anderson et al., 1990; Anderson, 1992) have
failed to confirm these findings. This controversy also in-
volved the detection of the CD4 receptor on the surface of
human spermatozoa. Some investigators were able to dem-
onstrate the presence of such a receptor (Bagasra et al.,
1988, 1990; Bagasra and Freund, 1990; Gobert et al.,
1990), and the same conclusion was indirectly reached by
Ashida and Scofield (1987), Miller and Scofield (1990),
Scofield (1992), and Scofield et al. (1992a), while others
failed to identify CD4 (Wolff et al., 1988; Anderson et
al., 1990; Anderson, 1992). Similarly, although sperm were
found in one study to contain HIV-1 DNA (Scofield et al.,
1992b) others report that sperm are negative for viral nucleic
acid (Mermin et al., 1991; Van Voorhis et al., 1991). Using
immunoelectron microscopy, in situ hybridization, and PCR
analysis, we show here that HIV-1 binds and enters sperm,
both in vitro and in vivo, and that virus particles transferred
by such sperm to eggs are present both in the zygote and in
the blastomeres of early embryos.

THB possibility that HIV is carried by sperm has been

Materials and Methods

Case Histories

The 30 seropositive semen donors for this study were from a group of HIV-
1-infected men who were intravenous drug users. At the time of semen do-
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nation, all were viremic (as assessed by the presence of p24 antigen in the
blood) and had T4 lymphocyte counts of <400/mm?> (averaging 280 + 60
SEM for the group). Each had generalized lymphoadenopathy with fever
and/or weight loss. These symptoms and clinical findings classify the dis-
ease stage of the donors as CDC (Center for Disease Control, Atlanta, GA)
class 4th A. Although half of the donors were azoospermic, semen from
the remaining 15 contained motile spermatozoa. HIV-1 particles were found
in the spermatozoa (selected after swim up and Ficoll) of eight of these pa-
tients (see below).

Production and Titration of the Viral Stocks

The supernatant from H/HTLV IIIB cells, kindly provided by Prof. G. B.
Rossi (Istituto Superiore di Sanitd, Rome, Italy), was used as a source of
infecting virus (Benedetto et al., 1993).

The H9/HTLV IIIB cell line was maintained in RPMI 1640 with 10%
fetal calf serum (RPMI) at 37°C in a CO2 atmosphere and was passaged
every 5 d at 1:5 split ratio. Medium from exponentially growing cells was
collected, filtered through 0.45-um filters (Millipore Corp., Bedford, MA),
and used as virus stock (HIV-1). The titration of HIV/H9 stocks was per-
formed in 96-well flat-bottomed plates (Falcon Labware, Cockeysville,
MD). A sample (0.1 ml) of 10-fold dilutions of virus stocks (10 wells for
each dilution) was added to wells containing 5 X 10 C8166 T cells in
0.1 ml. The cultures were incubated and monitored daily for €120 h. The
wells were scored as positive when at least one syncytium could be ob-
served. Virus titers, expressed as tissue culture infective dose 50%
(TCIDsp), were calculated according to the formula of Reed and Muench
(1938).

Infection In Vitro of Spermatozoa
Jfrom Healthy Donors

2 ml of HIV-l stock (10*7 TCIDsp) were added to 2 ml of sperm from
healthy donors and incubated at 37°C in 5% CO;. The experiment was
carried out on 15 donors. After 5§ h, the sperm cells were collected and
processed for biochemical, immunocytochemical, and electron microscopi-
cal studies, as described in the corresponding sections. Uninfected and
HIV-1 infected (72 h after infection) C8166 T cells were used as negative
and positive controls. In all the experiments, spermatozoa containing
virions were seen. Two additional experiments were carried out by cocul-
tivating the spermatozoa of two healthy donors for 5-12 h with 72-h infected
C8166 T cells. The mixed cultures were fixed and embedded for electron
microscopy as described in the subsequent section.
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Electron Microscopy

Ultrastructure. Sperm from seronegative donors that were incubated in
vitro with HIV-1 or with infected C8166 T cells were washed, collected by
centrifugation, and the pellet was fixed for 2 h at 4°C in Karnovsky fixative,
rinsed overnight in cacodylate buffer, postfixed in 1% buffered OsO,, de-
hydrated, and embedded in Epon Araldite. Motile spermatozoa obtained
from HIV-l-infected patients and selected after swim up and Ficoll were
fixed and embedded as described above. As negative controls, sperm ob-
tained from seronegative donors were treated using the same procedure.
Ultrathin sections were cut using a Supernova Reichert-Jung (Wien, Aus-
tria) ultramicrotome, and were then stained with uranyl acetate and lead
citrate. Observation and photography were performed using transmission
electron microscopes (EM 301 and CM10; Phillips Electronic Instruments
Co., Mahwah, NJ). Magnification was calibrated in each section on the di-
ameter of microtubules, and by using Balzers (Fiirstentum, Lichtenstein)
Cross Gratings of 54,000 lines/inch (d = 0.463 um). Healthy or more or
less faulty spermatozoa of several hundred seronegative men examined in
this laboratory during the last 10 years have been used as controls.

The time course of the viral binding was detected as it follows. Sper-
matozoa from two seronegative donors were incubated with HIV-1 for 2 h
at 4°C, and were then transferred for an additional 4 h at 37°C; an aliquot
of each sperm sample was drawn after 2 h, and after 6 h of incubation,
washed twice, centrifuged, and the pellet was processed for electron micros-
copy as described above.

