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ABSTRACT

HIV-1 sexual transmission occurs mostly through contaminated semen, which is a complex mixture of
soluble factors with immunoregulatory functions and cells. It is well established that semen cells from
HIV-1-infected men are able to produce the virus and that are harnessed to efficiently interact with
mucosal barriers exposed during sexual intercourse. Several cofactors contribute to semen infectivity
and may enhance the risk of HIV-1 transmission to a partner by increasing local HIV-1 replication in the
male genital tract, thereby increasing the number of HIV-1-infected cells and the local HIV-1 shedding in
semen. The introduction of combination antiretroviral therapy has improved the life expectancy of HIV-1
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infected individuals; however, there is evidence that systemic viral suppression does not always reflect
full viral suppression in the seminal compartment. This review focus on the role semen leukocytes play
in HIV-1 transmission and discusses implications of the increased resistance of cell-mediated transmis-

sion to immune-based prevention strategies.

Introduction

Of the estimated 1.7 million new human immunodeficiency virus
type 1 (HIV-1) infections worldwide in 2018, the overwhelming
majority occurred by sexual transmission (www.unaids.org).
Exposure of the vaginal and rectal mucosa to infected semen
accounts for most transmission events.! In spite of this evidence,
a poor understanding of the mechanism regulating immunity at
mucosal sites has hampered the development of effective preven-
tion strategies. Transmission of HIV-1 is inefficient relative to that
of many other sexually transmitted disease (STD) pathogens and
appears to vary by anatomical site. Several covariates, such as
concomitant STDs and acute and advanced HIV-1 disease stage,
have been associated with elevated titers of HIV-1 in genital
secretions and enhanced HIV-1 transmission.”

Semen is a complex mixture of cells and molecules with
immunoregulatory functions, acting not only as a carrier of the
virus but directly modulating the virus itself and the immune
response of the recipient’s mucosa. The virus is present in semen
in three forms: cell-free virions, infected leukocytes, and sper-
matozoa-associated virions. Although the role of spermatozoa
has been a matter of debate, as it is generally accepted that motile
spermatozoa are not productively infected,” the virus in the form
of free particles or infected cells appears instead to play an
important role in transmission. However, the relative contribu-
tion of each form of the virus has not been fully explored, nor the
various factors that may potentially affect semen-mediated
transmission.

Here, we discuss the composition of semen in healthy
subjects and during untreated and treated HIV-1 infection

and the importance of infected leukocytes in initiating infec-
tion. Moreover, we review the antiviral immune response that
takes place in the male genital tract (MGT) and broad neu-
tralizing antibodies (bNAbs)-based prevention strategies to
block transmission mediated by semen leukocytes.

Semen composition in healthy conditions
Seminal plasma

Semen is a very rich biological fluid, of which the primary
function is to ensure the reproduction of the species.
Approximately 95% to 98% of the total volume is represented
by the acellular fraction, called seminal plasma (SP). This
fraction of the ejaculate contains various bioactive substances
originating from the testis, epididymis, and accessory
glands,*” including immunomodulatory, proinflammatory,
and growth factors that can contribute to successful implanta-
tion in healthy couples.® This protein-rich fraction contains
25 to 55 mg/mL of protein, including enzymes, such as
proteases, esterase, and phosphatases, as well as prostaglandin
E (PGE), fibronectin, polyamine, and proteins that play a role
in the immune system, such as complement molecules and
immunoglobulins.” Semen immunoglobulins are derived from
local production by plasma cells in the genital tissues and
systemic circulation.” SP also has a strong bacteriostatic and
bactericidal effect due to the presence of a variety of innate
immune defense mediators, including zinc, lysozyme, trans-
ferrin, and transglutaminase.® In addition to its role in the
protection, transport, and survival of spermatozoa, SP is able
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to modulate the immune response of the female reproductive
tract (FRT) for fertilization and embryo implantation9 and
contains various signaling molecules that temporally modu-
late FRT status.’

Moreover, a wide array of cytokines in SP constitute
a unique environment that is different from that of other
mucosa and the blood. Namely, TGF-B {100 pg/mL) and
PGE, {1 - 80 ng/mL) are the main cytokines present in
semen.”'® Both molecules are effective immunosuppressive
cytokines that can suppress leukocyte activation (e.g. NK
cells, macrophages, and DCs).'"'*> TGF-p is present in three
isoforms (TGF-p1, TGF-B2, and TGF-B3) and can be acti-
vated from the latent to the active form by proteases and the
acidic pH in the vagina."” The cytokine has been demon-
strated to be involved in inducing regulatory T-cell (Treg)
differentiation and downregulating NK-cell activity, resulting
in immune tolerance of the FRT.'>!" Beta-chemokines, which
are able to recruit T cells and macrophages (i.e. RANTES,
MIP-1a, and MIP-183) are often detected in semen and may
enhance the immune defense in the MGT after
intercourse.'*'” Other types of cytokines present in the
semen have inflammatory, regulatory, adaptive, and hemato-
poietic properties. The presence of soluble HLA-G in semen
possibly  suppresses NK cells from entering the
cytotrophoblast.'® A sperm-coating glycoprotein, CD52 g,
may be able to prevent anti-sperm immunity and
infertility.'"” SDE-1 may play a role in leukocyte recruitment
involved in the immune defense of the vaginal mucosa follow-
ing insemination.’ In addition, SP contains MCP-1, IL-8,
fractalkine, GMCSF, IL-7, and IL-15, cytokines normally
found at inflammatory sites associated with the recruitment,
maturation, and proliferation of immune cells, including
monocytes, T-cells, B-cells, DCs, and NK cells.'"® "> In healthy
subjects, the concentration of these cytokines is five-fold
higher in semen than plasma.*'

Semen cells

According to the World Health Organization (WHO), semen
from healthy men contains at least 20 million spermatozoa
per milliliter** and 50% of them show forward motility.>> In
addition to spermatozoa, the cellular fraction of semen
includes immature germ cells, epithelial cells, and leukocytes,
which together account for less than 15% of semen cells.”’

Immature germ cells are the major population of non-
spermatozoan cells (NSC). They have been categorized as
spermatogonia, primary spermatocytes, secondary spermato-
cytes, and spermatids. The number of immature germ cells
are higher in men who have less than six million spermatozoa
per milliliter. Two types of epithelial cells are found in semen:
squamous epithelial cells, originating from the excretory duct,
possibly indicators of bacterial infection or inflammation, and
epithelial cells, arising from seminal vesicles and associated
with inflammation of the seminal vesicles.”’

Leukocytes are normally present in semen, where they
represent approximately 13% of the NSC. They are probably
involved in the elimination of abnormal and degenerating
spermatozoa. Among leukocytes, granulocytes (or polymor-
phonuclear cells (PMNs)) are by far the most abundant cells,
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as they are estimated to represent between 50% and 60% of
the total population. They are followed by monocytes/macro-
phages, which represent 20% to 30% of semen leucocytes.
Cytotoxic CD4 and CD8 T lymphocytes each account for
approximately 5% of leukocytes.** Several studies have
reported the minute presence of a B cell population®>*® as
well as dendritic cells (DCs) in the sperm of macaques.”” In
humans, the presence of this population is more anecdotal
because it concerns almost exclusively men suffering from
chronic inflammation.”® NK cells are usually not abundant
in MGT tissues or semen.'>*’

The semen leukocyte concentration varies significantly
between individuals but should not exceed 1x10°/mL as
recommended by the WHO.? Otherwise, this condition is
called “leukocytospermia.” This condition occurs often during
infection or genital inflammation, is mostly asymptomatic,
and affects 5% to 10% of the healthy male population.'® Its
prevalence can be as high as 24% in men with HIV-1
infection.’®! The higher leucocyte concentration in leukocy-
tospermic semen affects all populations, namely granulocytes,
monocytes/macrophages, and T cells.’® Such an increase in
the number of seminal leukocytes is likely due to the exacer-
bated release of these cells from the epithelium, alteration of
the integrity of the epithelial barrier, or attraction of these
cells to the site of inflammation.” Although the origin of the
leukocytes is uncertain, it has been reported that the epididy-
mis and rete testis are the sources for lymphocytes and
macrophages in normal semen, whereas the prostate and
seminal vesicles are the sources of PMNs. However, in leuko-
cytospermia, the increased number of leukocytes is associated
with genital tract inflammation and their origin is possibly the
prosta‘te.“"36

A limited number of studies have investigated the pheno-
type of semen leukocytes. A few studies in humans and
a previous study by our group in macaques reported the
expression of activation markers on CD4 T lymphocytes,
such as the IL-2 receptor (CD25), CD69, as an early activation
marker, and HLA-DR, as a late activation marker.>*>"?7%
The expression of various other surface markers, such as
CD103, has also been found on CD4 cells, but is more hetero-
geneous, suggesting that only a fraction of the proliferating
lymphocytes have a classical mucosal profile.”> CD103 is
a marker expressed by almost all intraepithelial lymphocytes
(95%), whereas it is present on less than 2% of blood cells.
Moreover, in macaques, CD4 T cells express the HIV-1 co-
receptors CCR5 and CXCR4.”” In general, naive and memory
populations among CD4 T lymphocytes can be identified by
their expression profiles (CD4" CD45RA™ and CD4"
CD45RO", respectively). In sperm, most CD4 T cells have
a memory phenotype.’””® These proportions are different
from those found in the blood, as lymphocytes with a naive
phenotype constitute approximately half of the cell popula-
tion. This means that these lymphocyte populations will not
have the same ability to respond to antigens and, from the
point of view of HIV-1 infection, they do not exhibit the same
sensitivity. Memory lymphocytes are more susceptible to
infection than naive lymphocytes.*’ Similarly to CD4T cells,
CD8T cells also exhibit an activated phenotype, demonstrated
by the expression of CD69, HLA-DR, and the TIA-1
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activation marker, a granule-associated protein found in cyto-
toxic CD8 lymphocytes.”*!

The phenotype of monocytes/macrophages and DCs has so
far been poorly documented. DCs in human sperm have an
immature phenotype (CD80 CD86" CD83low CCR6"
CCR7 CD14").?® Although monocytes and macrophages repre-
sent the second most abundant leukocyte population after gran-
ulocytes, no study in humans has finely characterized them,
whereas such characterization has been performed in cynomol-
gus macaques.”” Semen macrophages have a phenotype very
similar to that of macrophages resident in the human female
genital tract, urethra, and foreskin. They constitute
a heterogeneous population, with varying levels of CDI163,
CD14, and CD11b expression. Most are CD11b"CD163"8",
a profile typical of activated cells. Like T lymphocytes, macro-
phages also express CD4 and most are CCR5", which may
account for the predominance of mucosal R5 virus transmission
in HIV-1 transmission. This phenotype may also favor cell-
mediated transmission: as semen cells express CXCR3, they
should be able to migrate into tissues, such as the cervicovaginal
mucosa, and produce CCL5, CCL3, and CXCL10. Moreover,
semen T cells and macrophages in macaques express LFA-1 and/
or Mac-1 molecules, which are involved in the establishment of
the virological synapse and leukocyte adhesion to epithelial cells
and transmigration.

Presence of HIV-1 in semen: cell-free virions and
infected cells

Conflicting results have been reported concerning the viral load of
HIV-1 in semen and blood. Several studies have reported that
viral loads are higher in blood than semen, with generally, but not
always, a correlation between the amount of HIV-1 in the two.*
Race, HIV-1 subtype, CMV replication in the semen, inflamma-
tion, and degree of T-cell activation have all been reported to be
associated with the amount of HIV-1 RNA and DNA in semen.**~
*HIV-1 is present in semen as both free virions and infected cells
and there is strong evidence for a role of cell-associated (CA) HIV
in transmission. The major source of seminal HIV-1/SIV infected
leukocytes is T cells and macrophages, with the prevalence of HIV
proviral DNA in seminal leukocytes ranging from 21% to 75%.>
Provirus has been detected more frequently in T cells than
macrophages.”>*® Several lines of evidence suggest that the viral
strains and infected cells present in semen originate, at least in
part, from the MGT. During the acute phase of infection, the
sequences of viral RNA (corresponding to free virus) and DNA
(corresponding to infected leucocytes) in semen are highly similar
to those of virus present in the blood (review in’®). However,
during the chronic phase, genetic differences between HIV strains
in the blood and sperm emerge and free viral particles present in
the semen constitute a population that is distinct from that found
in the blood.>*** This indicates the existence of independent local
viral replication, as well as the restricted exchange of virions and
infected cells between the two compartments, allowing the parallel
evolution of various virus populations within the body. In addi-
tion, the sequences of viral DNA and RNA in infected sperm cells
may differ from those of free virions, suggesting a different origin
of the virions and infected cells.”®> Whittney et al.”® reported that
the viruses in blood and semen were similar during early infection

in SIV-infected rhesus macaques but then became distinguishable
after the peak of viremia, indicating that anatomical compartmen-
talization occurred at an early time point. Anderson et al.”® pro-
posed a number of non-exclusive and variable mechanisms that
would allow the contamination of sperm by HIV over time,
namely: (i) direct importation of virus from the blood, (ii) clonal
amplification of viral blood strains in infected cells infiltrating the
MCT, and (iii) local replication in resident cells in the MGT,
leading to distinct viral evolution.

Infected cells migrate into semen from male genital tissues.
Therefore, seminal-cell profiles provide important informa-
tion concerning the numbers and types of HIV-host cells in
the MGT. MGT organs that could release HIV-1 virions and
infected leukocytes are mainly the accessory glands, including
the epididymis, prostate, and seminal vesicles (for
a comprehensive review see’”). Analysis of the HIV RNA
from male genital fluids has shown that the prostate and
epididymis are the main source of the virus.”' The prostate
and seminal vesicles are also the main source of seminal
plasma,” seminal vesicles accounting for 60% and the pros-
tate 30%.’° Additionally, they are more susceptible to infec-
tion than other accessory glands (reviewed by’?). Although
the testes are unlikely to be the main origin of the virus, this
cannot be excluded. The testes are the least HIV-1-infected
area relative to the other components of the MGT, due to the
blood-testis barrier.”> According to the availability of suscep-
tible cells in the testes, the infected testes leukocytes possibly
migrate across the epithelium of the rete testis to the seminal
lumen, where the virus may then be released via Sertoli cells.>
A model of SIV-infected macaques showed that testes can be
productively infected during primary infection and asympto-
matic chronic infection.” The infected cells of the testes were
macrophages and T cells, as reported for men’*** and
macaques.55 Moreover, the testes act as a viral sanctuary,
due to limited exposure to drugs because of the blood barrier
and drug efflux pumps (such as ABC transporter).”®’
Consequently, the testes must be taken into consideration
for effective HIV-1 therapies.

