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ABSTRACT

Semen is a known vector for both human immunodeficiency virus (HIV) infection and transmission. However, the
distribution and characteristics of HIV-infected cells in semen remain unclear. Investigating the possibility of
transmission through the spermatozoon in semen is of great clinical significance to improve the strategies for
exposure prevention and assisted reproduction for HIV-infected partners. Twenty-six HIV-infected patients, including
twelve treatment-naive (TN) patients and fourteen antiretroviral treated (ART) patients, were enrolled in this study.
HIV p24 protein in spermatozoa was detected using imaging flow cytometry and immunohistochemistry, and HIV
RNA was identified using next-generation RNAscope in situ hybridization. Additionally, we described the rates of HIV-
positive spermatozoon and CD4* T lymphocytes in semen, and found that p24" spermatozoon were mainly CD4
negative regardless of whether the patients received ART. Of note, p24-positive cells in semen are predominantly
spermatozoa, and we confirmed that motile spermatozoa carried HIV into peripheral blood mononuclear cells of

healthy men in vitro. Our findings provide evidence regarding the risk of HIV-infected spermatozoa.
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Highlights

e The number of HIV-positive spermatozoa was far
greater than that of CD4" T lymphocytes in the semen.

e p24 positive rates of CD4" T lymphocytes in the
semen were higher than spermatozoa.

o The HIV-positive rates of spermatozoa and CD4" T
lymphocytes in the semen were reduced signifi-
cantly after ART.

Introduction

Human immunodeficiency virus (HIV) infection is a
major global public health challenge. Sexual trans-
mission is the main route of HIV infection, and the
reproductive system is involved in infection, replica-
tion, and transmission [1, 2]. The relevant cellular
mechanisms are important for understanding HIV
latency and, prevention and treatment strategies. How-
ever, there is an ongoing debate on whether HIV can

infect the spermatozoon. Initially, HIV antigens were
isolated from the lymphocytes in the semen of infected
patients. Therefore, researchers believe that the anti-
gens mainly originate from CD4" T lymphocytes and
macrophages in semen [3-5]. Some studies have
shown that “sperm-washing” could result in the birth
of seronegative children, believing that HIV only
adheres to the surface of the spermatozoon [6-8]. Con-
versely, electron microscopy observations showed that
HIV can enter the spermatozoon rather than merely
adhering to the surface [9, 10]. Additionally, some
studies reported the presence of HIV nucleic acids
including RNA and/or proviral DNA in spermatozoa
[11-13]. Recently, Domini et al. [14] found that
human testicular germ cells (TGCs) could support
early replication and integration of HIV in vitro, but
this was not observed in ejaculated semen cells, includ-
ing spermatozoa and immune cells. Studies on HIV-
positive rates of spermatozoa and CD4" T lymphocytes
in the semen are still lacking. Primary receptors CD4
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and co-receptor CC chemokine receptor 5 (CCR5) or
CXC chemokine receptor 4 (CXCR4) are essential mol-
ecules for HIV entry into target cells [15]. Some studies
suggested that HIV entry into germ cells may be
achieved through a CD4-independent pathway [16,
17]. However, there are few reports on levels of these
molecules in HIV-positive spermatozoa.

Semen is a viscous fluid, and ordinary washing
methods cannot separate the cells from mucus; thus,
semen cells cannot be grouped using conventional flow
cytometry. Further, conventional detection methods
cannot detect whether cells in semen are HIV positive.
Morphological characteristics of a cell, such as its size,
are used to distinguish spermatozoon and immune
cells on imaging flow cytometry and next-generation
RNAscope in situ hybridization. This helps avoid cell
clustering and staining of mucus in the semen [18].
Highly sensitive next-generation RNAscope in situ
hybridization with sixty targets binding to specific
RNAs will show a positive signal only when both pol
and gag probes are successfully identified, overcoming
the low sensitivity of non-specific hybridization [19-21].

Herein, we aimed to explore the distribution character-
istics of HIV in semen cells, including spermatozoon and
CD4" T cells, and to clarify whether HIV can enter the
spermatozoon. We investigated whether HIV entry into
spermatozoon was associated with the expression of recep-
tor CD4 and co-receptors CCR5 or CXCR4. Additionally,
we analyzed the relationship between the p24 positive
rates of spermatozoon and disease progression and
clarified infectiousness of spermatozoa that carried HIV.