Immunocytochemistry. Aliquots of sperm from the 15 HIV-infected pa-
tients, from the 15 seronegative donors incubated with HIV-1, or infected
C8166 T cells were fixed for 1 h at 4°C in 1% glutaraldehyde or 3%
p-formaldehyde/0.1% glutaraldehyde in PBS, rinsed overnight in PBS/5%
sucrose, and incubated for 30 min in PBS containing 50 mM NH4Cl. After
centrifugation, the pellets were embedded in 3 % agar/PBS, dehydrated, and
embedded in Lowicryl K4M (Balzers) at —35°C according to Carlemalm
et al. (1985). Sections cut from the embedded blocks were mounted on
formvar-coated nickel grids, incubated for 2 h at room temperature or over-
night at 4°C with antibodies (anti-p24 monoclonal antibody, Tech-
nogenetics, SeraLab, or DuPont deNemours diluted 1:40 in PBS containing
0.1% BSA and 1% normal goat serum, or pooled sera from AIDS patients
diluted 1:100 in PBS containing 0.1% BSA), washed three times in PBS 0.1%
BSA, and incubated for 1 h at room temperature either with anti-mouse IgG
conjugated with 10-nm colloidal gold particles (Amersham International,
Amersham, U.K.) (anti-p24 incubated sections) diluted 1:50 or protein A
conjugated with 10-nm colloidal gold particles (Amersham International)
(sections incubated with human sera) diluted 1:50. After incubation, the
sections were rinsed, stained, and observed as described above. To control
for nonspecific binding by the anti-mouse IgG and protein A secondary re-
agents, some sections were carried through a staining procedure that was
identical in every respect, except that the primary antibodies were omitted.
Untreated sperm from 10 healthy donors and uninfected C8166 T cells
served as controls for nonspecific binding by monoclonal anti-p24 and im-
munoglobulins from the pooled human sera.

In Situ Hybridization

Biotin-labeled DNA Probes. A 9.0-kb HIV-1 DNA probe (Oncor, Gaithers-
burg, MD) and a mixture of SK31, SK19, and SK70 oligonucleotides
(representing different internal regions of the HIV-1 LTR, gag, and env
regions, Ou et al., 1988), were end-labeled with Biotin-dUTP and terminal
deoxynucleotidy] transferase (Boehringer Mannheim GmbH, Mannheim,
Germany). The labeled oligonucleotides were purified by gel filtration on
Sephadex G-25 DNA grade (Pharmacia Fine Chemicals, Uppsala, Sweden),
concentrated by evaporation, and then suspended in hybridization buffer
containing 4X SSC (0.6 M NaCl and 006 M sodium citrate), 50% freshly
deionized formamide, 10% dextran sulfate, and 1 mg/ml salmon sperm
DNA. The labeled probes were stored at —20°C.

Hybridization. Ultrathin sections of the Lowicryl-embedded sperm from
the 15 HIV-infected patients, from the 15 in vitro-infected healthy donors,
and in vitro-infected or uninfected C8166 T cells were mounted on nickel
grids. Oligonucleotide probes were denatured for 3 min in boiling water,
immediately cooled at 0°C, and added to the hybridization solution (at
10-20 pg/ml). After treatment of the grids with proteinase K (10 pg/ml),
the grids were incubated in hybridization solution. Incubation was per-
formed according to Fournier et al. (1991), by floating the grids on 3-4-ul
drops of hybridization solution for 16 h at 37°C in a moisture chamber. Af-
ter incubation, the grids were washed sequentially in 50% formamide/4 X
S§SC (2 X 5 min at 37°C), 4x SSC (2% 5 min at 37°C), 0.2Xx SSC (2 x
5 min at room temperature), distilled water (2X 2 min at room tempera-
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ture). Control sections from uninfected material were treated in the same
way, while control sections of infected material were treated identically, but
with the DNA probes omitted.

Visualization of the Hybridized Probe. After hybridization washings,
sections were sequentially incubated for 15 min in PBS/1% BSA and for 1 h
in 1% rabbit IgG antibiotin (Enzo Biochem Inc., Inc. New York), then
rinsed twice for 10 min in PBS/0.1% BSA/0.05% Tween 20, and kept in con-
tact for 1 h on a drop of anti-rabbit IgG conjugated with 10-nm colloidal
gold particles (Amersham International) diluted 1:50. Subsequently, the
grids were rinsed twice in PBS/BSA/Tween 20 and distilled water, and were
then stained with uranyl acetate.

Detection of HIV-1 RNA and HIV-1 Proviral DNA
in Spermatozoa by Polymerase Chain Reaction

Spermatozoa Purification. Semen from two infected donors and one
healthy man was centrifuged, and 1 ml of RPMI was layered onto the pellet.
Samples were then incubated at 37°C in CO; incubator for 30 min, at
which time, motile spermatozoa that had swum from the pellet into the over-
lying medium were collected, washed in PBS, layered over a Ficoll cushion
(Lymphoprep; Nycomed Pharma, Oslo, Norway), and centrifuged at 700 g
for 20 min at room temperature. The pelleted spermatozoa were then sus-
pended in RPMI containing 5% FCS and subjected to two more Ficoll sepa-
rations as described above.

The last pellet, which consisted of 100% motile spermatozoa, was then
washed three times in PBS (purified spermatozoa fraction). An aliquot of
this fraction was smeared onto a slide, and another was processed as a pellet
for electron microscopy to confirm the absence of cell types other than sper-
matozoa, and to evaluate the ultrastructural characters that influence fertil-
ity power, according to the formulas of Baccetti and Mirolli (1994) and Bac-
cetti et al. (1994a and 1994b).