Leukocytes in the semen of HIV-1-infected men (1.0E+05
cells per milliliter of semen) are generally present in lower
numbers than in uninfected men (2.4E+05 cells per milliliter).
Semen cells in HIV-positive subjects and SIV-positive macaques
have a profile typical of resident mucosal cells,*>*>
a phenotype that makes them particularly well equipped to
replicate the virus. The MGT is also populated with memory
mucosal T cells,”® which are targeted by SIV during acute
infection in male macaques.” Infection induces a modification
of the dynamics and activation state of semen cells, including
CD4 and CD8 T cells and macrophages. During infection, the
number of macrophages remained stable but the number of CD4
and CD8T cells was significantly reduced in both HIV-1-positive
subjects and SIV-infected macaques.’®***® These findings are
consistent with those of clinical studies that have documented
the depletion of CD4T cells at mucosal sites during early HIV-1
infection, such as the gastrointestinal mucosa and the exocervix
of HIV-positive women relative to uninfected women.’*!
A similar effect was observed following SIV infection of
macaques.®” These findings suggest that genital T-cell dependent
immune defense functions may be impaired in HIV-infected



subjects. As a consequence, HIV-positive individuals may be
more vulnerable to genital infections, some of which are co-
factors for HIV transmission.®”

An increase in the number of semen CD69" CD4T lym-
phocytes, which have an activated phenotype, has been
observed in SIV-infected macaques. Moreover, most of the
CDAT cells and macrophages in semen express the integrin
LFA-1, and an increase in the number of macrophages posi-
tive for Mac-1 is observed during infection, suggesting that
the virus may modify the adhesion capacity of the cells that it
infects. These integrins, indeed, play an important role in
leukocyte adhesion to epithelial cells and transmigration, pro-
moting cell-cell contact and facilitating HIV-1 replication.®*

Evidence of HIV-1 infection mediated by infected
semen cells

While several studies based on in vivo and in vitro models
have demonstrated that cell-to-cell transmission is more
potent for transmission of the infection than cell-free
virus,®*"®® CA virus has been largely overlooked. There is
still very little comparative data between transmission by
infected cells versus that with free virus in humans and their
specific contribution is still debated. Using a mathematical
model, it has been estimated that cell-to-cell transmission is
1.4 times more effective than free virus transmission and
contributes to 60% of new viral infections.®

Several studies have sought to determine the source of the
transmitted virus by analyzing the viral RNA and DNA
sequences, both in donor genital secretions and the blood of
newly infected individuals. These studies have shown that the
virus found in the blood of newly infected individuals was in
some cases closer in sequence to the viral DNA found in the
infected cells of the donor’s genital secretions and, in other
cases, closer to the viral RNA derived from the free viral
particles.’””%”! The simplest interpretation of these observa-
tions is that the source of the virus may vary from one
transmission to another, and that both free virus and infected
cells play a role in the transmission of HIV-1.

In humans, in vivo inoculation of HIV-1-sized colloidal
particles and leukocytes showed that they co-localized after
several hours in the sigmoid colon or vagina, depending on
whether inoculation was rectal or vaginal, respectively.”*
Despite their similar migratory capacity, in vivo macaque
studies have shown that cell-to-cell transmission is the pri-
mary means of vaginal and colorectal transmission of SIV.”>”*
Indeed, repeated rectal exposure to low amounts (92 TCIDs,)
of SIV-infected PBMCs transmitted infection to three out of
five macaques following two challenges, whereas similar low
doses of cell-free SIV did not transmit infection to none of the
four animals over four challenges. Moreover, our group has
demonstrated that the vaginal inoculation of infected leuko-
cytes can establish systemic infection, in the absence of any
mucosal abrasion. Cynomolgus macaques treated with Depo-
Provera were intravaginally inoculated with SIVmac251
infected splenocytes labeled with CFSE. Strikingly, the labeled
cells were detected in the tissue of the vagina and iliac LNs
after 21 hours of inoculation and in axillary LNs after
45 hours of inoculation by in situ hybridization, indicating
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rapid dissemination of the infected cells.”* These data indicate
that CA virus transmission can establish infection rectally and
vaginally, and might be more infectious at this site of expo-
sure than free virus. There is no up-to-date report on trans-
mission initiated via the mucosa by semen cells, which would
be more physiologically relevant. These data indicate that CA
virus transmission can establish infection rectally and vagin-
ally, and might be more infectious at this site of exposure than
free virus. This lack of information is mostly due to technical
constraints in purifying semen cells. In addition to experi-
ments in non-human primates of semen cell-mediated trans-
mission models, attempts to decipher mechanisms of
transmission mediated by semen leukocytes will benefit from
complementary in vitro assays.

CD4 + T cells sorted from semen of SIV-infected macaques
at all stages of the disease, transmitted infection when co-
cultured in vitro with permissive cell lines, demonstrating
their considerable capacity to produce infectious SIV.*® In
vitro, HIV-1 transcytosis through various epithelial cell lines
(1407, HT-29, Caco- 2, HEC-1, ME-180) is much more effi-
cient when initiated by infected cells than by free virus
particles.”>”> The observation of transcytosis of free virus
requires an inoculum (in units of p24) 100 to 1,000 times
greater than that with infected cells’® to permit a sufficient
number of viral particles to cross the barrier to generate a new
infection. Infected cells also show a greater ability to induce
infection following transmigration through an epithelial bar-
rier than free virus, as demonstrated by Van Herrewege et al.”’
Only one study demonstrated that labeled viable cells from
semen bind to and penetrate the ectocervical epithelium.
However, entrapment of cells into the mucus layer hampered
their binding to endocervical explants.”®

In conclusion, it is now well established that HIV-1 trans-
mission by infected cells is more effective in initiating a new
infection than cell-free virus using in vitro, ex vivo, and in vivo
models and can be 10 to 1,000 times more effective, depend-
ing on the model used.””* Studies addressing prevention
strategies should take into account this mode of HIV-1
transmission.

Effect of the antiretroviral therapy on semen
infectivity

HIV-1 transmission during unprotected sexual intercourse is
associated with the presence of the virus in genital fluids, and
the efficacy of antiretroviral therapy (ART) in preventing new
infection is based on their ability to reduce HIV-1 viral load in
these fluids.

During the early stage of infection, semen containing high
levels of HIV-1 RNA has been shown to be potentially infec-
tious in parallel with leukocytospermia and elevated inflam-
mation markers, leading to leukocyte recruitment.’**”>>
During the chronic phase of infection, a lower risk of HIV-1
transmission has been observed due to a decrease in not only
the blood viral load but also the seminal viral load. However,
HIV-1 persistence in the semen did not directly affect the
number of CD4 or CDST cells,* ~** although there may have
been an intermittent effect that was unrelated to plasma viral
load.®*® The level of persistent virus in semen may be
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influenced by co-infection with sexually transmitted diseases,
such as cytomegalovirus (CMV), chancroid, syphilis, gonor-
rhea, or Chlamydia.*”"*’ Large regions of the membrane pro-
tein on CMV and human T-lymphotropic virus type
I (HTLV-I) are similar to CD4. This resemblance may con-
tribute to the higher susceptibility of CMV and HTLV-1
infected leukocytes to HIV.”

The use of safe sexual practices, along with antiretroviral
preexposure (and to a lesser extent postexposure) prophylaxis
(PrEP) for HIV-1-seronegative at-risk individuals and ART
for systemic viral suppression for people already infected with
HIV-1, has been proven to diminish the forward transmission
of HIV-1. After HAART treatment, seminal CD4T-cell counts
were brought back to the same level as those of non-infected
individuals and thus could improve acquired immune func-
tion in the genital tract.”® This is consistent with what has
been described for the blood and other mucosal sites, such as
the gastrointestinal tract.”’ >

The likelihood of detecting HIV-RNA in the semen of
infected men has been shown to be extremely low in cases
of prolonged, efficient, highly active antiretroviral therapy
(HAART).”*"®® Thus, natural conception may be considered
as a safe option in HIV-1 discordant couples, based on the
very low probability of sexual transmission of HIV. However,
the MGT is a separate reservoir for HIV-1 and may contribute
to HIV-1 shedding in seminal fluid, even in patients receiving
HAART. Indeed, systemic viral suppression has not always
reflected full viral suppression in the seminal compartment,
possibly due to semen being refractory to the effects of
ART.”"™ The shedding of both virions and infected cells
continues to be detectable for months to years after starting
ART.'7'192 A small proportion of HIV-l-infected men
(<10%) achieve viral suppression in their blood but continue
to shed HIV-1 episodically in their semen, albeit at levels that
are very low (<1000 HIV-1 RNA copies/mL of seminal plasma
in 80% of shedding episodes).'”” Such low-level viral shedding
in semen may be below the threshold necessary for sexual
transmission; however, it is not known to what extent such
low-level shedding in semen contributes to the residual risk of
HIV-1 transmission that persists. Thus, the ability of antire-
troviral (ARV) drugs to penetrate the MGT is a key factor for
achieving HIV-1 suppression in seminal fluid and preventing
sexual transmission of the virus.

Immune responses in the male genital tract following
HIV-1/SIV infection: implications for transmission

HIV-1 infection has an effect on several physical and cellular
parameters of semen. These effects are mostly detected during
the chronic phase of infection, in which not only spermatozoa
are affected (reduced motility, lower number of spermatozoa,
and/or increased abnormal morphology) but also physical
characteristics (decreased ejaculated semen volume, increased
seminal pH, and an increased number of round cells).'***7
Some alterations of semen may result from ART, which may
affect several metabolic and endocrine functions of the testes
and MGT, but current data are contradictory.'”® Frapsauce
et al.'” showed little or no influence of nucleoside reverse
transcriptase inhibitors (NRTI), protease inhibitors (IP), and

nevirapine (NVP) on semen parameters. By contrast, Savasi
et al.''® showed that the median values of all semen para-
meters were significantly lower among HIV-1 infected
patients than the WHO reference group in a retrospective
case-control study of 770 HIV-1 patients under stable
HAART. In this study, only age and viral load negatively
affected progressive motility and semen morphology, whereas
no associations were detected in terms of the type of HAART
or duration.

The levels of several immunomodulatory mediators,
including cytokines (IL-1a, IL-7, IL-8, MIP-3a, MCP-1, and
MIG, IP-10) and chemokines (SDFB1 and TGF-p), are higher
in semen than blood, not only in healthy men but also in
HIV-1 infected men,'>*""'"""* reflecting a persistent and
primed state of immune activation conducive to HIV-1 infec-
tion. The acute phase of the infection is characterized by
a higher level of pro-inflammatory cytokines and chemokines
than that found in non-infected or chronic HIV-1-infected
subjects (for review see''’). The overexpression of pro-
inflammatory cytokines/chemokines in the seminal plasma
of infected men alters the cytokine network and may impair
the ability of the immune system to respond to HIV-1
infection.’''? A correlation between pro-inflammatory cyto-
kine levels and viral load in semen has been reported in
several studies. Higher levels of inflammatory cytokines,
such as IL-1B,''* RANTES,'” IL-6, IL-8, IFNy,'"°and IL-
17,'' are associated with increased HIV-1 shedding in the
genital tract, increasing the risk of transmission to sexual
partners.”''? In addition, this cytokine network evolves
dynamically according to the stage of viral infection, as
described by Vanpouille et al.'*® These variations in cytokine
concentration may have numerous consequences, as, for
example, it has been shown that high concentrations of pro-
inflammatory cytokines promote the expansion and activation
of the immune cells of the exposed mucosa. For example,
endometrial epithelial cells exposed to SP from acutely HIV-
infected men produced higher levels of pro-inflammatory
cytokines (IL-la, IL-6, and TNF-a), which increase HIV-1
replication in CD4T lymphocytes.'"” Consequently, the mod-
ulation of semen factors may have an effect on viral propaga-
tion during the sexual transmission of HIV-1 in the FRT.
Genital inflammation, defined as a specific profile of inflam-
matory cytokines, has been identified as a significant risk
factor for increased T-cell activation and HIV target cell
recruitment in women."” Several studies have confirmed
that the cytokine and chemokine seminal plasma milieu sup-
ports active viral replication through the ongoing activation of
target CDAT cells in situ.'*’""*

Functional T lymphocytes have been isolated from the
semen of HIV-negative and HIV-positive men.”> HIV-
specific cytotoxic CD8T lymphocytes (CTLs) have been
cloned from the semen of HIV-infected men, providing evi-
dence for an active antiviral cellular immune response in the
MGT.” In a study conducted by Politch et al.”® men in
a highly advanced stage of HIV infection showed reduced
seminal CD8T-lymphocyte concentrations, suggesting that
HIV infection impairs antiviral cellular immune defense
mechanisms in the MGT. Indeed, virus-specific T cells in
the semen do not control replication of the virus in either



HIV-1-infected subjects or SIV-infected macaques.''® On the
contrary, the CD8T-cell response in the blood during acute
HIV-1 or SIV infection increases following the increase in
viral load and there is an inverse correlation between viral
load and the CD8T-cell response during primary
infection.'”*”'** Future studies should analyze responses to
a broader range of HIV-1/SIV proteins to understand the
breadth of T-cell immunity in male genital tissue.

Humoral immunity in semen is likely to be important in
HIV-1/SIV transmission. HIV-1 and SIV-specific antibodies
are present in abundant quantities and high frequencies in the
semen of HIV-1-positive men and SIV-positive macaques at
various stages of the disease, although the titers are generally
lower in semen than blood.*""'**'*” A positive association was
observed between genital tract inflammation and high titers of
seminal IgA and IgG anti-HIV-1 antibodies,'”” which may
reflect either increased transudation of serum Ig into the
seminal fluid, such as that reported for men with bacterial
prostatitis,"*” or increased local production. Western-blot
analysis of seminal plasma HIV-1 antibodies has shown anti-
bodies directed against numerous antigens, including the
gpl160 envelope protein.'”” Recently Pillay et al.'*® reported
that genital-tract inflammation influenced the antibody sub-
classes and HIV-1-specific antibody titers in the seminal fluid
of non-HIV-infected and HIV-infected men. Local cytokines/
chemokines were associated with the mucosal-specific Ig sub-
classes, with higher quantities of IgG1, IgG3, and IgM in HIV-
infected men, suggesting that HIV-1 infection likely drives
differential IgG subclasses/isotype and functional responses.
The elevated mucosal level of the detected Ig subclasses likely
affects specific antibody function and contributes to local viral
control. Indeed, IgG subclasses show remarkable differences
in complement activation, phagocytosis, antibody-dependent
cell-mediated cytotoxicity (ADCC), and Fc-Receptor binding,
with the general order of activating capacity being IgG3
> IgGl > IgG2 > IgG4.'” Although the authors did not
perform functional assays, other studies demonstrated the
superior polyfunctionality of circulating IgGl and IgG3 in
elite controllers relative to then of viremic subjects.’**"" It
is yet to be determined whether IgG and IgM purified from
the semen of HIV-positive men show higher polyfunctionality
than that from uninfected subjects.

Quantitative analysis of HIV-specific Ig isotypes in semen has
revealed a predominance of IgG over IgM and IgA antibodies.'**~
134 A large study conducted by Mestecky et al.,'*>> which evaluated
HIV-1-1-specific antibody responses in various mucosal secre-
tions, including semen, concluded that the IgA response to HIV-
1/SIV is surprisingly low. Despite an elevation in total serum IgA
levels, anti-HIV IgA levels can be 100-fold lower than anti-HIV
IgG levels in patients during the earliest stages of HIV-1 infection
(Fiebig I-V1)."*® These IgA antibodies were directed against the
gp41 of the envelope and were induced in the mucosal fluids of
approximately 87% of patients, including in seminal plasma.
However, shortly after induction, their levels rapidly declined.'*®
Anti-gp120 IgA appeared later in both the systemic and mucosal
compartments. Paradoxically, individuals with elevated total IgA
levels typically have the poorest anti-HIV IgA and IgG
responses.”>> The mechanism responsible for the relatively low
HIV-1-specific IgA response relative to the HIV-1-specific IgG
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response in mucosal fluids during HIV-1 infection is not well
understood. The observed ratio could reflect contributions from
plasma transudate or be a result of mechanisms that cause defects
in mucosal class switching, such as HIV-1 Nef-mediated inhibi-
tion of class switching to IgA.* Indeed, there is no correlation
between serum total IgA (IgA derived from bone marrow plasma
cells) and mucosal IgA concentrations (derived from mucosal
plasma cells), highlighting the compartmentalization between
systemic and mucosal immunity."”

There is a narrow window of vulnerability after virus
exposure that may allow Abs with antiviral function to inhibit
HIV-1 at mucosal surfaces.””® Preexisting HIV-1-specific
mucosal Abs present at the time of transmission could block
HIV-1 acquisition. The mechanisms by which Abs can inhibit
HIV-1 movement across the mucosal barrier include direct
virus neutralization, viral aggregation, inhibition of transcy-
tosis, intra-epithelial neutralization, phagocytosis, inhibition
through mucus, and Fc receptor-mediated neutralization (Ab-
dependent cellular cytotoxicity) (reviewed in'**'*%).