Materials and methods
Study design and subjects

Twelve HIV-infected treatment-naive patients (TN
group, plasma HIV RNA >1,000 copies/mL without
antiretroviral treatment), fourteen patients under
long-term effective antiretroviral therapy (ART group,
receiving antiretroviral treatment for more than 2
years with undetectable plasma HIV RNA viral load),
and three healthy men were enrolled in this study (Sup-
plementary Fig. 1). Before semen collection, all partici-
pants had a 48h-72h sexual abstinence period [22, 23],
no opportunistic infections or cancer, and no hepatitis
B or C virus coinfection. Baseline clinical characteristics
including age, CD4" T cell count, and plasma HIV
RNA load are shown in Table 1. Paired blood and
semen samples were provided voluntarily by partici-
pants at the Red Ribbon Home of the Fifth Medical
Center of Chinese PLA General Hospital.

Sample preparation

Seminal fluid samples were obtained on self-mastur-
bation and ejaculation in a sterile container. All
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samples were processed within 2 h of collection.
Fresh semen samples were centrifuged at 2,000 rpm
for 10 min. The cells were washed twice with fresh
phosphate-buffered saline solution, filtered (40 um),
and subsequently used for flow staining. Fresh
semen cells were fixed with 4% paraformaldehyde
after smear preparation and stored at —20°C.

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were
isolated from fresh heparinized blood via Ficoll-
Hypaque density gradient centrifugation (Pharmacia,
Uppsala, Sweden). Multicolor flow cytometry with
fluorescent conjugated antibodies obtained from Bio-
Legend (San Diego, USA) were as follows: CD3-APC-
Cy7 (clone SK7), CD8-Percp/Cyanine5.5 (clone SK1),
CD56-BV421 (clone HCD56), CCR5-FITC (clone
J418F1), and CXCR4-APC (clone RG5). CD4-APC-
H7 (clone RPA-T4) and CD4-BV605 (clone RPA-
T4) were obtained from BD Biosciences (New Jersey,
USA). PBMCs were first stained at 4°C for 30 min
with fluorescent antibodies under dark conditions.
Cells were then permeabilized using a Cytofix/Cyto-
perm Kit (BD Bioscience) and stained with p24-PE
(clone KC57) or p24-FITC (clone KC57) from Beck-
man Coulter (Eurocenter S.A, California, USA). The
cells were fixed in 0.5% formaldehyde and analyzed
using a FACSCanto™ flow cytometer (BD Bio-
sciences). The data were analyzed using the FlowJo
software (TreeStar).

Imaging flow cytometry

Semen cells were first stained with fluorescent anti-
bodies such as CD3-APC-Cy7 (BioLegend, USA,
clone SK7), CD4-BV605(BD, USA, clone RPA-T4),

CD8-Percp/Cyanine5.5 (BioLegend, USA, clone
SK1), CD56-BV421 (BioLegend, USA, clone
HCD56), CCR5-FITC (BioLegend, USA, clone

J418F1), CXCR4-APC (BioLegend, USA, clone RG5),
p24-PE (Beckman Coulter, USA, clone KC57), and
then analyzed using imaging flow cytometry.

The initial test of the staining plate contained all but
one staining agent and fluorescence minus one control
to determine the background staining of the channel.
Cells were then acquired on an Amnis ImageStream
Mk II flow cytometer (Luminex) using the INSPIRE
4.1 software with lasers set to maximum values with-
out saturation in the brightest stains. Cell files
(50,000) were collected with a cell classifier applied
to the brightfield channel to capture a single-cell pic-
ture. Channels were as follows: Brightfield-Channel
1, FITC-Channel 2, PE-Channel 3, Percp/Cya-
nine5.5-Channel 5, BV421-Channel 7, BV605-Chan-
nel 10, APC-Channel 11, and APC/Cy7-Channel 12.
Excitation lasers were used with the typical intensity
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Table 1. Clinical characteristics of study population.