After each pelleting of the sperm through Ficoll, the entire layer of cell-
free medium overlying the Ficoll cushion was collected (Ficoll supernatant
fraction), as were any cells sedimenting at the top of the Ficoll cushion
(Ficoll fraction). After the final Ficoll separation, the three supernatant
fractions were pooled and centrifuged. The three interface layers were also
pooled, diluted 1:5 in RPM1/5% FCS, and centrifuged. Visual inspection
disclosed that this cell suspension contained smail numbers of spermatozoa,
immature germinal cells, mononuclear leukocytes, and cell debris.

Detection of HIV-1 RNA by RT-PCR. RNA was extracted from the
three fractions by the guanidine thiocyanate method (Chomczynski and Sac-
chi, 1987). After treatment with DNAse I, the RNA samples were dissolved
in 30 ul of diethylpyrocarbonate-treated H>O containing 20 U of RNAsin
(Diethylpyrocarbonate was from Sigma Immunochemicals, St. Louis,
MO). 5 ul of each RNA solution, heated at 70°C to denaturate RNA mole-
cules, were reverse transcripted in 20 ul of a mixture containing 50 U of
Moloney murine leukemia virus reverse transcriptase (Bethesda Research
Laboratories, Gaithersburg, MD), 0.2 uM SK39 primer, and 0.2 mM each
of the four deoxyribonucleoside triphosphates (the four INTPs were sus-
pended in 50 mM Tris-HCI, pH 8.3, 75 mM KCl, and 3 mM MgCL). The
reaction was allowed to proceed for 1 h at 37°C.

Amplification of reverse-transcripted RNA was performed in a DNA
thermocycler (Perkin-Elmer Corp., Norwalk, CT), using oligonucleotide
primers corresponding to a region within the HIV gag gene (SK38 and SK
39, Ou et al., 1988). 100 u!l of reaction mixture (containing 10 ul of reverse
transcription product, 50 mM KCl, 10 mM Tris, pH 8.3, 1.5 mM MgCl,,
0.2 mM of each dNTP, 200 ug/ml of gelatin, 2 U of Amplitaq DNA poly-
merase [Perkin Elmer Corp.], and 0.5 uM of the SK38/39 primers) were
subjected to 30 cycles of amplification with the following program: 2 min
at 94°C, 90 s at 55°C, and 2 min at 72°C. 5 ul of the amplified mixture
were subjected to a second round of PCR as described above.

Aliquots of each amplified sample were electrophoresed in a 3% Nu-
Sieve/1% Sea Kem GTG agarose (IMC Bioproducts, Rockland, ME) gel in
TBE buffer (90 mM Tris, pH 8.0, 90 mM boric acid, and 2 mM EDTA)
containing ethidium bromide. The resulting bands were transferred to a Hy-
bond N* membrane filter (Amersham International, Amersham, UK.)
with 0.4 N NaOH under a slight vacuum. After prehybridization of the filter
(4% SSC, 5x Denhardt’s solution, 0.5% SDS, and 10 ug/ml of denatured,
sonicated salmon sperm DNA for 2 h at 55°C), hybridization was carried
out overnight under the same conditions, but in the presence of 10 pmol of
32p end-labeled SK 19 probe (specific activity = 2-5 X 10° cpm/pmol).
After washing for 15 min at room temperature in 2x SSC/0.1% SDS, the
membranes were then autoradiographed at —70°C on Chronex-4 film with
intensifying screen (Du Pont Co., Wilmington, DE).

RNA extracted from 1 ml of the culture medium of HIV-1-infected C8166
T cells (10°2 TCIDs) after treatment with DNAse I served as HIV RNA
positive control.
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Figure 1. Transmission electron micrographs of HIV-like particles (arrows) in the cytoplasm of spermatozoa from HIV infected patients.
(a-€) Cytoplasm surrounding the sperm nucleus. The particles pointed to by long arrows are surrounded by a membrane-like coat and
show the typical electrondense nucleoid. The particles pointed to by short arrows are full of granular material and devoid of nucleoid.
c and d are enlargements of a and b, respectively. In ¢, some virus particles devoid of nucleoids seem to bud out the perinuclear region
(arrows). f and g Some viral particles with elliptic or pyriform coat with eccentric nucleoid (arrows) are present in the midpiece sperm
region. A, acrosome; N, nucleus; PM, plasma membrane. Bars, 0.50 um in g, 0.30 ym in b, 0.15 um in ¢, and 0.10 pum in d-g.
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Detection of HIV-1 Proviral DNA. A part of the purified spermatozoa
fraction was lysed for 1 h at 60°C in 100 ul of lysis buffer containing 10
mM Tris, pH 8.3, 50 mM KCl, 2.5 mM MgCl, 0.1 mg/ml gelatin, 0.45%
NP-40, 0.45% Tween-20, 60 pg/ml proteinase K, and 40 mM DTT. After
inactivation of the proteinase K (by incubation at 95°C for 10 min), the mix-
ture was centrifuged for 5 min at 10,500 g, and 10 ul of the supernatant
was subjected to PCR for amplification of HIV-1 gag and env regions using
SK38-39 and SK68-69 primers, respectively (Ou et al., 1988), as described
in the reverse transcription PCR (RT-PCR)! paragraph. Lysates from unin-
fected and HIV-1-infected C8166 T cells were used as negative and positive
controls, respectively. To control for the PCR procedure, aliquots of each
cell lysate corresponding to 10* cells (spermatozoa or T cells) were also
amplified using the PCO3 and PCO4 primers spanning a region within the
beta-globin gene (Saiki et al., 1986). The sensitivity of our PCR protocol
was determined by the amplification of 10-fold dilutions of an 8ES/LAV cell
lysate. These cells contain a single integrated copy of HIV DNA (Folks et
al., 1986). The minimal number of cells giving positive PCR signals ranged
from 5 to 20. Similar values were obtained when 8E5/LAV cells were sub-
jected to Ficoll gradient before the PCR assay.