Fc-mediated antibody functions have been mostly over-
looked in semen. Parsons et al.'"*' demonstrated that HIV-
1-specific antibodies in SP can mediate ADCC responses
in vitro. In macaques, the presence of FcyRIIla dimeric pro-
tein-binding semen Abs (used as a surrogate of ADCC func-
tion) appears to be associated with local viral shedding.*'
These observations suggest that Abs with the potential to
mediate ADCC may modulate semen infectivity and viral
transmission. It is tempting to speculate that the presence of
ADCC Abs in semen may, at least in part, explain the rela-
tively low rate of transmission during sexual intercourse.

A few studies have analyzed the presence of broad neutralizing
antibodies (bNAbs) in semen. Neutralizing HIV-specific IgA are
present in the semen and vaginal washes from HIV-1 exposed
seronegative sex-workers.'**”'*> Moreover, several studies have
shown that neutralizing IgG can prevent the infection
o macaques following intravenous or vaginal inoculation with
simian human immunodeficiency virus (SHIV)."**"'** The pre-
sence of high titers of potentially HIV-neutralizing antibodies in
the seminal plasma of HIV-positive men and the fact that cell-free
HIV in semen may be associated with immune complexes could
contribute to the relatively low sexual transmission rate of
HIV-1.* On the other hand, env-specific IgG present in semen
may instead facilitate mucosal transmission of HIV-1. Indeed,
a proportion of HIV-1 virions in semen may be coated with IgG
and form an immune complex that can cross the mucosal epithe-
lium. For all these reasons, the presence of Abs in genital secre-
tions, such as semen, should be considered in the design of
prevention strategies, as it could impede attempts to provide
immune-based prophylactics and/or vaccines.

Challenges and opportunities in using broad
neutralizing antibodies to prevent HIV-1
transmission mediated by semen leukocytes

In recent years, bNAbs have received growing attention as
valuable tools for HIV-1 prevention and treatment. As the
virus is present in semen as both free particles and infected
cells, bNAbs, either induced by vaccination or passively
infused, should target both forms of the virus.



2024 M. CAVARELLI AND R. LE GRAND

HIV-1 transmission mediated by infected leukocytes is
likely to play a predominant role in infecting individuals'’
and may represent a mechanism through which the virus can
evade antibody-based immunity."”'”"** In this scenario,
semen leukocytes may act as Trojan horses, protecting cell-
associated virus from host immune defenses.>® However, most
in vitro neutralization assays and in vivo protection experi-
ments have been performed using cell-free virus inocula and
there is, as yet, no indication that bNAbs can prevent trans-
mission mediated by semen leukocytes. Previous studies have
been conducted using either cell-lines, primary DCs, or per-
ipheral blood mononuclear cells (PBMCs).

In vitro studies to evaluate the potency of bNAbs to block
CA viral transmission have produced conflicting results,"”*
199 possibly due to the different experimental systems used by
the various laboratories.'*® Differences have been observed
across virus strains and antibody epitopes and substantial
variability can be attributable to whether the assay system
used acutely transfected or chronically infected donor cells,
cell lines, or primary cells or lab-adapted strains or transmit-
ter/founder viruses."”>'®" Despite observed divergences, there
is general agreement that bNAbs exhibit reduced efficacy
against CA viral transmission, shown by the much higher
concentrations or bNAb combinations required than those
needed to inhibit cell-free viral transmission. This may be
due to several possible mechanisms, such as steric hindrance
at the virological synapse, the increased multiplicity of infec-
tion (MOI) observed in CA viral transmission, the different
conformation of the viral envelope during cell-free and CA
viral transmission (possibly affecting certain epitopes more
than others, as well as differences between genetically diverse
env), or the stability of viral envelope-Ab complexes (for
a recent review see'®). Finally, the exposition of certain
neutralizing epitopes may be limited if membrane fusion
occurs within endosomal compartments in the target cell.'®

Experiments performed using “first-generation bNAbs,”
such as 2F5, 4E10, b12, and 257-D, produced conflicting
results and no clear pattern could be determined.'®* "% As
for cell-free viral inhibition, the development of “second-
generation bNAbs” has permitted a more comprehensive
examination of the mode of cell-to-cell virus inhibition by
bNAbs. A study by Abela et al.'>* showed that the targeted
epitope may influence the efficacy of a given Ab and that
anti-CD4bs Abs lose efficacy during CA viral transmission.
The relative resistance to neutralization in intercellular assay
systems has been confirmed by other studies,”>">*"*” but in
one, Abs directed against the CD4bs and V3 loop were the
most active in inhibiting transmission between T cells."”* Li
et al. showed that a functional motif in gp4l appears to
contribute to the loss of potency and magnitude of multiple
bNAbs during cell-to-cell transmission.'”® In the case of
DC/T cell transmission, Su et al. showed that bNAbs inhibit
HIV-1 transfer from primary DCs and pDCs to autologous
CD4 T cells.'®”'®® Antibody-mediated inhibition via the Fc
region has been observed in the transfer of HIV-1 infection
from antigen-presenting cells (APCs) to surrounding T cells,
which may be related to the FcRs present on the surface of
DCs and macrophages. FcR-mediated protection required
the binding of FcRs to Abs."”®'®” Interestingly, anti-gp-120

bNADs appear to not only be more potent than anti-gp41
bNADs in conferring Fc-mediated protection but are also
more efficient in preventing the transmission of infection
from either macrophages or DCs to T cells.'”>'*” An
increasing number of observations has also highlighted the
fact that a combination of bNAbs is possibly necessary to
efficiently inhibit CA viral transmission. In in vitro studies,
no single Ab was able to inhibit all tested strains,”” and
a combination of PG9 and VRCO01 was more effective dur-
ing cell-to-cell transmission than single Abs.">*

Animal studies have shown that HIV-1 infection can be
prevented when animals are given either topical or systemic
immunoprophylaxis. Although those studies evaluated Ab
efficacy against cell-free viral challenge, human clinical trials
might provide evidence of Ab protection against both forms
of virus. Unformulated bl2 given vaginally provides dose-
dependent protection of macaques before vaginal challenge
with a single high dose of SHIV162P4'*® and provided ster-
ilizing immunity in seven of seven animals when applied at
high dose.'” Serum concentrations of 25-60 pg/ml of b12
protected against 5 to 28 low dose vaginal SHIV challenges in
macaques.'”® Intravenous inoculation of 4E10 provided com-
plete protection from rectal transmission in six macaques
challenged with SHIV Ba-L.'"”' When formulated as a gel,
VRCO1 protected seven of nine RAG-hu humanized mice,
and a multi-Ab gel containing b12, 2F5, 4E10, and 2GI2
provided 100% protection.'”” Vaginal application of a gel
containing 4E10, 2F5, and 2G12 was shown to be partially
protective in a macaque vaginal challenge model against
SHIV162P3."*” Some bNADs are now being tested in humans
for their ability to promote immune control of HIV-1 in
infected individuals and potentially to eliminate HIV-
infected cells. These include VRC01, VRC07-523, 3BNC117,
and N6 (CD4 binding site-targeting antibodies); 10-1074 and
PGTI121 (V3-glycan - targeting antibodies); PDGM1400 and
CAP256-VRC26 (V1/V2-glycan-targeting antibodies); and
10E8 (MPER-targeting antibody) (for a recent review see'””).
The NIAID HIV Vaccine Trials Network (HVTN) and HIV
Prevention Trials Network (HPTN) are carrying out the
Antibody-Mediated Prevention (AMP) efficacy trials with
intravenous administration of VRC01 (NCT 02716675 and
NCT02568215). The AMP trials are designed to assess if
a single bNAb can prevent HIV-1 acquisition in humans
and to determine how much serum antibody is needed for
protection. The Ab will have both neutralizing and non-
neutralizing activity, so might not be entirely specific as to
mechanism of action; however, if successful, it will show that
a specific agent or response is effective.

It is important to note that the relevance of in vitro studies
to the in vivo efficacy of the same Ab to inhibit cell-to-cell
versus cell-free transmission is understudied. To date, only
one study has evaluated the efficacy of bNAbs to inhibit CA
viral transmission in vivo in macaques. The authors used
SHIV 62ps-infected splenocytes to intravenously challenge
pigtail macaques and infused the animals with the anti-V3
bNAb PGTI121."7* Partial protection from infection was
observed, along with a delay in peak viremia or delayed
viremia was reported for non-protected macaques.'’* The
partial efficacy of the PGT121 bNADb against cell-to-cell



transmission in vivo highlights the need to identify new Ab
candidates against this mode of viral transmission. In this
macaque model, a high dose, intravenous challenge was
used. Future trials recapitulating intrarectal or intravaginal
route of transmission and evaluating topical use of Abs will
be of great interest to assess the prophylactic efficacy of
bNAbs in NHP models and predict protection in humans.

Finally, bNAbs may mediate Fc effector functions that
could block CA HIV-1 transmission. The Fc domain present
on Abs is recognized by the FcR receptor on the surface of
various immune cell types to trigger the possible mechanism
of antibody-mediated inhibition by bNAbs, also inhibiting
CA viral transmission. For example, bNAbs can recruit NK
cells via ADCC to kill HIV-1-infected cells.'”>""”” Moreover,
bNAbs can activate antibody-dependent cellular phagocyto-
sis (ADCP) and the complement pathway.'”® ADCC-
mediated inhibition of CA viral transmission by bNAbs and
non-NAbs relies on the accessibility of the viral envelope
protein on the cell surface. There is evidence that bNAbs
require Fc-mediated immune responses to obtain optimal
protection in vivo.'"”’”'®! Although bNAbs may not provide
complete neutralization against CA viral transmission, their
Fc regions provide an additional mechanism to direct the
antibodies against infected cells. Lu et al.'®* showed that
bNADs can eliminate HIV-1-infected cells and trigger Fc-
mediated protection in humanized mice. Infusion with either
3BNC117 alone or the combination of 3BNC117 and 10-
1074, performed 12 hours before the transfer of infected
cells, was able to reduce not only the percentage of infected
cells but also the level of CA HIV-1 DNA relative to those in
control mice. Similar results were obtained when using
CDAT cells infected with isolated primary HIV-1 strains.
Furthermore, the clearance of HIV-infected cells in vivo pos-
sibly depends on the interaction of the FcyR on effector cells
and the Fc domain on the 3BNC117 Ab.'®* These observa-
tions highlight the important function of the FcyR mechan-
ism mediated by bNAbs to eliminate HIV-1 infected cells
in vivo.

Overall, several studies have reported a reduced ability of
bNADs to interfere with cell-to-cell transmission but have also
demonstrated that it depends on the cell type and the antibody
used. Moreover, these studies primarily focused on cells infected
in-vitro. Given the diversity of cell lines or even CDA4T cells
derived from blood and semen T cells, it is of utmost importance
to establish more physiologically relevant in vitro systems.

More research is needed to understand why certain bNAbs
are less efficient against CA infection and to define which
in vitro model would best predict antibody protection in vivo.

Complementarity of antibodies and cell-mediated
immunity for prevention of cell-associated viral
transmission

Most vaccine studies in animal models and human clinical
trials have not been focused on blocking cell-associated HIV-1
transmission, so the mechanism of protection at the site of
infection remains unclear. The protective effect of RV144 was
associated with the selective induction of antibodies of the
immunoglobulin G3 (IgG3) subclass, which mediates multiple
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functions (i.e., ADCC, ADCP, and antibody-mediated release
of cytokines/chemokines) that are effective against infected
cells."®>'®* However, humoral immunity alone may be insuf-
ficient for protection against the transmission of cell-
associated HIV-1,"* and contribution from cell-mediated
immunity might be necessary to augment humoral vaccine
efforts. A large body of evidence emphasizes the crucial role of
T cells in controlling HIV-1 infection in humans and SIV
infection in non-human primates. Studies in humanized mice
and non-human primates demonstrate that immunotherapy
can facilitate the emergence of potent CD8 + T-cell immunity
that can durably suppress virus replication.'>'®® Recently,
Niessl et al. demonstrated in HIV-1 infected subjects that
bNADb therapy during ART interruption was associated with
enhanced HIV-1-specific T cell responses.'®” Although cell-
mediated responses normally serve to control established
infection, in vitro studies clearly show that HIV-specific
CD8 + T cells can Kkill both activated and resting CD4 + T
cells before progeny virus is produced.'®* """ This suggests the
possibility that these responses may also, if induced in suffi-
cient numbers, be able to eliminate HIV-infected cells as they
penetrate the mucosal epithelium and thus before persistent
reservoirs are established. Given the advantages and disadvan-
tages of each approach, cellular and humoral HIV vaccine
methods will likely be complementary in providing full pro-
tection from HIV-1 infection. For instance, vaccine-generated
HIV-specific cytotoxic T cells and ADCC responses could
cooperate to rapidly clear infected cells. Non-human primate
studies suggest that very early infections can in some instances
be cleared by passively infused neutralizing antibodies'> and
by the broad T-cell immunity induced by CMV vaccine
vectors;'”> however, these approaches have not been assessed
for synergistic effects. This is an understudied area and
further research is needed to address the potential of combin-
ing both arms of the immune system to block transmission
mediated by semen cells.

Concluding remarks

Semen is a complex biological fluid, whose role in HIV-1
transmission is defined by a complex array of factors. Semen
carries both cell-free virus and infected cells, the latter ones
playing a major, yet still underexplored role in transmission.
Conventional antiretroviral therapy has been proven to dimin-
ish the forward transmission of HIV-1; however, the MGT may
contribute to HIV-1 shedding in seminal fluid, even in patients
under HAART. Moreover, bNAbs considered as promising
prophylactic agents may not inhibit transmission mediated by
semen leukocytes as efficiently as cell-free viral particles, and
immune-based protection may be more difficult to achieve. This
has major implications for the rational design of vaccine strate-
gies to fight HIV-1. More research is needed, especially in
animal models, to elucidate the overall influence of semen and
semen cells in the sexual transmission of HIV-1 and to improve
the protective efficacy of bNAbs.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.



2026 M. CAVARELLI AND R. LE GRAND

Funding

The work was supported by the French Agency for Research on AIDS
and Viral Hepatitis (ANRS) and by the Europen Commission - Marie
Sklodowska-Curie Actions (grant agreement n° 658277 for the project
DCmucoHIV). The funders played no role in the design of the paper,
interpretation of its content, or the decision to publish.

References

1.

10.

11.

12.

13.

14.

Doncel GF, Anderson S, Zalenskaya I. Role of semen in modulat-
ing the female genital tract microenvironment - Implications for
HIV transmission. Am ] Reprod Immunol. 2014;71(6):564-74.
doi:10.1111/aji.12231.

. Beyrer C. HIV epidemiology update and transmission factors:

risks and risk contexts [Internet]. Clin Infect Dis. 2007;44
(7):981-87. [accessed 2020 Mar 4]. http://www.ncbinlm.nih.gov/
pubmed/17342654.

. Dulioust E, Du AL, Costagliola D, Guibert J, Kunstmann JM,

Heard I, Juillard JC, Salmon D, Leruez-Ville M, Mandelbrot L,
et al. Semen alterations in HIV-1 infected men. Hum Reprod.
2002;17(8):2112-18. doi:10.1093/humrep/17.8.2112.

. Sabatté J, Remes Lenicov F, Cabrini M, Rodriguez Rodrigues C,

Ostrowski M, Ceballos A, Amigorena S, Geffner J. The role of
semen in sexual transmission of HIV: beyond a carrier for virus
particles. Microbes Infect. 2011;13(12-13):977-82. doi:10.1016/j.
micinf.2011.06.005.

. Rametse CL, Olivier AJ, Masson L, Barnabas S, McKinnon LR,

Ngcapu S, Liebenberg L], Jaumdally SZ, Gray CM, Jaspan HB,
et al. Role of semen in altering the balance between inflammation
and tolerance in the female genital tract: does it contribute to HIV
risk?  Viral Immunol.  2014;27(5):200-06.  doi:10.1089/
vim.2013.0136.

. Andersson D, Politch JA. The male role in pregnancy loss and

embryo implantation failure. In: Bronson R, editor. Advances in
experimental medicine and biology. Switzerland: Springer
International Publishing; 2015. p. 159-69.