CD4™ T cell count

Baseline HIV (cells/pL)
Group Patient  Age (year) RNA (log10 copies/mL)  Baseline  After ART  HIV genotype ART regimen Duration of ART (years)
TN (n=12) P1 23 4.76 261 - B - -
P2 28 537 208 - AE - —
P3 26 4.22 709 - AE - -
P4 32 5.18 306 - AE - —
P5 31 497 107 - B - -
P6 22 242 818 - B - —
P7 23 5.20 327 - AE - -
P8 34 4.98 160 - B - —
P9 33 4.49 420 - B - -
P10 37 3.22 879 - AE - —
P11 27 436 544 - AE - -
P12 26 4.19 577 - AE - —
ART (n=14) P13 31 4.52 283 516 B DTG/TAF/FTC 8.67
P14 34 5.28 190 483 B DTG/TAF/FTC 5.17
P15 24 5.68 210 589 B DTG/TAF/FTC 742
P16 29 443 361 605 AE 3TC+TDF+LPv/r 3.67
P17 26 431 331 812 B 3TC+TDF+LPv/r 3.08
P18 28 5.55 157 535 AE DTG/TAF/FTC 4,92
P19 26 4.23 484 500 AE DTG/TAF/FTC 6.75
P20 26 4.04 254 447 AE 3TC+TDF+EFV 5.75
P21 24 5.10 178 41 B 3TC+TDF+EFV 3.08
P22 39 3.62 513 583 AE 3TC+TDF+EFV 3.75
P23 32 2.57 618 632 AE DTG/TAF/FTC 4.1
P24 41 3.87 484 417 AE DTG/TAF/FTC 2.51
P25 28 423 597 683 AE 3TC+TDF+EFV 4.24
P 26 32 4.01 429 426 B 3TC+TDF+EFV 6.13
HC (n=3) HC1 30 - 741 - - - -
HC 2 28 - 702 - - - —
HC 3 23 - 789 - - - -

HIV, human immunodeficiency virus; ART, antiretroviral therapy; TN, treatment-naive; HC, health control; DTG, dolutegravir; TAF, tenofovir alafenamide
fumarate; FTC, emtricitabine; 3TC, lamivudine; TDF, tenofovir dipivoxil fumarate; LPv/r, lopinavir/ritonavir.

settings of 405 nm (80 mW), 488 nm (100 mW), 594
nm (20 mW), and 658 nm (40 mW). All cell images
were captured with the 40x objective and acquired
at a rate of 200~250 images per second. Data were
analyzed using the IDEAS 6.2 (Amnis/EMDmillipore)
software.

Next-generation RNAscope in situ hybridization

HIV-1 clade B anti-sense probes (cat.317691) targeting
the HIV gag-pol gene (507-4601), negative control
probes (cat.310043), and positive control probes
(cat.313901) were designed by Advanced Cell Diagnos-
tics (Hayward, CA, USA). The RNAscope system was
performed as described in previous studies [24, 25].
Briefly, after H,O, treatment and protease digestion,
semen cell smears were incubated for 2 h at 40°C
with probes. The amplifiers and detection solutions in
the RNAscope Multiplex Fluorescence Kit v2 reagent
(cat. 323100) were sequentially added for hybridization
signal amplification at the indicated times. The Aperio
VERSA 8 Scanning System (Leica Microsystems, Wet-
zlar, Germany) was used for scanning and Aperio Ima-
geScope (Leica Microsystems, Wetzlar, Germany) was
used to obtain the images and count the cells.

Immunohistochemistry

Semen smears were stained with hematoxylin-eosin to
detect HIV p24 protein (Abcam, UK, cat. ab53841).

Nuclei were stained light blue with hematoxylin.
Images (100x and 400x) were acquired using an
Olympus CX31 microscope and an Olympus FV1000
confocal microscope.

HIV genotype testing

Pol and gag regions of DNA (QIAamp DNA Mini Kit
[50], QTIAGEN, cat. 51340) extracted from PBMCs of
HIV-infected men were amplified and sent to Beijing
Biomed Co., Ltd. for next-generation sequencing.
HIV genotype results were collected after HIV
sequence comparison in GenBank.

Co-culture of spermatozoa and PBMCs of
healthy men

Motile spermatozoa of HIV-infected men were gener-
ally collected using the “swim-up” method [26]; thus,
we purified spermatozoon by the “swim-up” method
(Supplementary Fig. 2) in co-culture experiments.
CD8-positive cells were isolated from PBMCs of
healthy men using CD8 microbeads (MACS,
Germany, cat. 130-045-201); 1x10° CD8-depleted
PBMCs with purified 2x10° spermatozoa were co-cul-
tured in 2.5 mL of Biggers Whitten Whittingham
(BWW) medium (Ygyr-Biotech, China, cat. LG2585)
containing 20% sterile fetal bovine serum in a six-
well plate for 7 days to verify the infectivity of HIV
carried by the spermatozoa. Simultaneously, 1x10°



PBMCs with purified 2x10° spermatozoa were co-cul-
tured in the same system as described above. After 2
days, 1.25 mL medium was removed and 1.25 mL
fresh BWW medium containing 20% fetal bovine
serum and 0.1% interleukin-2 was added. Three days
later, half of the medium was replaced with fresh med-
ium, and the cells and supernatants were collected on
day 7. Additionally, 2x10° purified spermatozoa were
cultured separately as a control group.