In Vitro Fertilization

Mature oocytes were offered by HIV-1 seronegative women who had been
superovulated in preparation for artificial insemination. Single oocytes were
suspended in Menezo B2 culture medium (Biomerieux, Marcy I'Etoile,
France) in organ culture dishes (no. 3037; Falcon Labware). Motile sperm
from HIV-l-infected patients were purified by the procedure described
above (see “Spermatozoa Purification™), an aliquot was fixed and tested by
electron microscopy as described (see “Ultrastructure™), the remaining ali-
quot was added to the oocytes. After 18-20 h of incubation, fertilized oo-
cytes were transferred into Menezo medium containing streptomycin and
penicillin, and they were examined to confirm that two pronuclei were pres-
ent. After removal the cells of the contracted corona, the zygotes were then
incubated for 24 h. The resulting preembryos (segmented to contain eight
blastomeres each) were then fixed, embedded in agar, and processed for
electron microscopy as described above. Healthy oocytes and preembryos
at the same stages were fixed and examined as control.

Fluorescence Immunocytochemistry

Aliquots of 1 ml of semen obtained from healthy individuals were overlaid
with an equal volume of DME and incubated for 30 min at 37°C in a CO,
incubator. The motile spermatozoa were collected from the overlaid
medium, washed in PBS, and incubated for 20 min in PBS containing 3%
normal serum from the species where the second conjugated antibodies
were raised. The antigalactocerebroside, monocional 01 (IgM) (Sommer
and Schachner, 1981), was provided by Dr. G. De Vries (Medical College
of Virginia, Richmond, VA), and was prepared from the supernatant frac-
tions of the hybridoma cells; the anti-IL-1 antibodies, used as negative con-
trol for the isotype (IgM), were a gift from Dr. Paolo Ghiara (Biocine,
Siena, Italy).

Aliguots of 1x10¢ spermatozoa were incubated in 100 pl of mAb 01
diluted in 1:50 or in 100 ul of anti-IL-1 antibodies (1:10) for 20 min on ice,
as described by Bensal et al. (1989). After incubation, the samples were
diluted to 1 ml with PBS and centrifuged, the washing was repeated two
more times, and bound antibodies were revealed by incubation with a sec-
ondary antibody (1:64) FITC-IgM g chain (Sigma Immunochemicals, St.
Louis, MO). After washing, the spermatozoa were smeared on glass slides,
postfixed in 4% p-formaldehyde in PBS, and mounted in glycerol containing
5% n-propylgallate. In some experiments, the spermatozoa were fixed be-
fore incubation with mAb O1. Schwann cell clonal cell line A6 isolated in
our laboratory and Swiss 3T3 cells grown on coverslips were used as posi-

1. Abbreviations used in this paper: RT-PCR, reverse transcription PCR;
TCIDsy, tissue culture infective dose 50%.

Figure 2. HIV-like particles (arrows) in the cytoplasm surrounding
the initial region of the midpiece (a-c) or juxtaposed on the plasma
membrane (d) from seronegative donors spermatozoa (a-c) and
spermatid (d) incubated with HIV-1. The particle in a is devoid of
membrane-like coat, which, on the contrary, surrounds the electron-
dense core (arrows) of the particles in b-d. Ax, axoneme; M, mito-
chondria; N, nucleus; PM, plasma membrane. Bars, 0.15 ym in a,
0.30 yum in b, 0.10 pm in ¢, and 0.20 pm in d.
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tive and negative controls, respectively, for the mAb 01. Fixing and incuba-
tion conditions were as reported above. Controls for secondary antibodies
were carried out by omitting the primary antibodies. The samples were pho-
tographed with a light microscope (Aristoplan; E. Leitz, Rockleigh, NJ)
equipped with fluorescence optics.

Results

Electron Microscopic Identification of HIV-1 in Sperm

Transmission electron micrographs of sperm from infected
patients (Fig. 1, a-g) and of seronegative donor sperm that
had been incubated with HIV-1 (Fig. 2, a-d) or cocultured
with infected C8166 T cells, show sperm-associated retro-
virus-like particles similar to those visible among C8166 T
cells after incubation with HIV-1 (Fig 3, a-b). Particles were
present as full-size virions located inside the sperm cyto-
plasm (Figs. 1, a-d and g, and 2, a~c) or attached to the
sperm surface (Figs. 1 ¢ and 2 d).

In in vitro-infected spermatozoa, these particles are pres-
ent in ~30% of the examined sperm sections, and usually
no more than one in a section. In the sperm of the infected
patients, the number of particles seems to be quite minor
(<1/10) than in HIV-1-incubated healthy spermatozoa. These
numbers are limited to the particles sectioned through their
maximal circumference and showing a recognizable nucle-
oid. For this evaluation, we have examined several hundreds
of grids in three years. Obviously, the real number of parti-
cles is higher.