. Moldoveanu Z, Huang W-Q, Kulhavy R, Pate MS, Mestecky J.

Human male genital tract secretions: both mucosal and systemic
immune compartments contribute to the humoral immunity.
J Immunol. 2005;175(6):4127-36. doi:10.4049/jimmunol.175.6.4127.

. Alexander NJ, Anderson DJ. Immunology of semen. Fertil Steril

[Internet] 1987; 47(2):192-205. [accessed. 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/2434363.

. Robertson SA, Sharkey D]J. Seminal fluid and fertility in women. Fertil

Steril. 2016;106(3):511-19. doi:10.1016/j.fertnstert.2016.07.1101.
Robertson SA, O’Connell AC, Hudson SN, Seamark RF.
Granulocyte-macrophage colony-stimulating factor (GM-CSF)
targets myeloid leukocytes in the uterus during the post-mating
inflammatory response in mice. J Reprod Immunol. 2000;46
(2):131-54. doi:10.1016/S0165-0378(99)00060-1.

Guerin LR, Moldenhauer LM, Prins JR, Bromfield JJ, Hayball JD,
Robertson SA. Seminal fluid regulates accumulation of FOXP3+
regulatory t cells in the preimplantation mouse uterus through
expanding the FOXP3+ cell pool and CCL19-mediated
recruitmentl. Biol Reprod. 2011;85(2):397-408. doi:10.1095/
biolreprod.110.088591.

Kelly RW, Critchley HO. Immunomodulation by human seminal
plasma: a benefit for spermatozoon and pathogen? Hum Reprod.
1997;12(10):2200-07. doi:10.1093/oxfordjournals.humrep.a019559.
Robertson SA, Ingman WV, O’Leary S, Sharkey DJ,
Tremellen KP. Transforming growth factor B - A mediator of
immune deviation in seminal plasma. ] Reprod Immunol.
2002;57(1-2):109-28. doi:10.1016/S0165-0378(02)00015-3.
Anderson DJ, Politch JA, Tucker LD, Fichorova R, Haimovici F,
Tuomala RE, Mayer KH. Quantitation of mediators of inflamma-
tion and immunity in genital tract secretions and their relevance
to HIV type 1 transmission. AIDS Res Hum Retroviruses. 1998;14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(Suppl 1):543-9. [accessed 2020 Mar 4]. http://www.ncbinlm.nih.
gov/pubmed/9581883.

Politch JA, Tucker L, Bowman FP, Anderson DJ. Concentrations
and significance of cytokines and other immunologic factors in
semen of healthy fertile men. Hum Reprod. 2007;22(11):2928-35.
do0i:10.1093/humrep/dem281.

Rajagopalan S, Bryceson YT, Kuppusamy SP, Geraghty DE, Van
Der Meer A, Joosten I, Long EO. Activation of NK cells by an
endocytosed receptor for soluble HLA-G. PLoS Biol. 2006;4
(1):79-86.

Norton EJ, Diekman AB, Westbrook VA, Mullins DW, Klotz KL,
Gilmer LL, Thomas TS, Wright DC, Brisker J, Engelhard VH,
et al. A male genital tract-specific carbohydrate epitope on human
CD52: implications for immunocontraception. Tissue Antigens.
2002;60(5):354-64. doi:10.1034/j.1399-0039.2002.600502.x.
Chahroudi A, Silvestri G. Interleukin-7 in HIV pathogenesis and
therapy. Eur Cytokine Netw. 2010;21(3):202-07. doi:10.1684/
ecn.2010.0205.

Fong AM, Robinson LA, Steeber DA, Tedder TF, Yoshie O,
Imai T, Patel DD. Fractalkine and CX3CR1 mediate a novel
mechanism of leukocyte capture, firm adhesion, and activation
under physiologic flow. ] Exp Med. 1998;188(8):1413-19.
doi:10.1084/jem.188.8.1413.

Mueller YM, Katsikis PD. IL-15 in HIV infection: pathogenic or
therapeutic potential? Eur Cytokine Netw. 2010;21(3):219-21.
doi:10.1684/ecn.2010.0198.

Olivier AJ, Masson L, Ronacher K, Walzl G, Coetzee D, Lewis DA,
Williamson AL, Passmore JAS, Burgers WA. Distinct cytokine
patterns in semen influence local HIV shedding and HIV target
cell activation. ] Infect Dis. 2014;209(8):1174-84. do0i:10.1093/
infdis/jit649.

WHO. WHO laboratory manual for the Examination and proces-
sing of human semen. fifth ed. World Health Organization; 2010.
Fedder J. Nonsperm cells in human semen: with special reference
to seminal leukocytes and their possible influence on fertility.
Arch Androl. 1996;36(1):41-65. doi:10.3109/01485019608987883.
Smith DC, Barratt CLR, Williams MA. The Characterisation of Non-
Sperm Cells in the Ejaculates of Fertile Men Using Transmission
Electron Microscopy/Charakterisierung von nicht-Spermatozoen-
Zellen in den FEjakulaten von fruchtbaren Minnern unter
Verwendung der Transmissions-Elektronen-Mikrosk. Andrologia.
1989;21(4):319-33. doi:10.1111/j.1439-0272.1989.tb02417 x.

Ball JK, Curran R, Irving WL, Dearden AA. HIV-1 in semen: deter-
mination of proviral and viral titres compared to blood, and quanti-
fication of semen leukocyte populations. ] Med Virol. 1999;59
(3):356-63. doi:10.1002/(SICI)1096-9071(199911)59:3<356::AID-
JMV16>3.0.CO;2-Z.

Basu S, Lynne CM, Ruiz P, Aballa TC, Ferrell SM, Brackett NL.
Cytofluorographic identification of activated T-cell subpopula-
tions in the semen of men with spinal cord injuries. J Androl.
2002;23:551-56.

Bernard-Stoecklin S, Gommet C, Cavarelli M, Le Grand R.
Nonhuman primate models for cell-associated simian immuno-
deficiency virus transmission: the need to better understand the
complexity of HIV mucosal transmission. J Infect Dis [Internet]
2014; 210 Suppl 3:5660-6. [accessed 2020 Mar 4]. http://www.
ncbi.nlm.nih.gov/pubmed/25414421 10.1093/infdis/jiu536.

Duan Y-G, Zhang Q, Liu Y, Mou L, Li G, Gui Y, Cai Z. Dendritic
cells in semen of infertile men: association with sperm quality and
inflammatory status of the epididymis. Fertil Steril. 2014;101
(1):70-77.€3. doi:10.1016/j.fertnstert.2013.09.006.

Pudney J, Anderson DJ. Immunobiology of the human penile
urethra. Am ] Pathol [Internet] 1995 ; 147:155-65. [accessed
2020 Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/7604877.
Anderson DJ, Politch JA, Nadolski AM, Blaskewicz CD, Pudney J,
Mayer KH. Targeting trojan horse leukocytes for HIV prevention.
AIDS. 2010;24(2):163-87. doi:10.1097/QAD.0b013e32833424c8.
Politch JA, Marathe J, Anderson DJ. Characteristics and quantities
of HIV host cells in human genital tract secretions. J Infect Dis.
2014;210(suppl 3):5609-15. doi:10.1093/infdis/jiu390.


http://dx.doi.org/10.1111/aji.12231
http://www.ncbi.nlm.nih.gov/pubmed/17342654
http://www.ncbi.nlm.nih.gov/pubmed/17342654
http://dx.doi.org/10.1093/humrep/17.8.2112
http://dx.doi.org/10.1016/j.micinf.2011.06.005
http://dx.doi.org/10.1016/j.micinf.2011.06.005
http://dx.doi.org/10.1089/vim.2013.0136
http://dx.doi.org/10.1089/vim.2013.0136
http://dx.doi.org/10.4049/jimmunol.175.6.4127
http://www.ncbi.nlm.nih.gov/pubmed/2434363
http://www.ncbi.nlm.nih.gov/pubmed/2434363
http://dx.doi.org/10.1016/j.fertnstert.2016.07.1101
http://dx.doi.org/10.1016/S0165-0378(99)00060-1
http://dx.doi.org/10.1095/biolreprod.110.088591
http://dx.doi.org/10.1095/biolreprod.110.088591
http://dx.doi.org/10.1093/oxfordjournals.humrep.a019559
http://dx.doi.org/10.1016/S0165-0378(02)00015-3
http://www.ncbi.nlm.nih.gov/pubmed/9581883
http://www.ncbi.nlm.nih.gov/pubmed/9581883
http://dx.doi.org/10.1093/humrep/dem281
http://dx.doi.org/10.1034/j.1399-0039.2002.600502.x
http://dx.doi.org/10.1684/ecn.2010.0205
http://dx.doi.org/10.1684/ecn.2010.0205
http://dx.doi.org/10.1084/jem.188.8.1413
http://dx.doi.org/10.1684/ecn.2010.0198
http://dx.doi.org/10.1093/infdis/jit649
http://dx.doi.org/10.1093/infdis/jit649
http://dx.doi.org/10.3109/01485019608987883
http://dx.doi.org/10.1111/j.1439-0272.1989.tb02417.x
http://dx.doi.org/10.1002/(SICI)1096-9071(199911)59:3%3C356::AID-JMV16%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1096-9071(199911)59:3%3C356::AID-JMV16%3E3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/pubmed/25414421
http://www.ncbi.nlm.nih.gov/pubmed/25414421
http://dx.doi.org/10.1016/j.fertnstert.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/7604877
http://dx.doi.org/10.1097/QAD.0b013e32833424c8
http://dx.doi.org/10.1093/infdis/jiu390

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Wolff H, Anderson DJ]. Immunohistologic characterization and
quantitation of leukocyte subpopulations in human semen. Fertil
Steril. 1988;49:497-504.

Quayle AJ, Xu C, Mayer KH, Anderson DJ. T lymphocytes and
macrophages, but not motile spermatozoa, are a significant source
of human immunodeficiency virus in semen. J Infect Dis.
1997;176(4):960-68. doi:10.1086/516541.

Paranjpe S, Craigo ], Patterson B, Ding M, Barroso P, Harrison L,
Montelaro R, Gupta P. Subcompartmentalization of HIV-1 qua-
sispecies between seminal cells and seminal plasma indicates their
origin in distinct genital tissues. AIDS Res Hum Retroviruses.
2002;18(17):1271-80. do0i:10.1089/088922202320886316.

Houzet L, Matusali G, Dejucq-Rainsford N. Origins of
HIV-infected leukocytes and virions in semen. ] Infect Dis.
2014;210(suppl 3):5622-30. doi:10.1093/infdis/jiu328.

Wolff H. The biologic significance of white blood cells in semen.
Fertil Steril. 1995;63(6, 2007):1143-57. doi:10.1016/S0015-
0282(16)57588-8.

Bernard-Stoecklin S, Gommet C, Corneau AB, Guenounou S,
Torres C, Dejucq-Rainsford N, Cosma A, Dereuddre-Bosquet N,
Le Grand R. Semen CD4+ T cells and macrophages are produc-
tively infected at all stages of SIV infection in macaques. PLoS
Pathog. [Internet] 2013 ; 9(12):1-13. [accessed 2020 Mar 4].
http://www.ncbi.nlm.nih.gov/pubmed/24348253 doi:10.1371/jour-
nal.ppat.1003810.

Politch JA, Mayer KH, Anderson DJ. Depletion of CD4+ T cells in
semen during HIV infection and their restoration following anti-
retroviral therapy. ] Acquir Immune Defic Syndr. 2009;50
(3):283-89. do0i:10.1097/QAI.0b013e3181989870.

Denny TN, Scolpino A, Garcia A, Polyak A, Weiss SN,
Skurnick JH, Passannante MR, Colon J. Evaluation of T-lympho-
cyte subsets present in semen and peripheral blood of healthy
donors: A report from the heterosexual transmission study.
Cytometry. 1995;20(4):349-55. doi:10.1002/cyt0.990200411.
Groot F, van Capel TMM, Schuitemaker JHN, Berkhout B, de
Jong EC. Differential susceptibility of naive, central memory and
effector memory T cells to dendritic cell-mediated HIV-1 trans-
mission. Retrovirology. 2006;3:1-10. doi:10.1186/1742-4690-3-1.
Suphaphiphat K, Bernard-Stoecklin S, Gommet C, Delache B,
Dereuddre-Bosquet N, Kent SJ, Wines BW, Hogarth MP, Le
Grand R, Cavarelli M. Innate and adaptive anti-SIV responses in
macaque semen: implications for infectivity and risk of
transmission. Front Immunol. 2020;11:850. doi:10.3389/
fimmu.2020.00850.

Kalichman SC, Di Berto G, Eaton L. Human immunodeficiency
virus viral load in blood plasma and semen: review and implica-
tions of empirical findings. Sex Transm Dis [Internet] 2008 ; 35
(1):55-60. [accessed 2020 Mar 9]. http://www.ncbinlm.nih.gov/
pubmed/18217225.

Pilcher CD, Price MA, Hoffman IF, Galvin S, Martinson FEA,
Kazembe PN, Eron JJ, Miller WC, Fiscus SA, Cohen MS. Frequent
detection of acute primary HIV infection in men in Malawi. AIDS
[Internet] 2004; 18:517-24. [accessed 2020 Mar 9]. http://www.
ncbi.nlm.nih.gov/pubmed/15090805.

Pilcher CD, Joaki G, Hoffman IF, Martinson FEA, Mapanje C,
Stewart PW, Powers KA, Galvin S, Chilongozi D, Gama S, et al.
Amplified transmission of HIV-1: comparison of HIV-1 concen-
trations in semen and blood during acute and chronic infection.
AIDS. 2007;21(13):1723-30. doi:10.1097/QAD.0b013e3281532c82.
Gianella S, Massanella M, Richman DD, Little SJ, Spina CA,
Vargas MV, Lada SM, Daar ES, Dube MP, Haubrich RH, et al.
Cytomegalovirus replication in semen is associated with higher levels
of proviral HIV DNA and CD4 + T cell activation during antiretro-
viral treatment. J Virol [Internet] 2014 ; 88(14):7818-27. [accessed
2020 Mar 9]. http://www.ncbi.nlm.nih.gov/pubmed/24789781

Xu W, Santini PA, Sullivan JS, He B, Shan M, Ball SC, Dyer WB,
Ketas TJ, Chadburn A, Cohen-Gould L, et al. HIV-1 evades
virus-specific IgG2 and IgA responses by targeting systemic and
intestinal B cells via long-range intercellular conduits. Nat

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 2027

Immunol [Internet] 2009; 10(9):1008-17. [accessed 2020 Mar 6].
http://www.ncbi.nlm.nih.gov/pubmed/19648924

Dyer JR, Kazembe P, Vernazza PL, Gilliam BL, Maida M,
Zimba D, Hoffman IF, Royce RA, Schock JL, Fiscus SA, et al.
High levels of human immunodeficiency virus type 1 in blood and
semen of seropositive men in sub-Saharan Africa. J Infect Dis
[Internet] 1998; 177(6):1742-46. [accessed 2020 Mar 9]. http://
www.ncbi.nlm.nih.gov/pubmed/9607862

Bernard-Stoecklin S, Gommet C, Corneau AB, Guenounou S,
Torres C, Dejucq-Rainsford N, Cosma A, Dereuddre-Bosquet N,
Le Grand R. Semen CD4+ T cells and macrophages are produc-
tively infected at all stages of SIV infection in macaques. PLoS
Pathog. 2013;9(12):¢1003810. doi:10.1371/journal.ppat.1003810.
Ghosn J, Viard JP, Katlama C, De Almeida M, Tubiana R,
Letourneur F, Aaron L, Goujard C, Salmon D, Leruez-Ville M,
et al. Evidence of genotypic resistance diversity of archived and
circulating viral strains in blood and semen of pre-treated
HIV-infected men. AIDS. 2004;18(3):447-57. do0i:10.1097/
00002030-200402200-00011.