HIV DNA detection

HIV RNA extracted from the cell culture supernatant
(MagaBio plus Virus DNA/RNA Purification Kit, Bio-
Flux) was reverse transcribed into cDNA. DNA was
extracted from co-cultured cells using QIAamp®
DNA MiniKit (QIAGEN, Germany, cat. 51304), and
cDNA was used to perform nested polymerase chain
reaction (PCR) using 2xEasyTaq® PCR SuperMix for
PAGE (+dye) (TRAN, China, cat. AS112-11). The pri-
mer sequences used are listed in Supplementary Table
1. The reaction system and reaction conditions are
listed in Supplementary Tables 2 and 3. PCR products
were subjected to agarose gel electrophoresis.

Ethical approval

The study subjects provided informed consent in
accordance with the Declaration of Helsinki, and the
study was approved by the institutional review board
of the Fifth Medical Center of Chinese PLA General
Hospital (KY-2021-12-32-1).

Statistical analyses

All data were analyzed using the GraphPad Prism soft-
ware version 8.0. Statistical differences between the
two groups were evaluated using the Mann Whitney
U nonparametric test. Correlations between variables
were analyzed using Pearson’s correlation coefficient
(r). Statistical significance was set at P <0.05.

Results

Detection of HIV p24 protein and HIV RNA in
spermatozoon of HIV-infections

As shown in Figure 1A, we detected p24"* spermatozoa
in semen of the TN group via imaging flow cytometry
(the fluorescence intensity of p24 is shown in Sup-
plementary Table 4). p24" spermatozoon were also
detected in the semen smears of the TN group using
an immunohistochemical assay (Figure 1B b-c), and
no p24" spermatozoa were identified in the semen
smears of healthy men (Figure 1B a). RNAscope in
situ hybridization was performed with the semen
smears to further determine the presence of HIV in
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spermatozoa. Positive signals were detected in the
TN group (Figure 1C, a-d), and no positive signal
was detected in ART group (Figure 1C, e) and healthy
men (Figure 1C, f). The p24-positive rates of sperma-
tozoa were significantly reduced but were detectable
after ART (Figure 1D). Moreover, the p24-positive
rates of spermatozoa positively correlated with the
plasma viral load (Figure 1E, r =-0.68, P <0.05)
and negatively correlated with CD4" T cell count
(Figure 1F, r =0.67, P <0.05). These results showed
that spermatozoa from untreated HIV-infected indi-
viduals could act as carriers of HIV.

Receptor CD4 and co-receptor CCR5 or CXCR4
levels of spermatozoon

CD4 is an essential receptor for HIV-infected cells.
The overall expression level of CD4 on spermatozoon
was very low (Figure 2A), and it was also found that
p24" spermatozoon were mainly CD4 negative (Figure
2B). In addition to the receptor CD4, CCR5 and
CXCR4 are the two main co-receptors for HIV entry
into target cells. We found a low level of CCR5 and
CXCR4 in the spermatozoon and the expression levels
of the patients varied greatly (Figure 2C). The pro-
portion of CCR5 "p24" or CXCR4 " p24" spermato-
zoon was not significant different between the TN
and ART groups (Figure 2D). CCR5 and CXCR4 levels
of p24° and p24" spermatozoa were compared
between the TN and ART groups (either CCR5 or
CXCRA4 positive was classified as the co-receptor posi-
tive group). We found that co-receptor levels of p24*
spermatozoa were higher than those of p24 spermato-
zoa in the TN and ART groups (Figure 2E). Typical
flow cytometry images of CCR5 or CXCR4 positive
spermatozoa in the TN group are shown in Figure
2F. The above results showed that spermatozoon car-
ried HIV through a CD4-independent pathway and
co-receptors appeared to contribute to it to some
extent.