These particles belong to three different models. The more
common and recognizable category is that of an outer dense
coat having the aspect of a membrane vesicle, surrounding
a central electron-dense nucleoid (Figs. 1, a-d, f, and g, and
2, b—d). The outer coat is a spheroid or pyriform wall, usu-
ally of 100~150 nm in the maximal diameter, made up of a
7.5-nm thick membrane (Figs. 1, a-d, f; and g, and 2, b-d).
The osmiophilic dense nucleoid is located in more or less
central position, It is shaped as a truncated cone or a cylinder
having a basal diameter of 50 nm (Figs. 1, ¢, d, f, and g, and
2, b-d) and a height of 80-90 nm (Fig. 2 ¢). In the space
between the nucleoid and the membrane, clumps of a granu-
lar material are contained, mainly close to the inner surface
of the membrane (Fig. 1, ¢, d, and g). The second kind of
particle is represented by a spheroidal wall, 100-120 nm in
diameter, similar to that of the previous category, but devoid
of nucleoid and full of homogeneous granular material (Fig.
1, ¢ and d). These particles appear sometimes as budding
from the nuclear region (Fig. 1 ). The third category of par-
ticles, very common in the sperm of infected patients or in
seronegative donor sperm incubated with HIV-1, is that of
dense cylindrical or truncated cone-shaped dense particles
having a basal diameter of 50 nm and a height of 80 nm.
These particles suggest the aspect of uncoated viral nucle-
oids inside the sperm cytoplasm (Fig. 2 a). We observe, in

Figure 3. Sections of HIV-1-infected C8166 T cells. (a and b) Sev-
eral HIV-1 particles, with different diameters according to the plane
of section and with the typical dense core, are visible among the
cells. After immunogold labeling with anti-p24 monoclonal anti-
body (c), gold particles (arrows) are specifically localized on the
extracellular virions. Bars, 0.10 um in a and b, and 0.20 um in c.
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Figure 4. Submicroscopic immunogold detection of HIV-1 antigens
in spermatozoa after treatment with anti-HIV-1 polyclonal antibod-
ies. (a) Gold particles (arrow) are localized on an electrodense par-
ticle in the cytoplasm around the sperm head of an HIV-1~infected
patient. (b) Gold granules (arrow) are visible in the cytoplasm
around the mitochondrial helix in a spermatozoon incubated in
vitro with HIV-1. 4, acrosome; Ax, axoneme; M, mitochondria; N,
nucleus. Bars, 0.15 pm in @ and 0.20 ym in b.

fact, a very specific binding with anti-p24 antibodies (see
later), exactly on them.

The three kinds of particles inside sperm were typically
found between the plasma membrane and the outer
acrosomal membrane in the sperm head (Fig. 1, a-d), or in
the neck and mitochondrial districts (Figs. 1, f~g, and 2,
a-c), regions where the space free from organelles is usually
larger for the persistence of cytoplasmic residues. In some
sections, they also appeared between the nucleus and the in-
ner acrosomal membrane. In spermatozoa with reacting
acrosomes, the particles are interspersed among many vesi-
cles surrounding the nucleus, mostly derived from acroso-
mal membranes. Some of them have a diameter similar to
the virus particles, but never show a nucleoid-like core.
Spermatozoa from healthy donors (we have examined sev-
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Figure 5. Immunogold detection of p24 antigen in spermatozoa. (4)
Gold particles (arrow) are localized close to.the outer acrosomal
membrane in a spermatozoon infected in vitro with HIV-1. (b) Gold
particles (arrow) are localized around the mitochondrial helix in a
spermatozoon of an HIV-1-infected patient. A, acrosome; Ax, axo-
neme; M, mitochondria; N, nucleus. Bars, 0.10 gm in a and b.

eral hundreds of fertile and infertile men in many years) al-
ways appear free of virus-like particles.

In experiments carried out to analyze the time course of
the viral binding and penetration, virus-like particles were
only found attached to the outer surface of spermatozoa in-
cubated with HIV-1 for 2 h at 4°C, and were washed before
fixation (Fig. 2 d). If the incubation was continued for other
4 h at 37°C, virus-like particles, similar to those shown in
Fig. 2 d, were found inside the sperm cytoplasm.

In sections of Lowicryl-embedded sperm from 8 out of the
15 infected patients (Figs. 4 a and 5 b) and of HIV-l-in-
cubated sperm from the 15 healthy men (Figs. 4 b and § a),
monoclonal anti-p24 antibody or polyclonal anti HIV-1 sera
showed binding sites, appearing as clusters of 4-10 gold par-
ticles exclusively localized in the acrosomal (Figs. 4 a and
5 a) or mitochondrial regions (Fig. 4 b and 5 b). It is worth
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Figure 6. Immunogold labeling of HIV-1 RNA by in situ hybridiza-
tion with a biotinylated DNA probe. (a) Detection of viral RNA
(arrows) in the nucleoid of extracellular virions released from
C8166 T infected cells. (b and €) Detection of viral RNA (arrow)
in the perinuclear region in spermatozoa of HIV-l-infected patients
(b) and HIV-1 incubated spermatozoa from seronegative men (e),
respectively. (c and d) Detection of viral RNA (arrow) in the cyto-
plasmic area surrounding the mitochondrial helix respectively in
spermatozoa of HIV-1-infected patients (¢) and spermatozoa from
seronegative men incubated in vitro with HIV-1 (d). A4, acrosome;
Ax, axoneme; M, mitochondria; N, nucleus. Bars, 0.20 um in 4,
0.10 pm in (b), 0.25 pm in ¢ and d, and 0.15 pm in e.