Whitney B, Hraber PT, Luedemann C, Giorgi EE, Daniels MG,
Bhattacharya T, Rao SS, Mascola JR, Nabel GJ, Korber BT, et al.
Genital tract sequestration of SIV following acute infection. PLoS
Pathog. 2011;7(2):e1001293. doi:10.1371/journal.ppat.1001293.
Coombs RW, Lockhart D, Ross SO, Deutsch L, Dragavon J, Diem K,
Hooton TM, Collier AC, Corey L, Krieger JN. Lower genitourinary
tract sources of seminal HIV. ] Acquir Immune Defic Syndr. 2006;41
(4):430-38. d0i:10.1097/01.qai.0000209895.82255.08.

Le Tortorec A, Dejucq-Rainsford N. HIV infection of the male
genital tract - Consequences for sexual transmission and
reproduction. Int J Androl. 2010;33(1):e98-108. doi: 10.1111/
j.1365-2605.2009.00973 x.

Le Tortorec A, Le Grand R, Denis H, Satie AP, Mannioui K,
Roques P, Maillard A, Daniels S, Jégou B, Dejucq-Rainsford N.
Infection of semen-producing organs by SIV during the acute and
chronic stages of the disease. PLoS One. 2008;3(3):e1792.
doi:10.1371/journal.pone.0001792.

Muciaccia B, Filippini A, Ziparo E, Colelli F, Baroni CD,
Stefanini M. Testicular germ cells of HIV-seropositive asympto-
matic men are infected by the virus. ] Reprod Immunol. 1998;41
(1-2):81-93. d0i:10.1016/S0165-0378(98)00050-3.

Shehu-Xhilaga M, Kent S, Batten J, Ellis S, Van der Meulen J,
O’Bryan M, Cameron PU, Lewin SR, Hedger MP. The testis and
epididymis are productively infected by SIV and SHIV in juvenile
macaques during the post-acute stage of infection. Retrovirology.
2007;4(1):1-12. doi:10.1186/1742-4690-4-7.

Livni E, Berker M, Hillier S, Waller SC, Ogan MD, Discordia RP,
Rienhart JK, Rubin RH, Fischman AJ. Preparation and pharma-
cokinetics of 11C labeled stavudine (d4T). Nucl Med Biol. 2004;31
(5):613-21. doi:10.1016/j.nucmedbio.2003.11.006.

Choo EF, Leake B, Wandel C, Imamura H, Wood AJJ,
Wilkinson GR, Kim RB, Choo R, Lukka H, Cheung P, et al.
Pharmacological inhibition of P-glycoprotein transport enhances
the distribution of HIV-1 protease inhibitors into brain and testes.
Drug Metab Dispos. 2000;28(6):655-60.

Denny TN, Skurnick JH, Garcia A, Perez G, Passannante MR,
Colon J, Sheffet A, Weiss SH, Louria D. Lymphocyte immunor-
egulatory cells present in semen from human immunodeficiency
virus (HIV)-infected individuals: a report from the HIV
Heterosexual Transmission Study. Cytometry [Internet] 1996; 26
(1):47-51. [accessed 2020 Mar 4]. http://www.ncbinlm.nih.gov/
pubmed/8809480

Olivier AJ, Liebenberg LJ, Coetzee D, Williamson AL,
Passmore JAS, Burgers WA. Isolation and characterization of
T cells from semen. ] Immunol Methods [Internet] 2012 ; 375
(1-2):223-31. [accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.
gov/pubmed/22094241

Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH,
Beilman GJ, Nguyen PL, Khoruts A, Larson M, Haase AT, et al.
CD4+ T cell depletion during all stages of HIV disease occurs


http://dx.doi.org/10.1086/516541
http://dx.doi.org/10.1089/088922202320886316
http://dx.doi.org/10.1093/infdis/jiu328
http://dx.doi.org/10.1016/S0015-0282(16)57588-8
http://dx.doi.org/10.1016/S0015-0282(16)57588-8
http://www.ncbi.nlm.nih.gov/pubmed/24348253
http://dx.doi.org/10.1371/journal.ppat.1003810
http://dx.doi.org/10.1371/journal.ppat.1003810
http://dx.doi.org/10.1097/QAI.0b013e3181989870
http://dx.doi.org/10.1002/cyto.990200411
http://dx.doi.org/10.1186/1742-4690-3-1
http://dx.doi.org/10.3389/fimmu.2020.00850
http://dx.doi.org/10.3389/fimmu.2020.00850
http://www.ncbi.nlm.nih.gov/pubmed/18217225
http://www.ncbi.nlm.nih.gov/pubmed/18217225
http://www.ncbi.nlm.nih.gov/pubmed/15090805
http://www.ncbi.nlm.nih.gov/pubmed/15090805
http://dx.doi.org/10.1097/QAD.0b013e3281532c82
http://www.ncbi.nlm.nih.gov/pubmed/24789781
http://www.ncbi.nlm.nih.gov/pubmed/19648924
http://www.ncbi.nlm.nih.gov/pubmed/9607862
http://www.ncbi.nlm.nih.gov/pubmed/9607862
http://dx.doi.org/10.1371/journal.ppat.1003810
http://dx.doi.org/10.1097/00002030-200402200-00011
http://dx.doi.org/10.1097/00002030-200402200-00011
http://dx.doi.org/10.1371/journal.ppat.1001293
http://dx.doi.org/10.1097/01.qai.0000209895.82255.08
http://dx.doi.org/10.1111/j.1365-2605.2009.00973.x
http://dx.doi.org/10.1111/j.1365-2605.2009.00973.x
http://dx.doi.org/10.1371/journal.pone.0001792
http://dx.doi.org/10.1016/S0165-0378(98)00050-3
http://dx.doi.org/10.1186/1742-4690-4-7
http://dx.doi.org/10.1016/j.nucmedbio.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/8809480
http://www.ncbi.nlm.nih.gov/pubmed/8809480
http://www.ncbi.nlm.nih.gov/pubmed/22094241
http://www.ncbi.nlm.nih.gov/pubmed/22094241

2028

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

M. CAVARELLI AND R. LE GRAND

predominantly in the gastrointestinal tract. ] Exp Med. 2004;200
(6):749-59. do0i:10.1084/jem.20040874.

Mehandru S, Poles MA, Tenner-Racz K, Horowitz A, Hurley A,
Hogan C, Boden D, Racz P, Markowitz M. Primary HIV-1 infection
is associated with preferential depletion of CD4+ T lymphocytes
from effector sites in the gastrointestinal tract. ] Exp Med. 2004;200
(6):761-70. doi:10.1084/jem.20041196.

Veazey RS, Marx PA, Lackner AA. Vaginal CD4 + T cells express
high levels of CCR5 and are rapidly depleted in simian immuno-
deficiency virus infection. J Infect Dis [Internet] 2003; 187
(5):769-76. [accessed 2020 Mar 5]. http://www.ncbinlm.nih.gov/
pubmed/12599050.

Cohen MS. HIV and sexually transmitted diseases: lethal synergy.
Top HIV Med. 2004;12:104-07.

Carreno M-P, Chomont N, Kazatchkine MD, Irinopoulou T, Krief C,
Mohamed A-S, Andreoletti L, Matta M, Belec L. Binding of LFA-1
(CD11a) to intercellular adhesion molecule 3 (ICAM-3; CD50) and
ICAM-2 (CD102) triggers transmigration of human immunodefi-
ciency virus type 1-infected monocytes through mucosal epithelial
cells. J Virol [Internet] 2002; 76(1):32-40. [accessed 2020 Mar 4].
http://www.ncbi.nlm.nih.gov/pubmed/11739669.

Jolly C, Mitar I, Sattentau QJ. Adhesion molecule interactions
facilitate human immunodeficiency virus type 1-induced virolo-
gical synapse formation between T cells. J Virol [Internet] 2007;
81(24):13916-21. [accessed 2020 Mar 4]. http://www.ncbi.nlm.
nih.gov/pubmed/17913807.

Arien KK, Jespers V, Vanham G. HIV sexual transmission and
microbicides. Rev Med Virol. 2011;17:115-31.

Ronen K, Sharma A, Overbaugh J. HIV transmission biology:
translation for HIV prevention. AIDS. 2015;29(17):2219-27.
do0i:10.1097/QAD.0000000000000845.

Sagar M. HIV-1 transmission biology: selection and characteris-
tics of infecting viruses. ] Infect Dis. 2010;202(S2):5289-96.
doi:10.1086/655656.

Iwami S, Takeuchi JS, Nakaoka S, Mammano F, Clavel F, Inaba H,
Kobayashi T, Misawa N, Aihara K, Koyanagi Y, et al. Cell-to-cell
infection by HIV contributes over half of virus infection. Elife.
2015;4:1-16. doi:10.7554/eLife.08150.

Boeras DI, Hraber PT, Hurlston M, Evans-Strickfaden T,
Bhattacharya T, Giorgi EE, Mulenga ], Karita E, Korber BT,
Allen S, et al. Role of donor genital tract HIV-1 diversity in the
transmission bottleneck. Proc Natl Acad Sci. 2011;108(46):E1156—
63. doi:10.1073/pnas.1103764108.

Butler DM, Delport W, Pond SLK, Lakdawala MK, Cheng PM,
Little SJ, Richman DD, Smith DM. The origins of sexually trans-
mitted HIV among men who have sex with men. Sci Transl Med.
2010;2(18):1-8. doi:10.1126/scitranslmed.3000447.

Louissant NA, Nimmadda S, Fuchs EJ, Bakshi RP, Cao Y, Lee LA,
Goldsmith J, Caffo BS, Du Y, King KE, et al. Distribution of
cell-free and cell-associated HIV surrogates in the colon following
simulated receptive anal intercourse in men who have sex with
men. J Acquir Immune Defic Syndr. 2012;59(1):10-17.
doi:10.1097/QAI.0b013e3182373b5e.

Kolodkin-Gal D, Hulot SL, Korioth-Schmitz B, Gombos RB,
Zheng Y, Owuor J, Lifton MA, Ayeni C, Najarian RM,
Yeh WW, et al. Efficiency of cell-free and cell-associated virus
in mucosal transmission of human immunodeficiency virus type 1
and simian immunodeficiency virus. ] Virol. 2013;87
(24):13589-97. doi:10.1128/JV1.03108-12.

Sallé B, Brochard P, Bourry O, Mannioui A, Andrieu T, Prevot S,
Dejucq-Rainsford N, Dereuddre-Bosquet N, Le Grand R.
Infection of macaques after vaginal exposure to cell-associated
simian immunodeficiency virus. ] Infect Dis. 2010;202
(3):337-44. doi:10.1086/653619.

Chancey CJ, Khanna KV, Seegers JFML, Zhang GW, Hildreth J,
Langan A, Markham RB. Lactobacilli-expressed single-chain vari-
able fragment (scFv) specific for intercellular adhesion molecule 1
(ICAM-1) blocks cell-associated HIV-1 transmission across
a cervical epithelial monolayer. ] Immunol. 2006;176(9):5627-36.
doi:10.4049/jimmunol.176.9.5627.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Hocini H, Becquart P, Bouhlal H, Chomont N, Ancuta P,
Kazatchkine MD, Belec L. Active and selective transcytosis of
cell-free human immunodeficiency virus through a tight polarized
monolayer of human endometrial cells. J Virol. 2001;75
(11):5370-74. doi:10.1128/JV1.75.11.5370-5374.2001.

Van Herrewege Y, Michiels ], Waeytens A, De Boeck G, Salden E,
Heyndrickx L, van den Mooter G, de Béthune MP, Andries K,
Lewi P, et al. A dual chamber model of female cervical mucosa for
the study of HIV transmission and for the evaluation of candidate
HIV microbicides. Antiviral Res. 2007;74(2):111-24. doi:10.1016/j.
antiviral.2006.10.010.

Maher D, Wu X, Schacker T, Horbul J, Southern P. HIV binding,
penetration, and primary infection in human cervicovaginal
tissue. Proc Natl Acad Sci U S A. 2005;102(32):11504-09.
d0i:10.1073/pnas.0500848102.

Chen P, Hubner W, Spinelli MA, BK C. Predominant mode of
human immunodeficiency virus transfer between T cells is
mediated by sustained env-dependent neutralization-resistant vir-
ological synapses. J Virol. 2007;81(22):12582-95. doi:10.1128/
JV1.00381-07.

Mazurov D, Ilinskaya A, Heidecker G, Lloyd P, Derse D.
Quantitative comparison of HTLV-1 and HIV-1 cell-to-cell infec-
tion with new replication dependent vectors. PLoS Pathog. 2010;6
(2):1000788. doi:10.1371/journal.ppat.1000788.

Krieger JN, Coombs RW, Collier AC, Koehler JK, Ross SO,
Chaloupka K, Murphy VL, Corey L. Fertility parameters in men
infected with human immunodeficiency virus. ] Infect Dis.
1991;164(3):464-69. doi:10.1093/infdis/164.3.464.

Liuzzi G, Chirianni A, Clementi M, Bagnarelli P, Valenza A,
Cataldo PT, Piazza M. Analysis of HIV-1 load in blood, semen
and saliva: evidence for different viral compartments in a
cross-sectional and longitudinal study. AIDS. 1996;10(14):F51—
6. d0i:10.1097/00002030-199612000-00001.

Mermin JH, Holodniy M, Katzenstein DA, Merigan TC.
Detection of human immunodeficiency virus DNA in cultured
human glial cells by means of the polymerase chain reaction.
J Infect Dis. 1991;164(4):769-72. do0i:10.1093/infdis/164.4.769.
Coombs RW, Speck CE, Hughes JP, Lee W, Sampoleo R, Ross SO,
Dragavon ], Peterson G, Hooton TM, Collier AC, et al
Association between culturable human immunodeficiency virus
Type 1 (HIV-1) in Semen and HIV-1 RNA levels in semen and
blood: evidence for compartmentalization of HIV-1 between
semen and blood. J Infect Dis. 1998;177(2):320-30. doi:10.1086/
514213.

Gupta P, Leroux C, Patterson BK, Kingsley L, Rinaldo C, Ding M,
Chen Y, Kulka K, Buchanan W, McKeon B, et al. Human immu-
nodeficiency virus type 1 shedding pattern in semen correlates
with the compartmentalization of viral quasi species between
blood and semen. J Infect Dis. 2000;182(1):79-87. d0i:10.1086/
315644.

Bujan L, Daudin M, Matsuda T, Righi L, Thauvin L, Berges L,
Izopet ], Berrebi A, Massip P, Pasquier C. Factors of intermittent
HIV-1 excretion in semen and efficiency of sperm processing in
obtaining spermatozoa without HIV-1 genomes. AIDS. 2004;18
(5):757-66. doi:10.1097/00002030-200403260-00006.

Krieger JN, Coombs RW, Collier AC, Ho DD, Ross SO, Zeh JE,
Corey L. Intermittent shedding of human immunodeficiency virus
in semen. ] Urol. 1995;154(3):1035-40. doi:10.1016/S0022-
5347(01)66969-6.

Mayer KH, Anderson DJ. Heterosexual HIV transmission. Infect
Agents Dis. 1995;20:273-84.

Eron Joseph JJ. HIV-1 shedding and chlamydial urethritis. JAMA.
1996;275(1):36. doi:10.1001/jama.1996.03530250040022.
Root-Bernstein RS, Hobbs SH, Does HIV. “piggyback” on CD4-
like surface proteins of sperm, viruses, and bacteria? Implications
for co-transmission, cellular tropism and the induction of auto-
immunity in AIDS. J Theor Biol. 1993;160(2):249-64. doi:10.1006/
jtbi.1993.1017.