CCR5 and CXCR4 Levels of CD4* T lymphocytes
in the semen

Furthermore, we analyzed the expression of the co-
receptors CCR5 and CXCR4 on CD4"T lympho-
cytes in the semen. We found that the p24 positive
rates of CD4 " T lymphocytes significantly decreased
after ART (Figure 3A), and the CCR5 and CXCR4
levels of CD4"T lymphocytes in semen (Figure
3B) and PBMCs (Supplementary Fig.3B) varied
greatly among individuals. The proportions of
CCR5 "CXCR4™ or CCR5"CXCR4" in p24" CD4"
T lymphocytes in semen were not significantly
different between the TN and ART groups (Figure
3C). The CCR5 or CXCR4 levels of p24* CD4" T
lymphocytes in semen were significantly higher
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Figure 1. Detection of HIV p24 protein and HIV RNA in spermatozoa. (A) HIV p24 protein detected in semen cells from HIV-
infected men by imaging flow cytometry. Left picture (p24-PE, CD4-BV605); right picture (p24-FTC, CD4-APC/Cy7). (B) HIV p24
detected in spermatozoon of HIV-infections in the TN group (b-c, black arrow) and healthy controls (a) via immunohistochemical
analysis. The sperm nuclei are stained light blue with hematoxylin, and p24 Ab signal is red. (C) a—d, HIV RNA detected in sper-
matozoon from treatment-naive (TN) HIV-infected patients using RNAscope; HIV RNA cannot be detected in spermatozoa from
antiretroviral (ART) HIV-infected patients (e) and healthy men (f). Green fluorescence represents HIV RNA, and blue fluorescence
represents nucleic acid in the sperm nucleus. (D) HIV p24-positive rates of spermatozoon in the TN and anti-retroviral therapy
(ART) groups. (E-F) Linear regression between the ratio of p24* spermatozoa and baseline plasma HIV RNA and baseline CD4"
T cell count. HIV p24-positive rates of spermatozoa were calculated from imaging flow cytometry cell counting. The Mann-Whit-
ney U nonparametric test was used to compare the two groups. *P < 0.05. r, Pearson correlation coefficient. P < 0.05 is considered
significant. The dotted line represents the 95% confidence interval.
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Figure 2. Receptor CD4 and co-receptor CCR5 or CXCR4 levels of the spermatozoa. (A) CD4 levels of spermatozoa in semen
from HIV-infected men and healthy men. (B) CD4 levels of p24* spermatozoa. (C) CCR5 or CXCR4 levels of spermatozoon from HIV-
infected men and healthy men. (D) CCR5 or CXCR4 levels on p24™* spermatozoa from HIV-infected men. (E) CCR5 or CXCR4 levels of
p24” and p24* spermatozoa in the TN and ART groups. (F) CCR5- or CXCR4-positive spermatozoa from HIV-infected men detected
using imaging flow cytometry. CCR5-FITC; p24-PE; CD4-BV605; CXCR4-APC; CD3-APC/Cy7. The Mann-Whitney U nonparametric

test was used to compare the two groups. ns, not significant.

than those of p24'CD4" T lymphocytes in the TN
and ART groups (Figure 3D, either CCR5 or
CXCR4 positive belongs to the co-receptor-positive
group). Typical images of CD4" T lymphocytes in

semen are shown in Figure 3E. Effective ART
could significantly reduce the p24-positive rates of
CD4"T cells in the semen, and co-receptors were
important for HIV infection.
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Proportion of p24™ cells in semen

We further analyzed the proportion of p24™ cells in
semen to determine whether the HIV-positive cells
were predominantly CD4" T cells. Spermatozoa were
the main cells in semen of both healthy and HIV-
infected individuals (Figure 4A). Although the pro-
portion of CD4" T cells of the TN group were signifi-
cantly higher than that of healthy men, the overall
proportion of CD4" T cells in semen was still very
low (Figure 4B). We further observed that CD4" T
lymphocytes in semen generally had higher p24-posi-
tive rates than spermatozoa and CD4" T lymphocytes
in peripheral blood, regardless of treatment (Figure
4C,D). Considering HIV p24-positive cells in semen,
the proportion of p24-positive CD4" T cells was
approximately 6.3% (IQR 3.7%-11.4%) and the pro-
portion of p24-positive spermatozoa was approxi-
mately 93.7% (IQR 88.6%-96.3%) (Figure 4E). Thus,
the main HIV-carrying cells in semen were
spermatozoon.