stressing that the virus-like particles had always been found
by conventional electron microscopy in the same districts.
The gold particles are frequently localized exactly on moder-
ately electron-dense structures having the same dimensions
of the viral nucleoids described above (Figs. 4 a and 5 b).
The lack of the viral envelope and the poor preservation of
the nucleoid are probably caused by the slight fixation and
to the kind of resin used for the embedding, which do not

Baccetti et al. HIV in Spermatozoa

Figure 7. (a) Light micrograph of smeared spermatozoa from an
HIV-1 infected patient after purification; only mature spermatozoa
are present. (b) Electron micrograph of the same preparation,
where only sections of sperm heads and tails are visible. Bars, 30
pm in a and 2 ym in b.
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Figure 8. HIV-1 detection by PCR and RT-PCR in
spermatozoa of two HIV-1-infected patients and of
a healthy man as control. (4/ and A2) HIV-1 RNA
detection by RT-PCR in two HIV-l-infected pa-
tients: lane —, medium of uninfected C8166 T cell
line; lane +, medium of C8166 T cell line 72 h
after HIV-1 infection; lane a, pellet of purified
spermatozoa fraction; lane b, pellet of Ficoll frac-
tion; lane c, pellet of Ficoll supernatant. (43) RT-
PCR control for HIV-1 RNA of purified sper-
matozoa fraction obtained from a healthy donor.
Time of filter exposure = 24 h. (B) HIV-1 DNA

amplification by PCR: lane —, lysate of uninfected C8166 T cells (10° cells); lane + lysate of 10° C8166 T cells 72 h after HIV-1 infec-
tion; lanes a// and a/2, lysates of 105 purified spermatozoa from semen of N.1 and N.2 donors. Time of filter exposure = 8 h. (C)
Ethidium bromide-stained gel of the PCR products amplified with a primer pair specific for beta-globin: lane I, size marker ¢X 174 (Haelll
digest); lane 2, uninfected C8166; lane 3, infected C8166; lane 4, spermatozoa of N. 1 donor; lane 5, spermatozoa of N. 2 donor.

allow a good morphological appearance. This picture is
similar in HIV-l-infected C8166 T cells treated with the
same technique (Fig. 3 ¢), where the high specificity of the
binding is evident. Controls incubated only with the second-
ary antibody showed no binding, as did spermatozoa from
healthy donors and uninfected C8166 T cells that were used
as negative controls.

Detection of Sperm-associated HIV
by In Situ Hybridization

To confirm the presence of HIV-1 in the sperm, in situ hy-
bridization was carried out both on sperm from infected pa-
tients (Fig. 6, b and ¢) and on HIV-infected sperm from
seronegative men (Fig. 6, d and e). Infected C8166 T cells
served as positive controls (Fig. 6 a). Sections of Lowicryl-
embedded material were incubated with the 9-kb biotin-
labeled probe or with the mixture of biotinylated oligonucle-
otides representing sequences within the LTR, gag, and env
regions of the viral genome. The sections were then washed
and incubated with anti-biotin antibodies, followed by gold-
conjugated anti IgG. Antibody binding is visible in the peri-
nuclear region close to the acrosome (Fig. 6, b and e) and
in the midpiece around mitochondria (Fig. 6, ¢ and d) in the
15 in vitro-incubated samples and in 8 of the 15 infected pa-
tients, where the immunogold labeling was positive. The lo-
calization of the clusters of gold particies is the same as in
the immunogold preparations (compare with Figs. 4 and 5)
and in normal morphological preparations (Figs. 1 and 2).
Similar binding occurred on HIV-1 particles in cultured in-
fected C8166 T cells (Fig. 6 a). No binding was observed
in control sections where the incubation with the probes was
omitted and in the samples used as negative controls (unin-
fected spermatozoa and C8166 T cells).

Detection of Sperm-associated HIV-1 RNA by RT-PCR

Spermatozoa prepared as pellet from Ficoll gradient (pur-
ified spermatozoa fraction) were examined by light and elec-
tron microscopy to confirm that leukocytes were absent (Fig.
7, a and b). In smeared material (Fig. 7 @) and in sections
examined by electron microscopy (Fig. 7 b), only sper-
matozoa were seen. The ultrastructural characters of these
cells were in the range of fertile men, according to the for-
mulas of Baccetti and Mirolli (1994) and Baccetti et al.
(1994a and 1994b). At higher magnifications, no virus parti-
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cles were seen, either free or associated with the outer sperm
surface.

RNA extracted from purified spermatozoa, Ficoll inter-
face, and Ficoll supernatant fractions prepared from the
sperm of two seropositive patients and from a healthy donor
was reverse transcripted and then amplified with the SK38-39
primers as described in Materials and Methods. After two
rounds of amplification, the spermatozoa and the Ficoll in-
terface fractions from both patients showed positive signals,
with the highest intensity in the spermatozoa fractions (Fig.
8, Al and A2, lanes a and b). The 115-bp band was absent
from the spermatozoa obtained from the healthy donor (Fig.
8, A3). The supernatant fraction, which apparently did not
contain spermatozoa, was PCR negative (Fig. 8, Al and A2,
lanes c). The absence of contaminating DNA in our DNAse
I-treated sperm extracts was demonstrated by the fact that
the PCR, performed by specific primers for beta-globin
gene, gave negative results (not shown). These experiments
indicate that HIV RNA was present in the spermatozoa from
the investigated patients.