. Guadalupe M, Sankaran S, George MD, Reay E, Verhoeven D,

Shacklett BL, Flamm J, Wegelin J, Prindiville T, Dandekar S. Viral


http://dx.doi.org/10.1084/jem.20040874
http://dx.doi.org/10.1084/jem.20041196
http://www.ncbi.nlm.nih.gov/pubmed/12599050
http://www.ncbi.nlm.nih.gov/pubmed/12599050
http://www.ncbi.nlm.nih.gov/pubmed/11739669
http://www.ncbi.nlm.nih.gov/pubmed/17913807
http://www.ncbi.nlm.nih.gov/pubmed/17913807
http://dx.doi.org/10.1097/QAD.0000000000000845
http://dx.doi.org/10.1086/655656
http://dx.doi.org/10.7554/eLife.08150
http://dx.doi.org/10.1073/pnas.1103764108
http://dx.doi.org/10.1126/scitranslmed.3000447
http://dx.doi.org/10.1097/QAI.0b013e3182373b5e
http://dx.doi.org/10.1128/JVI.03108-12
http://dx.doi.org/10.1086/653619
http://dx.doi.org/10.4049/jimmunol.176.9.5627
http://dx.doi.org/10.1128/JVI.75.11.5370-5374.2001
http://dx.doi.org/10.1016/j.antiviral.2006.10.010
http://dx.doi.org/10.1016/j.antiviral.2006.10.010
http://dx.doi.org/10.1073/pnas.0500848102
http://dx.doi.org/10.1128/JVI.00381-07
http://dx.doi.org/10.1128/JVI.00381-07
http://dx.doi.org/10.1371/journal.ppat.1000788
http://dx.doi.org/10.1093/infdis/164.3.464
http://dx.doi.org/10.1097/00002030-199612000-00001
http://dx.doi.org/10.1093/infdis/164.4.769
http://dx.doi.org/10.1086/514213
http://dx.doi.org/10.1086/514213
http://dx.doi.org/10.1086/315644
http://dx.doi.org/10.1086/315644
http://dx.doi.org/10.1097/00002030-200403260-00006
http://dx.doi.org/10.1016/S0022-5347(01)66969-6
http://dx.doi.org/10.1016/S0022-5347(01)66969-6
http://dx.doi.org/10.1001/jama.1996.03530250040022
http://dx.doi.org/10.1006/jtbi.1993.1017
http://dx.doi.org/10.1006/jtbi.1993.1017

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

suppression and immune restoration in the gastrointestinal
mucosa of human immunodeficiency virus type I-infected
patients initiating therapy during primary or chronic infection.
J Virol [Internet] 2006; 80(16):8236-47. [accessed 2020 Mar 5].
http://www.ncbi.nlm.nih.gov/pubmed/16873279.

Guadalupe M, Reay E, Sankaran S, Prindiville T, Flamm J,
McNeil A, Dandekar S. Severe CD4+ T-cell depletion in gut
lymphoid tissue during primary human immunodeficiency virus
type 1 infection and substantial delay in restoration following
highly active antiretroviral therapy. ] Virol. 2003;77
(21):11708-17. doi:10.1128/JV1.77.21.11708-11717.2003.

Talal AH, Monard S, Vesanen M, Zheng Z, Hurley A, Cao Y,
Fang F, Smiley L, Johnson J, Kost R, et al. Virologic and immu-
nologic effect of antiretroviral therapy on HIV-1 in gut-associated
lymphoid tissue. ] Acquir Immune Defic Syndr [Internet] 2001; 26
(1):1-7. [accessed 2020 Mar 5]. http://www.ncbi.nlm.nih.gov/
pubmed/11176263

Dulioust E, Leruez-Ville M, Guibert J, Fubini A, Jegou D,
Launay O, Sogni P, Jouannet P, Rouzioux C. No detection of
HIV 1-RNA in semen of men on efficient HAART in the past 4
years of a 2002-2009 survey. AIDS. 2010;24(10):1595-98.
doi:10.1097/QAD.0b013e32833b47fc.

Viard JP, Burgard M, Hubert JB, Aaron L, Rabian C, Pertuiset N,
Louren¢o M, Rothschild C, Rouzioux C. Impact of 5 years of
maximally successful highly active antiretroviral therapy on CD4
cell count and HIV-1 DNA level. AIDS. 2004;18(1):45-49.
do0i:10.1097/00002030-200401020-00005.

Giinthard HF, Saag MS, Benson CA, Del Rio C, Eron JJ,
Gallant JE, Hoy JF, Mugavero M]J, Sax PE, Thompson MA, et al.
Antiretroviral drugs for treatment and prevention of HIV infec-
tion in Adults: 2016 recommendations of the international anti-
viral society-USA Panel. JAMA - ] Am Med Assoc [Internet]
2016; 316(2):191-210. [accessed 2020 Mar 4]. http://www.ncbi.
nlm.nih.gov/pubmed/27404187

Lambert-Niclot S, Tubiana R, Beaudoux C, Lefebvre G, Caby F,
Bonmarchand M, Naouri M, Schubert B, Dommergues M,
Calvez V, et al. Detection of HIV-1 RNA in seminal plasma
samples from treated patients with undetectable HIV-1 RNA in
blood plasma on a 2002-2011 survey. AIDS [Internet] 2012; 26
(8):971-75. [accessed 2020 Mar 4]. http://www.ncbinlm.nih.gov/
pubmed/22382146

Marcelin AG, Tubiana R, Lambert-Niclot S, Lefebvre G, Dominguez S,
Bonmarchand M, Vauthier-Brouzes D, Marguet F, Mousset-Simeon
N, Peytavin G, et al. Detection of HIV-1 RNA in seminal plasma
samples from treated patients with undetectable HIV-1 RNA in blood
plasma. AIDS [Internet] 2008; 22(13):1677-79. [accessed 2020 Mar 4].
http://www.ncbi.nlm.nih.gov/pubmed/18670231

Sheth PM, Kovacs C, Kemal KS, Jones RB, Raboud JM, Pilon R,
La Porte C, Ostrowski M, Loutfy M, Burger H, et al. Persistent
HIV RNA shedding in semen despite effective antiretroviral
therapy. AIDS [Internet] 2009; 23(15):2050-54. [accessed 2020
Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/19710596

Politch JA, Mayer KH, Welles SL, O'Brien WX, Xu C,
Bowman FP, Andersson D. Highly active antiretroviral therapy
does not completely suppress HIV in semen of sexually active
HIV-infected men who have sex with men. AIDS.
2012;26:1535-43. d0i:10.1097/QAD.0b013e328353b11b.

Gianella S, Smith DM, Vargas MV, Little SJ, Richman DD,
Daar ES, Dube MP, Zhang F, Ginocchio CC, Haubrich RH,
et al. Shedding of HIV and human herpesviruses in the semen
of effectively treated HIV-1-infected men who have sex with men.
Clin Infect Dis. 2013;57(3):441-47. doi:10.1093/cid/cit252.
Galvin SR, Cohen MS. The role of sexually transmitted diseases in
HIV transmission. Nat Rev Microbiol. 2004;2(1):33-42.
doi:10.1038/nrmicro794.

Halfon P, Giorgetti C, Khiri H, Pénaranda G, Terriou P, Porcu-
Buisson G, Chabert-Orsini V. Semen may harbor HIV despite
effective HAART: another piece in the puzzle. PLoS One. 2010;5
(5):3-6. doi:10.1371/journal.pone.0010569.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 2029

Crittenden JA, Handelsman DJ, Stewart GJ. Semen analysis in
human immunodeficiency virus infection. Fertility and Sterility.
1992;57(6):1294-99.

Dondero F, Rossi T, D’Offizi G, Mazzilli F, Rosso R, Sarandrea N,
Pinter E, Aiuti F. Semen analysis in HIV seropositive men and in
subjects at high risk for HIV infection. Hum Reprod [Internet]
1996; 11(4):765-68. [accessed 2020 Mar 4]. http://www.ncbi.nlm.
nih.gov/pubmed/8671325.

Nicopoullos JDM, Almeida PA, Ramsay JWA, Gilling-Smith C. The
effect of human immunodeficiency virus on sperm parameters and the
outcome of intrauterine insemination following sperm washing. Hum
Reprod [Internet] 2004; 19(10):2289-97. [accessed 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/15242991.

Kehl S, Weigel M, Miiller D, Gentili M, Hornemann A,
Siitterlin M. HIV-infection and modern antiretroviral therapy
impair sperm quality. Arch Gynecol Obstet [Internet] 2011; 284
(1):229-33. [accessed 2020 Mar 4]. http://www.ncbinlm.nih.gov/
pubmed/21448708.

Garrido N, Meseguer M, Remohi J, Simén C, Pellicer A. Semen
characteristics in human immunodeficiency virus (HIV)- and
hepatitis C (HCV)-seropositive males: predictors of the success
of viral removal after sperm washing. Hum Reprod [Internet]
2005; 20(4):1028-34. [accessed 2020 Mar 4]. http://www.ncbi.
nlm.nih.gov/pubmed/15608027.

Frapsauce C, Grabar S, Leruez-Ville M, Launay O, Sogni P,
Gayet V, Viard JP, De Almeida M, Jouannet P, Dulioust E.
Impaired sperm motility in HIV-infected men: an unexpected
adverse effect of efavirenz? Hum Reprod [Internet] 2015; 30
(8):1797-806. [accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.
gov/pubmed/26085581.

Savasi V, Parisi F, Oneta M, Laoreti A, Parrilla B, Duca P, Cetin I.
Effects of highly active antiretroviral therapy on semen para-
meters of a cohort of 770 HIV-1 infected men. PLoS One
[Internet] 2019; 14(2):e0212194. [accessed 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/30789923.

Maegawa M, Kamada M, Irahara M, Yamamoto S, Yoshikawa §,
Kasai Y, Ohmoto Y, Gima H, Thaler CJ, Aono T. A repertoire of
cytokines in human seminal plasma. ] Reprod Immunol. 2002;54
(1-2):33-42. d0i:10.1016/S0165-0378(01)00063-8.

Lisco A, Introini A, Munawwar A, Vanpouille C, Grivel J,
Blank P, Singh S, Margolis L. HIV-1 imposes rigidity on blood
and semen cytokine networks. Am ] Reprod Immunol. 2012;68
(6):515-21. doi: 10.1111/aji.12015.

Keogan S, Siegert K, Wigdahl B, Krebs FC. Immunomodulation
by seminal factors and implications for male-to-female HIV-1
transmission. ] Acquir Immune Defic Syndr. 2015;69(2):131-37.
doi:10.1097/QAI1.0000000000000561.

Berlier W, Bourlet T, Lévy R, Lucht F, Pozzetto B, Delézay O.
Amount of seminal IL-1B positively correlates to HIV-1 load in
the semen of infected patients. J Clin Virol. 2006;36(3):204-07.
d0i:10.1016/}.jcv.2006.04.004.

Storey DF, Dolan MJ, Anderson SA, Meier PA, Walter EA.
Seminal plasma RANTES levels positively correlate with seminal
plasma HIV-1 RNA levels. AIDS. 1999;13(15):2169. doi:10.1097/
00002030-199910220-00023.

Sheth PM, Danesh A, Shahabi K, Rebbapragada A, Kovacs C,
Dimayuga R, Halpenny R, MacDonald KS, Mazzulli T,
Kelvin D, et al. HIV-specific CD8+lymphocytes in semen are
not associated with reduced HIV shedding. ] Immunol. 2005;175
(7):4789-96. doi:10.4049/jimmunol.175.7.4789.

Hoffman JC, Anton PA, Baldwin GC, Elliott J, Anisman-Posner
D, Tanner K, Grogan T, Elashoff D, Sugar C, Yang OO, et al.
Seminal plasma HIV-1 RNA concentration is strongly associated
with altered levels of seminal plasma interferon-y, interleukin-17,
and interleukin-5. AIDS Res Hum Retroviruses. 2014;30
(11):1082-88. doi:10.1089/aid.2013.0217.

Vanpouille C, Introini A, Morris SR, Margolis L, Daar ES,
Dube MP, Little SJ, Smith DM, Lisco A, Gianella S. Distinct
cytokine/chemokine network in semen and blood characterize


http://www.ncbi.nlm.nih.gov/pubmed/16873279
http://dx.doi.org/10.1128/JVI.77.21.11708-11717.2003
http://www.ncbi.nlm.nih.gov/pubmed/11176263
http://www.ncbi.nlm.nih.gov/pubmed/11176263
http://dx.doi.org/10.1097/QAD.0b013e32833b47fc
http://dx.doi.org/10.1097/00002030-200401020-00005
http://www.ncbi.nlm.nih.gov/pubmed/27404187
http://www.ncbi.nlm.nih.gov/pubmed/27404187
http://www.ncbi.nlm.nih.gov/pubmed/22382146
http://www.ncbi.nlm.nih.gov/pubmed/22382146
http://www.ncbi.nlm.nih.gov/pubmed/18670231
http://www.ncbi.nlm.nih.gov/pubmed/19710596
http://dx.doi.org/10.1097/QAD.0b013e328353b11b
http://dx.doi.org/10.1093/cid/cit252
http://dx.doi.org/10.1038/nrmicro794
http://dx.doi.org/10.1371/journal.pone.0010569
http://www.ncbi.nlm.nih.gov/pubmed/8671325
http://www.ncbi.nlm.nih.gov/pubmed/8671325
http://www.ncbi.nlm.nih.gov/pubmed/15242991
http://www.ncbi.nlm.nih.gov/pubmed/15242991
http://www.ncbi.nlm.nih.gov/pubmed/21448708
http://www.ncbi.nlm.nih.gov/pubmed/21448708
http://www.ncbi.nlm.nih.gov/pubmed/15608027
http://www.ncbi.nlm.nih.gov/pubmed/15608027
http://www.ncbi.nlm.nih.gov/pubmed/26085581
http://www.ncbi.nlm.nih.gov/pubmed/26085581
http://www.ncbi.nlm.nih.gov/pubmed/30789923
http://www.ncbi.nlm.nih.gov/pubmed/30789923
http://dx.doi.org/10.1016/S0165-0378(01)00063-8
http://dx.doi.org/10.1111/aji.12015
http://dx.doi.org/10.1097/QAI.0000000000000561
http://dx.doi.org/10.1016/j.jcv.2006.04.004
http://dx.doi.org/10.1097/00002030-199910220-00023
http://dx.doi.org/10.1097/00002030-199910220-00023
http://dx.doi.org/10.4049/jimmunol.175.7.4789
http://dx.doi.org/10.1089/aid.2013.0217

2030

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

M. CAVARELLI AND R. LE GRAND

different stages of HIV infection. AIDS. 2016;30(2):193-201.
d0i:10.1097/QAD.0000000000000964.

Kafka JK, Sheth PM, Nazli A, Osborne BJ, Kovacs C, Kaul R,
Kaushic C. Endometrial epithelial cell response to semen from
HIV-infected men during different stages of infection is distinct
and can drive HIV-1-long terminal repeat. Aids. 2012;26
(1):27-36. doi:10.1097/QAD.0b013e32834e57b2.

Wolff H. Methods for the detection of male genital tract
inflammation.  Andrologia. 2009;30(S1):35-39.  doi:10.1111/
j.1439-0272.1998.tb02824 x.

Gil T, Castilla JA, Hortas ML, Molina J, Redondo M, Samaniego F,
Garrido F, Vergara F, Herruzo A. CD4+ cells in human ejaculates.
Hum Reprod [Internet] 1995; 10(11):2923-27. [accessed 2020 Mar 4].
http://www.ncbi.nlm.nih.gov/pubmed/8747046.

Anderson JA, Ping L-H, Dibben O, Jabara CB, Arney L, Kincer L,
Tang Y, Hobbs M, Hoffman I, Kazembe P, et al. HIV-1 popula-
tions in semen arise through multiple mechanisms. PLoS Pathog
[Internet] 2010; 6(8):e1001053. [accessed 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/20808902

Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB. Virus-
specific CD8+ cytotoxic T-lymphocyte activity associated with
control of viremia in primary human immunodeficiency virus
type 1 infection. J Virol. 1994;68(9):6103-10. doi:10.1128/
JVI1.68.9.6103-6110.1994.

Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G,
Borkowsky W, Farthing C, Ho DD. Temporal association of
cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol.
1994;68(7):4650-55. doi:10.1128/JV1.68.7.4650-4655.1994.

Musey L, Hughes ], Schacker T, Shea T, Corey L, Juliana
Mcelrath M. Cytotoxic-T-cell responses, viral load, and disease
progression in early human immunodeficiency virus type 1
infection. N Engl ] Med [Internet] 1997; 337(18):1267-74.
[accessed 2020 Mar 5]. http://www.ncbi.nlm.nih.gov/pubmed/
9345075.

Belec L, Georges AJ, Steenman G, Martin PM. Antibodies to
human immunodeficiency virus in the semen of heterosexual
men. J Infect Dis [Internet] 1989; 159(2):324-27. [accessed 2020
Mar 4]. http://www.ncbinlm.nih.gov/pubmed/2915156.

Wolft H, Mayer K, Seage G, Politch J, Horsburgh CR,
Anderson D. A comparison of HIV-1 antibody classes, titers,
and specificities in paired semen and blood samples from HIV-1
seropositive men. J Acquir Immune Defic Syndr [Internet] 1992;
5:65-69. [accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/
pubmed/1738088.

Pillay T, Sobia P, Olivier AJ, Narain K, Liebenberg LJP, Ngcapu S,
Mhlongo M, Passmore J-AS, Baxter C, Archary D. Semen IgM,
IgGl, and IgG3 differentially associate with pro-inflammatory
cytokines in HIV-infected men. Front Immunol [Internet] 2018;
9:3141. accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/
pubmed/30728825.

Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N,
Jorieux S, Daéron M. Specificity and affinity of human Fcy recep-
tors and their polymorphic variants for human IgG subclasses.
Blood. 2009;113(16):3716-25. doi:10.1182/blood-2008-09-179754.
Ackerman ME, Mikhailova A, Brown EP, Dowell KG, Walker BD,
Bailey-Kellogg C, Suscovich TJ, Alter G. Polyfunctional
HIV-specific antibody responses are associated with spontaneous
HIV control. PLoS Pathog [Internet] 2016; 12(1):e1005315.
[accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/
26745376.

Lai JI, Licht AF, Dugast A-S, Suscovich T, Choi I, Bailey-Kellogg
C, Alter G, Ackerman ME, Hahn BH. Divergent antibody subclass
and specificity profiles but not protective HLA-B alleles are asso-
ciated with variable antibody effector function among HIV-1
controllers. J Virol. 2014;88(5):2799-809. doi:10.1128/JV1.03130-
13.

Mestecky J, Moldoveanu Z, Smith PD, Hel Z, Alexander RC.
Mucosal immunology of the genital and gastrointestinal tracts

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

and HIV-1 infection. ] Reprod Immunol. 2009;83(1-2):196-200.
d0i:10.1016/}.jri.2009.07.005.

Mestecky J. Humoral immune responses to the human immuno-
deficiency virus type-1 (HIV-1) in the genital tract compared to
other mucosal sites. ] Reprod Immunol. 2007;73(1):86-97.
doi:10.1016/j.jri.2007.01.006.

Schifer F, Kewenig S, Stolte N, Stahl-Hennig C, Stallmach A,
Kaup FJ, Zeitz M, Schneider T. Lack of simian immunodeficiency
virus (SIV) specific IgA response in the intestine of SIV infected
rhesus macaques. Gut.  2002;50(5):608-14.  doi:10.1136/
gut.50.5.608.

Mestecky ], Jackson S, Moldoveanu Z, Nesbit LR, Kulhavy R,
Prince SJ, Sabbaj S, Mulligan MJ, Goepfert PA. Paucity of
antigen-specific IgA responses in sera and external secretions of
HIV-type l-infected individuals. AIDS Res Hum Retroviruses
[Internet] 2004; 20(9):972-88. [accessed 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/15585085.

Yates NL, Stacey AR, Nolen TL, Vandergrift NA, Moody MA,
Montefiori DC, Weinhold KJ, Blattner WA, Borrow P, Shattock R,
et al. HIV-1 gp41 envelope IgA is frequently elicited after trans-
mission but has an initial short response half-life. Mucosal
Immunol [Internet] 2013; 6(4):692-703. [accessed 2020 Mar 4].
http://www.ncbi.nlm.nih.gov/pubmed/23299618

Sweet SP, Rahman D, Challacombe SJ. IgA subclasses in HIV
disease: dichotomy between raised levels in serum and decreased
secretion rates in saliva. Immunology [Internet] 1995; 86:556-59.
[accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/
8567021.

Johnston MI, Fauci AS. An HIV vaccine - Evolving concepts.
N Engl ] Med. 2007;356(20):2073-81. doi:10.1056/NEJMra066267.
Tomaras GD, Haynes BF. Strategies for eliciting HIV-1 inhibitory
antibodies. Curr Opin HIV AIDS [Internet] 2010; 5(5):421-27.
[accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/
20978384.

McElrath MJ, Haynes BF. Induction of immunity to human
immunodeficiency virus type-1 by vaccination. Immunity
[Internet] 2010; 33(4):542-54. [accessed 2020 Mar 4]. http://
www.ncbi.nlm.nih.gov/pubmed/21029964.

Parsons MS, Madhavi V, Ana-Sosa-Batiz F, Center R]J,
Wilson KM, Bunupuradah T, Ruxrungtham K, Kent SJ. Seminal
plasma anti-HIV antibodies trigger antibody-dependent cellular
cytotoxicity. J Acquir Immune Defic Syndr. 2016;71(1):17-23.
doi:10.1097/QAI.0000000000000804.

Kaul R, Trabattoni D, Bwayo JJ, Arienti D, Zagliani A,
Mwangi FM, Kariuki C, Ngugi EN, MacDonald KS, Ball BT,
et al. HIV-1-specific mucosal IgA in a cohort of HIV-1-resistant
Kenyan sex workers. AIDS. 1999;13(1):23-29. doi:10.1097/
00002030-199901140-00004.

Lo Caputo S, Trabattoni D, Vichi F, Piconi S, Lopalco L, Villa ML,
Mazzotta F, Clerici M. Mucosal and systemic HIV-1-specific
immunity in HIV-1-exposed but uninfected heterosexual men.
AIDS.  2003;17(4):531-39.  d0i:10.1097/00002030-200303070-
00008.

Horton RE, Ball TB, Wachichi C, Jaoko W, Rutherford WJ,
Mckinnon L, Kaul R, Rebbapragada A, Kimani J, Plummer FA.
Cervical HIV-specific IgA in a population of commercial sex
workers correlates with repeated exposure but not resistance to
HIV. AIDS Res Hum Retroviruses. 2009;25(1):83-92. d0i:10.1089/
id.2008.0207.

Ghys PD, Bélec L, Diallo MO, Ettiégne-Traoré V, Becquart P,
Maurice C, Nkengasong JN, Coulibaly I-M, Greenberg AE,
Laga M. Cervicovaginal anti-HIV antibodies in HIV-
seronegative female sex workers in Abidjan, Cote d’lvoire. AIDS.
2000;14(16):2603-08. d0i:10.1097/00002030-200011100-00025.
Veazey RS, Shattock RJ, Pope M, Kirijan JC, Jones J, Hu Q,
Ketas T, Marx PA, Klasse PJ, Burton DR, et al. Prevention of
virus transmission to macaque monkeys by a vaginally applied
monoclonal antibody to HIV-1 gpl120. Nat Med. 2003;9
(3):548-53. d0i:10.1038/nm833.


http://dx.doi.org/10.1097/QAD.0000000000000964
http://dx.doi.org/10.1097/QAD.0b013e32834e57b2
http://dx.doi.org/10.1111/j.1439-0272.1998.tb02824.x
http://dx.doi.org/10.1111/j.1439-0272.1998.tb02824.x
http://www.ncbi.nlm.nih.gov/pubmed/8747046
http://www.ncbi.nlm.nih.gov/pubmed/20808902
http://www.ncbi.nlm.nih.gov/pubmed/20808902
http://dx.doi.org/10.1128/JVI.68.9.6103-6110.1994
http://dx.doi.org/10.1128/JVI.68.9.6103-6110.1994
http://dx.doi.org/10.1128/JVI.68.7.4650-4655.1994
http://www.ncbi.nlm.nih.gov/pubmed/9345075
http://www.ncbi.nlm.nih.gov/pubmed/9345075
http://www.ncbi.nlm.nih.gov/pubmed/2915156
http://www.ncbi.nlm.nih.gov/pubmed/1738088
http://www.ncbi.nlm.nih.gov/pubmed/1738088
http://www.ncbi.nlm.nih.gov/pubmed/30728825
http://www.ncbi.nlm.nih.gov/pubmed/30728825
http://dx.doi.org/10.1182/blood-2008-09-179754
http://www.ncbi.nlm.nih.gov/pubmed/26745376
http://www.ncbi.nlm.nih.gov/pubmed/26745376
http://dx.doi.org/10.1128/JVI.03130-13
http://dx.doi.org/10.1128/JVI.03130-13
http://dx.doi.org/10.1016/j.jri.2009.07.005
http://dx.doi.org/10.1016/j.jri.2007.01.006
http://dx.doi.org/10.1136/gut.50.5.608
http://dx.doi.org/10.1136/gut.50.5.608
http://www.ncbi.nlm.nih.gov/pubmed/15585085
http://www.ncbi.nlm.nih.gov/pubmed/15585085
http://www.ncbi.nlm.nih.gov/pubmed/23299618
http://www.ncbi.nlm.nih.gov/pubmed/8567021
http://www.ncbi.nlm.nih.gov/pubmed/8567021
http://dx.doi.org/10.1056/NEJMra066267
http://www.ncbi.nlm.nih.gov/pubmed/20978384
http://www.ncbi.nlm.nih.gov/pubmed/20978384
http://www.ncbi.nlm.nih.gov/pubmed/21029964
http://www.ncbi.nlm.nih.gov/pubmed/21029964
http://dx.doi.org/10.1097/QAI.0000000000000804
http://dx.doi.org/10.1097/00002030-199901140-00004
http://dx.doi.org/10.1097/00002030-199901140-00004
http://dx.doi.org/10.1097/00002030-200303070-00008
http://dx.doi.org/10.1097/00002030-200303070-00008
http://dx.doi.org/10.1089/aid.2008.0207
http://dx.doi.org/10.1089/aid.2008.0207
http://dx.doi.org/10.1097/00002030-200011100-00025
http://dx.doi.org/10.1038/nm833

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB,
Hanson CE, Beary H, Hayes D, Frankel SS, Birx DL, et al
Protection of macaques against vaginal transmission of
a pathogenic HIV-1/SIV chimeric virus by passive infusion of neu-
tralizing antibodies. Nat Med. 2000;6(2):207-10. doi:10.1038/72318.
Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu W,
Ayehunie S, Cavacini LA, Posner MR, Katinger H, Stiegler G,
et al. Human neutralizing monoclonal antibodies of the IgG1
subtype protect against mucosal simian-human immunodefi-
ciency virus infection. Nat Med. 2000;6(2):200-06. doi:10.1038/
72309.

Moog C, Dereuddre-Bosquet N, Teillaud J-L, Biedma ME, Holl V,
Van Ham G, Heyndrickx L, Van Dorsselaer A, Katinger D,
Vecelar B, et al. Protective effect of vaginal application of neutra-
lizing and nonneutralizing inhibitory antibodies against vaginal
SHIV challenge in macaques. Mucosal Immunol. 2014;7(1):46-56.
doi:10.1038/mi.2013.23.

Murooka TT, Deruaz M, Marangoni F, Vrbanac VD, Seung E,
von Andrian UH, Tager AM, Luster AD, Mempel TR. HIV-
infected T cells are migratory vehicles for viral dissemination.
Nature [Internet] 2012; 490(7419):283-87. [accessed 2020 Mar 5.
http://www.ncbi.nlm.nih.gov/pubmed/22854780.

Ganesh L, Leung K, Lore K, Levin R, Panet A, Schwartz O,
Koup RA, Nabel GJ. Infection of specific dendritic cells by
CCR5-tropic human immunodeficiency virus type 1 promotes
cell-mediated transmission of virus resistant to broadly neutraliz-
ing antibodies. ] Virol. 2004;78(21):11980-87. doi:10.1128/
JVI1.78.21.11980-11987.2004.

Malbec M, Porrot F, Rua R, Horwitz J, Klein F, Halper-Stromberg
A, Scheid JF, Eden C, Mouquet H, Nussenzweig MC, et al.
Broadly neutralizing antibodies that inhibit HIV-1 cell to cell
transmission. ] Exp Med. 2013;210(13):2813-21. doi:10.1084/
jem.20131244.

Abela IA, Berlinger L, Schanz M, Reynell L, Giinthard HF,
Rusert P, Trkola A. Cell-cell transmission enables HIV-1 to
evade inhibition by potent CD4bs directed antibodies. PLoS
Pathog. 2012;8(4):e1002634. doi:10.1371/journal.ppat.1002634.
Gombos RB, Kolodkin-Gal D, Eslamizar L, Owuor JO, Mazzola E,
Gonzalez AM, Korioth-Schmitz B, Gelman RS, Montefiori DC,
Haynes BF, et al. Inhibitory effect of individual or combinations
of broadly neutralizing antibodies and antiviral reagents against
cell-free and cell-to-cell HIV-1 Transmission. ] Virol. 2015;89
(15):7813-28. doi:10.1128/JVL.00783-15.

Duncan CJA, Williams JP, Schiffner T, Girtner K,
Ochsenbauer C, Kappes ], Russell RA, Frater J, Sattentau QJ.
High-multiplicity HIV-1 infection and neutralizing antibody eva-
sion mediated by the macrophage-T cell virological synapse.
J Virol. 2014;88(4):2025-34. doi:10.1128/JV1.03245-13.

Li H, Zony C, Chen P, Chen BK. Reduced potency and incom-
plete neutralization of broadly neutralizing antibodies against
cell-to-cell transmission of HIV-1 with transmitted founder
envs. J Virol. 2017;91(9). doi:10.1128/JV1.02425-16.

Reh L, Magnus C, Schanz M, Weber J, Uhr T, Rusert P, Trkola A.
Capacity of broadly neutralizing antibodies to inhibit HIV-1
cell-cell transmission is strain- and epitope-dependent. PLoS
Pathog. 2015;11(7):1-34. doi:10.1371/journal.ppat.1004966.
Schiffner T, Sattentau QJ, Duncan CJA. Cell-to-cell spread of
HIV-1 and evasion of neutralizing antibodies. Vaccine. 2013;31
(49):5789-97. d0i:10.1016/j.vaccine.2013.10.020.

Martin N, Welsch S, Jolly C, Briggs JAG, Vaux D, Sattentau QJ.
Virological synapse-mediated spread of human immunodeficiency
virus type 1 between T cells is sensitive to entry inhibition. J Virol.
2010;84(7):3516-27. d0i:10.1128/JVI.02651-09.

McCoy LE, Groppelli E, Blanchetot C, de Haard H, Verrips T,
Rutten L, Weiss RA, Jolly C. Neutralisation of HIV-1 cell-cell
spread by human and llama antibodies. Retrovirology. 2014;11
(1):83. doi:10.1186/s12977-014-0083-y.

Anderson DJ. Modeling mucosal cell-associated HIV type 1 trans-
mission in vitro. ] Infect Dis. 2014;210(suppl 3):5648-53.
doi:10.1093/infdis/jiu537.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 2031

Dufloo J, Bruel T, Schwartz O. HIV-1 cell-to-cell transmission
and broadly neutralizing antibodies. Retrovirology. 2018;15
(1):1-14. doi:10.1186/s12977-018-0434-1.