Purified spermatozoon from HIV infections
could infect PBMCs from healthy men

Whether spermatozoon carrying HIV had the ability
to infect immune cells had important clinical impli-
cations; thus, we performed co-culture experiments
co-culturing purified spermatozoon from HIV infec-
tions in the TN and ART groups with PBMCs from
healthy men. The results of purified spermatozoon
from the TN group showed that both HIV DNA
extracted from co-cultured cells (Figure 5A) and
HIV RNA from co-culture supernatants (Figure 5B)
were positive. No positive signal was detected in the
spermatozoa of the three untreated HIV infections
cultured alone (Figure 5C). Moreover, imaging flow
cytometry of co-cultured cells revealed that HIV car-
ried by spermatozoa from the TN group could infect
CD4" T cells of healthy men (Figure 5D). Purified
spermatozoon from the ART group showed that
both HIV DNA extracted from co-cultured cells and
HIV RNA from co-culture supernatants were negative
(Figure 5E). These results provide strong evidence that
HIV carried by spermatozoa can infect PBMCs from
healthy men.

Discussion

In this study, the distribution of HIV-positive sperma-
tozoon and CD4" T lymphocytes in semen was
reported. Understanding whether HIV could infect
spermatozoa could be beneficial to further elucidate
the distribution and mechanism of HIV-infected
cells in semen. Consistent with previous reports [11-
13, 26, 27], our results demonstrated that HIV RNA
and HIV p24 protein were detected in the

spermatozoa of HIV-infected men. However, this
was probably owing to different patient characteristics
or limitations of DNA extraction technology wherein
HIV DNA and proviral DNA were not extracted
from the spermatozoa [13]. The low detection rates
with RNAscope could be explained by the limitations
of the RNA probes, which cannot contain all genotype
sequences, or that some HIV adhere to the surface of
the spermatozoa [6-8]. The HIV p24 antibodies have
low specificity [28, 29]; thus, we stained semen cells
and PBMCs from healthy men, and no obvious p24
cluster cells were found in the healthy group. The gen-
ome in the spermatozoa head is helical and transcrip-
tionally silent [30, 31], and our results with RNAscope
and previous studies with electron microscopy both
revealed that HIV existed in the mitochondria of the
spermatozoa neck region but not in the nucleus of
the head [9, 10]. We detected HIV RNA in the neck
of the spermatozoon and not in the head where the
nucleus is present. If HIV integrates into the sperm
genome, every cell in the newborn carries a segment
of the HIV gene that is easy to detect. However,
there are no case reports of seropositive children of
serodiscordant couples. Therefore, we presumed that
HIV may be derived from viral particles in the sper-
matozoa rather than being integrated with the sperma-
tozoa genome of HIV infections.

Owing to the different concentrations of the med-
ium and semen, and spermatozoa has the ability to
swim from the lower semen layers to the upper med-
ium. Therefore, it could be guaranteed that the iso-
lated cells using the “swim-up” method were all
motile spermatozoon. Under these circumstances,
there are only spermatozoa in the co-culture system
with no free virus from the semen. Our infectious
experiments further demonstrated that HIV-positive
spermatozoa have the ability to infect PBMCs from
healthy men. In fact, almost all spermatozoa died
around 3 days of co-culture, and HIV could not sur-
vive in the dead spermatozoon. We cultured for a
total of 7 days; thus, viruses in the supernatant could
only be produced by HIV-infected PBMCs in the co-
culture system, and imaging flow experiment of co-
cultured cells provide solid evidence of it.

Although HIV was undetectable in the peripheral
blood after long durations of ART, we found that
HIV p24-positive rates of spermatozoa significantly
reduced but still present, indicating both the effective-
ness of ART and the existence of viral compartmenta-
lization [32-34]. Meanwhile, we found that the
correlation of p24 positive rates of spermatozoa with
baseline peripheral blood HIV RNA and CD4 in
untreated patients suggested that the proportion of
sperms carrying HIV may reflect disease progression.
Whether the p24 positive rates of spermatozoa could
further indicate the effect of antiviral therapy remains
to be studied.
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Moreover, we detected no HIV-positive spermato-
zoa in the ART group using RNAscope, probably
owing to the limited number of cells in the semen
smear and low HIV-positive rates after ART. The

latency of HIV in spermatozoa warrants further
study. Some studies assumed that HIV did not exist
in the spermatozoa after long-term ART because
HIV-positive partners under successful ART had
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ns, not significant.

limited transmission risk during unprotected sexual
intercourse [35, 36]. Nevertheless, the transmission
risk is strongly associated with plasma viral load,
and the natural transmission rate of HIV without
ART is approximately 1/30-1/200 per coital act rather
than 100% [37]. Therefore, “U = U” did not imply no
HIV-positive spermatozoa in the semen.