The absence of proviral DNA in spermatozoa was further
established by performing PCR analysis of lysates from
Ficoll-purified spermatozoa, using gag-specific primers. As
shown in Fig. 8 B, spermatozoa of both investigated patients
(lanes a/I and a/2) were negative, whereas lysates from HIV-
infected C8166 T cells (positive control) gave a strong posi-
tive signal (Fig. 8 B, lane +). The PCR of both spermatozoa
samples was also still negative when the time of filter ex-
posure was prolonged up to 72 h. All the cell lysates (puri-
fied spermatozoa and C8166 T cells) were positive in PCR
performed by the primer pair PCO3 and PCO4, which am-
plifies a portion of beta-globin gene, indicating that lysis pro-
cedure we used successfully released DNA as template for
PCR ampilification (Fig. 8 C, lanes 2-5).

Transfer of HIV-1 by Fertilization

Purified motile sperm from infected donors added to culture
dishes containing mature oocytes were observed to undergo
morphologically normal acrosome reactions and to pene-
trate the zona pellucida (Fig. 9 a). After the fertilized eggs
had reached the eight blastomere stage, they were fixed and
embedded for transmission electron microscopy (Fig. 9 b).
Fig. 9, c-d, shows that the cells of such embryos contain vi-
rus particles identical to those present in the sperm used for
fertilization. In Fig. 9 c, representing the periphery of an
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eight-blastomere embryo, a cross-sectioned particle with a
42-nm diameter circular nucleoid and an 84-nm diameter
wall is shown; in the lower part of the same figure, a particle
belonging to the third category described in “Electron Mi-
croscopic Identification of HIV-1 in Sperm” is seen, adhering
to the outer surface of a blastomere. In Fig. 9 d, a longitudi-
nally sectioned particle shows an elongated nucleoid mea-
suring 7027 nm contained in a vesicular wall with a 100-
nm diameter. This kind of particle has never been found in
normal fertilized oocytes at the same stage.

Alternative HIV Receptors in the Plasma
Membrane of Spermatozoa

Antigalactosylceramide antibodies to bind to the midpiece
and the equatorial segment of all the living or fixed human
spermatozoa (Fig. 10, a-d). No binding was seen in control
experiments when an uncorrelated isotype was used (Fig. 10,
e~f) or the primary antibody was omitted (Fig. 10, g and h).
Specificity of the antibodies (Sommer and Schachner, 1981,
Bensal et al., 1989) has been reexamined under our ex-
perimental conditions using cells known to express the anti-
gen (mouse Schwann cells) (Fig. 11, a and c¢) or known as
being devoid of it (Swiss 3T3 cells) (Fig. 11, b and d).

Discussion

In this research, we performed electron microscopy and im-
munoelectron microscopy study on sperm from HIV-1-in-
fected donors and on seronegative donor sperm incubated
with HIV-1 in vitro. By these methods, we have shown that
virus particles containing HIV-1 antigens can penetrate in
human spermatozoa in vitro and in vivo.

We believe that these particles represent HIV-1 virions for
the following reasons: (a) The particles found both in AIDS
patients sperm and in sperm from healthy donors in vitro in-
fected (HIV-I/H9 stock and cocultivation with infected
C8166 T cells) exhibit the same morphological features both
in spermatozoa and in the stock of the infected cells. (b) The
particles show the same immunocytochemical characters in
the two types of spermatozoa and in the C8166 T cells,
where the antibody binding is extremely specific. (c) In unin-
fected sperm used as controls and in spermatozoa of several
hundreds healthy or sterile men examined by us until now,
this kind of particle has never been detected.

These particles are in higher number in the healthy sperm
infected in vitro. Both in infected patients and in in vitro-
infected sperm from healthy donors, the structure and motil-
ity of the spermatozoa appear almost normal. We further

Figure 9. Sections of an oocyte fertilized in vitro with spermatozoa
of an HIV-l-infected patient. (a) A sperm head with reacted acro-
some is visible in the zona pellucida. () Section of two blastomeres
of an eight-blastomere human preembryo after in vitro fertilization
with spermatozoa of an HIV-1-infected patient. (c and 4) HIV-1 par-
ticles (arrows) in the cytoplasm of the same blastomeres of (b). The
electrondense nucleoid and the membrane-like coat are clearly visi-
ble. At the bottom of d, a particle devoid of membrane envelope
is indicated (double arrows). N, sperm nucleus. Bars, 1 um in a,
3 pm in b, and 0.10 ym in ¢ and d.
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Figure 10. Immunofluorescence localization of mAb 01 (antigalac-
tosylceramide) on human spermatozoa. (a) In prefixed sperm cells,
the fluorescence is localized on the anterior portion of the middle
piece, and the equatorial segment is also occasionally stained (ar-
rows). (b and d) In spermatozoa treated with mAb 01 before fixa-
tion, the same localization as in a is visible. (c) Light microscopy
image of d. (e and f) Light and immunofluorescence micrographs
of spermatozoa treated with anti-IL-1 isotype control antibody. (g
and k) Light and immunofluorescence micrographs of spermatozoa
treated with only FITC-IgM second antibody. Bar, 10 pum.
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d

Figure 11. Immunofluorescence detection of mAb 01 on (@) Schwann
cells clonal cell line A 6 and (b) Swiss 3T3 cells. (c and d) Schwann
cells and Swiss 3T3 cells were incubated only with FITC-IgM sec-
ondary antibody. Bar, 10 pm.

corroborated these results using in situ hybridization and
polymerase chain reaction.