Dale BM, McNerney GP, Thompson DL, Hubner W, De Los
Reyes K, Chuang FYS, Huser T, Chen BK. Cell-to-cell transfer
of HIV-1 via virological synapses leads to endosomal virion
maturation that activates viral membrane fusion. Cell Host
Microbe. 2011;10(6):551-62. doi:10.1016/j.chom.2011.10.015.
Purtscher M, Trkola A, Gruber G, Buchacher A, Predl R,
Steindl F, Tauer C, Berger R, Barrett N, Jungbauer A, et al.
A broadly neutralizing human monoclonal antibody against
gp41 of human immunodeficiency virus type 1. AIDS Res Hum
Retroviruses. 1994;10(12):1651-58. do0i:10.1089/aid.1994.10.1651.
Pantaleo G, Demarest JF, Vaccarezza M, Graziosi C, Bansal GP,
Koenig S, Fauci AS. Effect of anti-V3 antibodies on cell-free and
cell-to-cell human immunodeficiency virus transmission. Eur
J Immunol. 1995;25(1):226-31. doi:10.1002/eji.1830250137.
Massanella M, Puigdoménech I, Cabrera C, Fernandez-Figueras
MT, Aucher A, Gaibelet G, Hudrisier D, Garcia E, Bofill M,
Clotet B, et al. Antigp41 antibodies fail to block early events of
virological synapses but inhibit HIV spread between T cells. AIDS.
2009;23(2):183-88. d0i:10.1097/QAD.0b013e32831efla3.

Su B, Xu K, Lederle A, Peressin M, Biedma ME, Laumond G,
Schmidt S, Decoville T, Proust A, Lambotin ML, et al
Neutralizing antibodies inhibit HIV-1 transfer from primary den-
dritic cells to autologous CD4 T lymphocytes. Blood. 2012;120
(18):3708-17. doi:10.1182/blood-2012-03-418913.

Su B, Lederle A, Laumond G, Ducloy C, Schmidt S, Decoville T,
Moog C. Broadly neutralizing antibody VRCO01 prevents HIV-1 trans-
mission from plasmacytoid dendritic cells to CD4 T lymphocytes.
J Virol. 2014;88(18):10975-81. doi:10.1128/JV1.01748-14.

Burton DR, Hessell AJ, Keele BF, Klasse PJ, Ketas TA, Moldt B,
Dunlop DC, Poignard P, Doyle LA, Cavacini L, et al. Limited or
no protection by weakly or nonneutralizing antibodies against
vaginal SHIV challenge of macaques compared with a strongly
neutralizing antibody. Proc Natl Acad Sci U S A [Internet] 2011;
108(27):11181-86. [accessed 2020 Apr 6]. http://www.ncbi.nlm.
nih.gov/pubmed/21690411

Hessell AJ, Poignard P, Hunter M, Hangartner L, Tehrani DM,
Bleeker WK, Parren PWHI, Marx PA, Burton DR. Effective,
low-titer antibody protection against low-dose repeated mucosal
SHIV challenge in macaques. Nat Med [Internet] 2009; 15
(8):951-54. [accessed 2020 Apr 6]. http://www.ncbinlm.nih.gov/
pubmed/19525965.

Hessell AJ, Rakasz EG, Tehrani DM, Huber M, Weisgrau KL,
Landucci G, Forthal DN, Koff WC, Poignard P, Watkins DI,
et al. Broadly neutralizing monoclonal antibodies 2F5 and 4E10
directed against the human immunodeficiency virus type 1 gp41
membrane-proximal external region protect against mucosal chal-
lenge by simian-human immunodeficiency virus SHIVBa-L.
J Virol. 2010;84(3):1302-13. doi:10.1128/JV1.01272-09.
Veselinovic M, Neff CP, Mulder LR, Akkina R. Topical gel for-
mulation of broadly neutralizing anti-HIV-1 monoclonal antibody
VRCO1 confers protection against HIV-1 vaginal challenge in
a humanized mouse model. Virology [Internet] 2012; 432
(2):505-10. [accessed 2020 Apr 6]. http://www.ncbi.nlm.nih.gov/
pubmed/22832125.

Caskey M. Broadly neutralizing antibodies for the treatment and
prevention of HIV infection. Curr Opin HIV AIDS. 2020;15
(1):49-55. doi:10.1097/COH.0000000000000600.

Parsons MS, Lloyd SB, Lee WS, Kristensen AB, Amarasena T,
Center RJ, Keele BF, Lifson JD, LaBranche CC, Montefiori D,
et al. Partial efficacy of a broadly neutralizing antibody against
cell-associated SHIV infection. Sci Transl Med. 2017;9(402):
eaaf1483. doi:10.1126/scitranslmed.aaf1483.

Bruel T, Guivel-Benhassine F, Amraoui S, Malbec M, Richard L,
Bourdic K, Donahue DA, Lorin V, Casartelli N, Noél N, et al.
Elimination of HIV-I-infected cells by broadly neutralizing
antibodies. Nat Commun. 2016;7(1):1-12.  doi:10.1038/
ncomms10844.


http://dx.doi.org/10.1038/72318
http://dx.doi.org/10.1038/72309
http://dx.doi.org/10.1038/72309
http://dx.doi.org/10.1038/mi.2013.23
http://www.ncbi.nlm.nih.gov/pubmed/22854780
http://dx.doi.org/10.1128/JVI.78.21.11980-11987.2004
http://dx.doi.org/10.1128/JVI.78.21.11980-11987.2004
http://dx.doi.org/10.1084/jem.20131244
http://dx.doi.org/10.1084/jem.20131244
http://dx.doi.org/10.1371/journal.ppat.1002634
http://dx.doi.org/10.1128/JVI.00783-15
http://dx.doi.org/10.1128/JVI.03245-13
http://dx.doi.org/10.1128/JVI.02425-16
http://dx.doi.org/10.1371/journal.ppat.1004966
http://dx.doi.org/10.1016/j.vaccine.2013.10.020
http://dx.doi.org/10.1128/JVI.02651-09
http://dx.doi.org/10.1186/s12977-014-0083-y
http://dx.doi.org/10.1093/infdis/jiu537
http://dx.doi.org/10.1186/s12977-018-0434-1
http://dx.doi.org/10.1016/j.chom.2011.10.015
http://dx.doi.org/10.1089/aid.1994.10.1651
http://dx.doi.org/10.1002/eji.1830250137
http://dx.doi.org/10.1097/QAD.0b013e32831ef1a3
http://dx.doi.org/10.1182/blood-2012-03-418913
http://dx.doi.org/10.1128/JVI.01748-14
http://www.ncbi.nlm.nih.gov/pubmed/21690411
http://www.ncbi.nlm.nih.gov/pubmed/21690411
http://www.ncbi.nlm.nih.gov/pubmed/19525965
http://www.ncbi.nlm.nih.gov/pubmed/19525965
http://dx.doi.org/10.1128/JVI.01272-09
http://www.ncbi.nlm.nih.gov/pubmed/22832125
http://www.ncbi.nlm.nih.gov/pubmed/22832125
http://dx.doi.org/10.1097/COH.0000000000000600
http://dx.doi.org/10.1126/scitranslmed.aaf1483
http://dx.doi.org/10.1038/ncomms10844
http://dx.doi.org/10.1038/ncomms10844

2032 (&) M. CAVARELLI AND R. LE GRAND

176.

177.

178.

179.

180.

181.

182.

183.

184.

von Bredow B, Arias JF, Heyer LN, Moldt B, Le K, Robinson JE,
Zolla-Pazner S, Burton DR, Evans DT. Virus neutralization by
HIV-1 Env-specific monoclonal antibodies. J Virol. 2016;90
(13):6127-39. d0i:10.1128/JVI.00347-16.

Lee WS, Kent SJ. Anti-HIV-1 antibody-dependent cellular cytotoxi-
city: is there more to antibodies than neutralization? Curr Opin HIV
AIDS. 2018;13(2):160-66. doi:10.1097/COH.0000000000000439.
Dufloo J, Guivel-Benhassine F, Buchrieser J, Lorin V, Grzelak L,
Dupouy E, Mestrallet G, Bourdic K, Lambotte O, Mouquet H,
et al. Anti-HIV-1 antibodies trigger non-lytic complement deposi-
tion on infected cells. EMBO Rep [Internet] 2020; 21(2):e49351.
[accessed 2020 Mar 4]. http://www.ncbi.nlm.nih.gov/pubmed/
31833228

Horwitz JA, Halper-Stromberg A, Mouquet H, Gitlin AD,
Tretiakova A, Eisenreich TR, Malbec M, Gravemann S,
Billerbeck E, Dorner M, et al. HIV-1 suppression and durable
control by combining single broadly neutralizing antibodies and
antiretroviral drugs in humanized mice. Proc Natl Acad Sci.
2013;110(41):16538-43. doi:10.1073/pnas.1315295110.

Hessell AJ, Hangartner L, Hunter M, Havenith CEG,
Beurskens FJ, Bakker JM, Lanigan CMS, Landucci G,
Forthal DN, Parren PWH]I, et al. Fc receptor but not complement
binding is important in antibody protection against HIV. Nature.
2007;449(7158):101-04. doi:10.1038/nature06106.

Bournazos S, Klein F, Pietzsch J, Seaman MS, Nussenzweig MC,
Ravetch JV. Broadly neutralizing anti-HIV-1 antibodies require Fc
effector functions for in vivo activity. Cell. 2014;158(6):1243-53.
doi:10.1016/j.cell.2014.08.023.

Lu C, Murakowski DK, Bournazos S, Schoofs T, Sarkar D, Halper-
stromberg A, Horwitz JA, Nogueira L, Golijanin J, Gazumyan A,
et al. Enhanced clearance of HIV-1-infected cells by broadly
neutralizing antibodies in HIV-1 in vivo. Science (80-). 2016;352
(6288):1001-05. doi:10.1126/science.aaf1279.

Chung AW, Ghebremichael M, Robinson H, Brown E, Choi I,
Lane S, Dugast AS, Schoen MK, Rolland M, Suscovich TJ,
et al. Polyfunctional Fc-effector profiles mediated by IgG
subclass selection distinguish RV144 and VAXO003 vaccines.
Sci Transl Med. 2014;6(228):228ra38-228ra38. doi:10.1126/
scitranslmed.3007736.

Yates NL, Liao H-X, Fong Y, deCamp A, Vandergrift NA,
Williams WT, Alam SM, Ferrari G, Yang Z, Seaton KE, et al
Vaccine-induced Env V1-V2 IgG3 correlates with lower HIV-1
infection risk and declines soon after vaccination. Sci Transl Med
[Internet] 2014; 6(228):228ra39. [accessed 2020 Apr 7]. http://
www.ncbi.nlm.nih.gov/pubmed/24648342

185.

186.

187.

188.

189.

190.

191.

192.

193.

Halper-Stromberg A, Lu CL, Klein F, Horwitz JA, Bournazos S,
Nogueira L, Eisenreich TR, Liu C, Gazumyan A, Schaefer U, et al.
Broadly neutralizing antibodies and viral inducers decrease
rebound from HIV-1 latent reservoirs in humanized mice. Cell.
2014;158(5):989-99. doi:10.1016/j.cell.2014.07.043.

Nishimura Y, Gautam R, Chun TW, Sadjadpour R, Foulds KE,
Shingai M, Klein F, Gazumyan A, Golijanin ], Donaldson M, et al.
Early antibody therapy can induce long-lasting immunity to
SHIV. Nature. 2017;543(7646):559-63. doi:10.1038/nature21435.
Niessl ], Baxter AE, Mendoza P, Jankovic M, Cohen YZ, Butler AL,
Lu C-L, Dubé M, Shimeliovich I, Gruell H, et al. Combination
anti-HIV-1 antibody therapy is associated with increased
virus-specific T cell immunity. Nat Med [Internet] 2020; 26
(2):222-27. [accessed 2020 Apr 7]. http://www.ncbi.nlm.nih.gov/
pubmed/32015556

Buckheit RW, Siliciano RF, Blankson JN. Primary CD8+ T cells
from elite suppressors effectively eliminate non-productively
HIV-1 infected resting and activated CD4+T cells. Retrovirology.
2013;10(1). doi:10.1186/1742-4690-10-68.

Yang OO, Kalams SA, Rosenzweig M, Trocha A, Jones N,
Koziel M, Walker BD, Johnson RP. Efficient lysis of human
immunodeficiency virus type 1l-infected cells by cytotoxic T
lymphocytes. J Virol [Internet] 1996; 70(9):5799-806. [accessed
2020 Apr 7]. http://www.ncbi.nlm.nih.gov/pubmed/8709196.
Sacha JB, Chung C, Rakasz EG, Spencer SP, Jonas AK, Bean AT,
Lee W, Burwitz BJ, Stephany JJ, Loffredo JT, et al. Gag-specific
CD8 + T lymphocytes recognize infected cells before AIDS-virus
integration and viral protein expression. ] Immunol [Internet]
2007; 178(5):2746-54. [accessed 2020 Apr 7]. http://www.ncbi.
nlm.nih.gov/pubmed/17312117

Monel B, McKeon A, Lamothe-Molina P, Jani P, Boucau ],
Pacheco Y, Jones RB, Le Gall S, Walker BD. HIV controllers
exhibit effective CD8+ T cell recognition of HIV-I-infected
non-activated CD4+ T cells. Cell Rep. 2019;27(1):142-153.e4.
doi:10.1016/j.celrep.2019.03.016.

Hessell AJ, Jaworski JP, Epson E, Matsuda K, Pandey S, Kahl C,
Reed J, Sutton WF, Hammond KB, Cheever TA, et al. Early
short-term treatment with neutralizing human monoclonal anti-
bodies halts SHIV infection in infant macaques. Nat Med. 2016;22
(4):362. doi:10.1038/nm.4063.

Hansen SG, Jr MP, Ventura AB, Hughes CM, Gilbride RM,
Ford JC, Oswald K, Shoemaker R, Li Y, Lewis MS, Awbrey NG,
et al. Immune clearance of highly pathogenic SIV infection.
Nature [Internet] 2013; 502(7469):100-04. doi: 10.1038/
naturel2519.


http://dx.doi.org/10.1128/JVI.00347-16
http://dx.doi.org/10.1097/COH.0000000000000439
http://www.ncbi.nlm.nih.gov/pubmed/31833228
http://www.ncbi.nlm.nih.gov/pubmed/31833228
http://dx.doi.org/10.1073/pnas.1315295110
http://dx.doi.org/10.1038/nature06106
http://dx.doi.org/10.1016/j.cell.2014.08.023
http://dx.doi.org/10.1126/science.aaf1279
http://dx.doi.org/10.1126/scitranslmed.3007736
http://dx.doi.org/10.1126/scitranslmed.3007736
http://www.ncbi.nlm.nih.gov/pubmed/24648342
http://www.ncbi.nlm.nih.gov/pubmed/24648342
http://dx.doi.org/10.1016/j.cell.2014.07.043
http://dx.doi.org/10.1038/nature21435
http://www.ncbi.nlm.nih.gov/pubmed/32015556
http://www.ncbi.nlm.nih.gov/pubmed/32015556
http://dx.doi.org/10.1186/1742-4690-10-68
http://www.ncbi.nlm.nih.gov/pubmed/8709196
http://www.ncbi.nlm.nih.gov/pubmed/17312117
http://www.ncbi.nlm.nih.gov/pubmed/17312117
http://dx.doi.org/10.1016/j.celrep.2019.03.016
http://dx.doi.org/10.1038/nm.4063
http://dx.doi.org/10.1038/nature12519
http://dx.doi.org/10.1038/nature12519

	Abstract
	Introduction
	Semen composition in healthy conditions
	Seminal plasma
	Semen cells

	Presence of HIV-1 in semen: cell-free virions and infected cells
	Evidence of HIV-1 infection mediated by infected semen cells
	Effect of the antiretroviral therapy on semen infectivity
	Immune responses in the male genital tract following HIV-1/SIV infection: implications for transmission
	Challenges and opportunities in using broad neutralizing antibodies to prevent HIV-1 transmission mediated by semen leukocytes
	Complementarity of antibodies and cell-mediated immunity for prevention of cell-associated viral transmission
	Concluding remarks
	Disclosure of potential conflicts of interest
	Funding
	References