Receptor CD4 and co-receptors CCR5 and CXCR4
play important roles in HIV entry into target cells [15].
We found that the spermatozoa had low CD4 levels
and that HIV-positive spermatozoon were mostly
CD4 negative. Although the mechanism for HIV
entry into these CD4-negative spermatozoon in vivo
remains obscure, it may rely on cell-to-cell infection
[38]. Previous studies reported that the testis is

permissive to HIV or simian immunodeficiency
virus infection [39, 40]. Moreover, TGCs can be
infected in cell-associated pathways; thus, it could be
hypothesized that during spermatogenesis, HIV can
be transferred from HIV-infected lymphocytes or
macrophages to spermatogonia through tight connec-
tions or virological synapses [14, 41]. Virological
synapse infection requires stable cell-to-cell adhesion
and interaction between infected T cells and non-
immune cells, such as renal epithelial cells [42, 43].
Additionally, HIV-infected lymphocytes can transmit
the virus to astrocytes in a CXCR4-dependent and
CD4-independent manner [38]. Dominique Mahé
reported that human TGCs lacked the HIV receptor
CD4 [14]. However, alternative  receptor
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galactoceramides or sulfogalactoceramides on the
spermatozoa surface have been reported [44], and
sperm-specific glycolipids could also serve as alterna-
tive receptors for gp120 [44]. Human mannose recep-
tor protein on spermatozoa can also mediate HIV
entry into it [45]. These results were obtained from
in vitro experiments; therefore, further research is
needed to validate whether HIV-infected spermatozoa
in vivo use these pathways for entry. Moreover, using
immunofluorescence some studies found that sperma-
tozoa express CCR5 mRNA and CCR5 positive signals
on the spermatozoa head [46-48]. We also found that
CXCR4 or CCR5 levels of p24* spermatozoa were
higher than that those of p24” spermatozoa. HIV co-
receptors seem to play distinctive roles in HIV-infec-
tion of the spermatozoon, which may further promote
the infection.

The proportion of spermatozoa in semen is much
higher than that of CD4" T cells; thus, although the
HIV p24 positive rates of CD4" T cells in semen are
significantly higher than that of spermatozoa, most
p24" cells in semen are still spermatozoon. Addition-
ally, the p24-positive rate of CD4" T lymphocytes in
semen was significantly higher than that of CD4" T
lymphocytes in blood, and the reasons for this may
be as follows: (1) the reproductive system has an
immune-privileged environment and HIV can avoid
the scavenging effect of other immune cells to some
degree [49]; (2) poor drug penetration into the repro-
ductive system due to the blood-testis and blood-epi-
didymal barriers [50]; and (3) clonal replication and
compartmentalization of HIV in the male genital
tract [51, 52]. We also found that the p24 positive
rates of CD4"T cells in semen were significantly
higher than those in spermatozoon, proving that
HIV in semen was more likely to infect CD4" T
cells. The above results suggest that viral clearance
should be considered in both the peripheral blood
and reproductive system when evaluating the thera-
peutic effect of ART. Serodiscordant couples should
adhere to biomedical interventions and condom-pro-
tected intercourse to prevent sexual transmission of
HIV, even infections, under long-term effective
ART. However, whether HIV carried by spermatozoa
can transfer into germ cells remains unclear [53].

This study has some limitations. First, we only
stained and calculated spermatozoa and CD4+ T
cells in semen, excluding epithelial cells and other
immune cells. Second, the p24-positive rates of CD4
+ T cells and spermatozoon, and expression levels of
CD4 and co-receptors in semen were calculated by
counting, which may not be fully representative of
all actual situations. Third, this study had a limited
sample size.

In conclusion, spermatozoa may be carriers of HIV.
We described the distribution of spermatozoa and
CD4" T lymphocytes in semen and found that most

of HIV-positive semen cells are spermatozoon. Sper-
matozoon from HIV-infected patients showed a pre-
dominant CD4-negative phenotype; moreover, we
confirmed that HIV-positive spermatozoa could infect
PBMCs through co-culture in vitro. The mechanism
underlying HIV-infected spermatozoa in semen war-
rants further study.
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