Mermin et al. (1991) and Van Voorhis et al. (1991) failed
to detect HIV-1 DNA in the sperm fraction of the semen of
infected patients, while Scofield et al. (1992) identified such
sequences in sperm prepared using methods that prevent
lipid peroxidation. Our results disagree somewhat with those
of Scofield and colleagues in that although viral RNA was
present, denoting the presence of virus particles, we failed
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to detect HIV-1 DNA in sperm. We agree with the suggestion
by Scofield (1992) that virus particles in the sperm cytoplasm
represent infecting, but not replicating, virions.

The HIV-1 particles in in vitro-infected sperm appear
morphologically similar to those that appear in the sperm of
AIDS patients. The most common particle morphology seen
both in in vitro-infected sperm and in patients’ sperm is that
of nucleoids surrounded by a membrane envelope, which is
typical of mature viruses. A second category is that of enve-
lopes devoid of nucleoids and homogeneously full of granu-
lar material (atypical virus-like particles according to
Tenner-Racz et al. [1988], who studied lymph nodes; imma-
ture virions according to Phillips and Tan [1992], who studied
trophoblast cells). A third category in both kinds of sper-
matozoa is that of particles resembling bare nucleoids with-
out envelopes. In the first case, intact virions may have
penetrated via endocytosis (Maddon et al., 1986; Tateno et
al., 1989; Grewe et al., 1990; Phillips and Tan, 1992), fol-
lowed by fusion between viral and endosomal membranes
(Pauza and Price, 1988). Also in the second case, virions
may have entered via endocytosis. If the budding-like images
observed in patient’s sperm are well interpreted, this pres-
ence suggests the possibility that HIV virions could be also
released from the spermatozoa. The last hypothesis is im-
probable because proviral DNA is usually absent in these
spermatozoa (see below). In the third case (bare nucleoids),
virions may have entered via membrane fusion (Goto et al.,
1988; Stein et al., 1987, Stevenson et al., 1992).

We believe that the mature virus-like particles observed in
our sperm samples represent virions penetrated via endocy-
tosis, their uncoating being delayed or prevented by a low
hydrolytic activity in the cytosol, as suggested by the absence
of lysosomes in spermatozoa. The hypothesis that the virus
particles seen in spermatozoa represent penetrating virions
agrees with the failure to detect proviral DNA in the sperm
fraction.

Recent reports (Lori et al., 1992; Trono, 1992), demon-
strated that virions in purified stocks from infected cell lines
contain HIV RNA associated to complementary copies of
DNA. These data could be in contrast with the absence of
HIV DNA in spermatozoa of our infected patients. This con-

_trast, however, could be overcome assuming that the occur-

“Yence of DNA-containing virions is a rare event in vivo, as

demonstrated by the absence of HIV-DNA in virions present
in human plasma (Piatak et al., 1993).

Regardless of the molecular state of sperm-associated
HIV, sperm may function as a vehicle for transfer of “dor-
mant” virus to somatic cells or to eggs. For mucosal cells,
infection may occur after sperm binding to HLA-DR on the
cell surface (Ashida and Scofield, 1987, Miller and Scofield,
1990; Scofield et al., 1992a). For ovulated eggs, viral entry
may occur either directly, via the fertilizing sperm, or through
entry into the egg or zygote by virus particles carried by
other sperm surrounding the egg and released during the
acrosomal reaction.

The data presented here show that HIV-1 particles bind and
enter normal human sperm, that sperm from HIV-seroposi-
tive men contain antigenically identifiable HIV-1 particles
and nucleic acid, that such sperm are morphologically nor-
mal, motile and can fertilize oocytes and transfer virus parti-
cles to the resulting embryos. Detection of viral RNA by
RT-PCR has medical significance for semen processing tech-
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nologies now being employed for male-seropositive HIV
disparate couples (Semprini et al., 1992). The latter study
produced no seroconversions in 29 women inseminated with
“washed” sperm, nor seropositive children. As a conse-
quence the Authors concluded that spermatozoa don’t con-
tain HIV-1 particles. The present data suggest that the ab-
sence of HIV-1 in the women was probably due to the limited
exposure of them to infected sperm (one insemination per
superovulation cycle) rather than to the absence of HIV in
the sperm preparations themselves.

The modality of penetration of HIV in the spermatozoa is
still unclear due to the contradictory results obtained in the
attempt to demonstrate the presence of CD4 on the sperm
membranes (Bagasra et al., 1990; Gobert et al., 1990; An-
derson, 1992). Ashida and Scofield (1987) and Scofield et al.
(1992a), using a different approach, demonstrated that
sperm can bind HIV through the mechanism related to class
I MHC-CD4 molecules.

The data reported in this ‘paper show that galactosylcera-
mide or a related compound is usually present on the surface
membrane of human spermatozoa and could function as an
alternative receptor to HIV as proposed by Bath et al. (1991)
and by Harouse et al. (1991) for neural cells, and by Fantini
et al. (1993) and Yahi et al. (1992) for epithelial colon cell
lines. Identification studies of the molecules involved in the
binding of antigalactosylceramides are under way in our lab-
oratory.

These findings substantially improve our knowledge of the
interaction between HIV-1 and sperm, but they also raise
new questions. Can HIV replicate in sperm, or is it merely
stored and carried by these cells? Do sperm acquire HIV
during spermatogenesis or after release into the epididymis?
What is the fate of virus particles transferred into oocytes?
Work on these issues is in progress.
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