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Abstract: Worldwide, most Human Immunodeficiency Virus (HIV) infections are acquired through
heterosexual intercourse, and in sub-Saharan Africa, 59% of new HIV infections affect women.
Vaccines and microbicides hold promise for preventing the acquisition of HIV. To this end, the study
of HIV highly exposed seronegative (HESN) female commercial sex workers (CSWs), who constitute
a model of natural immunity to HIV, provides an exceptional opportunity to determine important
clues for the development of preventive strategies. Studies using both female genital tract (FGT)
and peripheral blood samples of HESN CSWs, have allowed identifying distinct features, notably
low-inflammatory patterns associated with resistance to infection. How this seemingly regulated
response is achieved at the initial site of HIV infection remains unknown. One hypothesis is that
populations presenting regulatory profiles contribute to the orchestration of potent anti-viral and
low-inflammatory responses at the initial site of HIV transmission. Here, we view to update our
knowledge regarding this issue.
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1. Introduction

Approximately 38 million people are living with HIV / Acquired Immuno-Deficiency
Syndrome (AIDS) worldwide. Most HIV infections are acquired through heterosexual
intercourse, and in Africa, 59% of new infections affect women [1]. There is currently no
cure for HIV and the development of vaccines and microbicides remains the best solution
to eradicate the pandemic. We believe that efforts to develop effective devices should
aim at mimicking and/or soliciting innate and adaptive immune responses, such as those
observed in the context of natural immunity to HIV. Among heavily HIV-exposed female
commercial sex workers (CSWs), some women remain uninfected (resistant) despite several
years of exposure. These HIV highly exposed seronegative (HESN) individuals therefore
constitute an exceptional model of natural immunity to HIV. To this end, the comparison
of samples from HESN CSWs and women involved in sex work but not yet HESN should
always be considered to control the effects of sex work itself on genital immunology [2].
Several groups have identified HESN individuals among African female CSWs as well
as among other CSW cohorts around the world [3-6]. Analyses of blood and genital
samples from HESN CSWs have demonstrated potent anti-inflammatory conditions. We
established a cohort of female CSWs in Benin and have identified individuals who remain
HIV-uninfected after more than seven years of active prostitution. So far, analysis of the
host response in the female genital tract (FGT) and in peripheral blood of Beninese HIV-
infected and HESN CSWs allowed us to identify distinct features, notably inflammatory
patterns associated with either susceptibility or resistance to infection. More precisely, we
have shown that Beninese HESNs maintain low genital inflammatory conditions to prevent
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HIV infection [7,8], a feature which has also been observed in other groups of HESNs [3,5,6].
In agreement with these observations, we recently reported that B lymphocyte stimulator
(BLyS)/B-cell activation factor (BAFF) levels were reduced in both blood [9] and FGT [10]
of Beninese HESNs when compared to HIV-uninfected non-CSWs and HIV-infected CSWs.
Interestingly, these HESNs presented elevated interferon (IFN)-« levels in their genital
samples, which were concomitant with elevated frequencies of myeloid Human Leukocyte
Antigen-DR isotype (HLA-DR)* cells expressing high levels of regulatory molecules [11].
How this anti-viral but seemingly regulated response is achieved at the initial site of HIV
infection remains unknown. We believe that populations presenting regulatory profiles
may contribute to the orchestration of potent anti-viral and low-inflammatory responses at
the initial site of HIV transmission.

2. The FGT

The complexity of the FGT has been previously thoroughly reviewed [12]. To sum-
marize, the FGT and associated lymphoid structures are part of the mucosal associated
lymphoid tissue (MALT), which also includes the gastro-intestinal lymphoid tissue (GALT).
As such, studies on the GALT have often been used to guide FGT investigations in different
populations due to the difficulty in obtaining ethical consent and samples. A unique
particularity of FGT immunity is that it is tightly regulated by a hormonal/inflammatory
process throughout the menstrual cycle, having to deal with the pressure of procreation,
as well as with commensal and pathogenic microbial control. The FGT is subdivided into
phenotypically distinct upper and lower regions, which are separated by a transforma-
tion zone, which is highly populated by HIV target cells (see below). The upper FGT is
composed of the uterine endometrium, fallopian tubes and the endocervix, which level
of sterility depends on the menstrual phase. The upper FGT is covered by single layered
columnar epithelial cells, it also presents lymphoid aggregates, which can vary during
menstrual cycle and are composed of cluster of differentiation (CD)8+ T-cells surrounding
a B-cell core, encapsulated by macrophages. The lower FGT consists of the non-sterile
vagina and the ectocervix and is covered by a stratified squamous epithelium. It is in
this region that is located the commensal microflora (see below). The first line of defense
in the FGT is the acidic milieu and the mucus layer containing immune mediators, such
as antimicrobial agents, antibodies (Abs), complement and cytokines, forming a chem-
ical barrier [13]. Abs are pivotal to FGT mucosal immunity. Unlike the GALT where
immunoglobulin (Ig)A predominate [14], at FGT mucosal sites, both IgA and IgG are
produced, but IgG predominate [14,15]. IgG are produced locally in the lamina propria
by local plasma cells or systemically and can be transported across epithelial cells, via the
neonatal Fc receptor (FcRn), to the lumen [15]. Moreover, this transport is bidirectional,
as FcRn can transport antigen complexed-IgG back from the lumen and thereafter solicit
regional effector functions from leukocytes (see section on natural immunity) [14,15]. IgA,
and to a lesser extent IgM, are produced locally, mainly as polymeric containing a joining J
chain. Both can translocate across epithelial cells to generate luminal secretory IgA (SIgA)
or IgM (SIgM) via the polymeric Ig receptor (pIgR). Mucosal SIgA, and to some extent
SIgM, can mediate protection by trapping, neutralizing and preventing transcytosis [14].
Moreover, in GALT, antigen complexed SIgA can be taken from the apical to basolateral
side of the epithelium through M cells, and thereafter mediate leukocyte effector functions
(see section on natural immunity) [14]. It is most likely that populations guarantying the
function of M cells are present in the FGT, but have yet to be characterized.

Epithelial cells are pivotal to mucosal integrity and form an uninterrupted barrier
between the lumen and underlying cells. Through cross-talk with sub-mucosal dendritic
cells (DCs) and Langherans cells (LCs), epithelial cells contribute to the orchestration of
innate and adaptive mucosal responses and maintenance of a homeostatic balance between
tolerance vs defense [12,16-18]. As such, pattern recognition receptor (PRR) sensing, such
as via Toll-like Receptors (TLRs), contributes to the production of chemokines and cytokines
that help shape the outcome of innate and adaptive mucosal responses [12,16-18].
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2.1. The FGT in the Context of HIV

The number of sexual partners and their risk characteristics as well as early sexual
debut (before age 14) and the failure to use condoms are among the best documented
behavioral risk factors for HIV sexual transmission [19]. Intravaginal practices such as
cleansing or usage of products for hygienic or sexual reasons can also lead to increased HIV
infection risk [20,21]. Among the most compelling biologic risk factors are the presence
of vaginosis and sexually transmitted infections (STIs), high viral load and low CD4
lymphocyte counts in the infectious contact, and possibly viral virulence and tropism [19].
HIV can cross the epithelial barrier when the junctions between the epithelial cells are
loosened due to pro-inflammatory factors such as tumor necrosis factor (TNF) [22] and /or
by sustained activity of effector T-cells in the early stages of the infection [23]. Also,
epithelial cells, which appear to be not infected, allow for endocytosis of the virus via the
galactosylceramide receptor (GalCer), which is highly expressed at the luminal pole of
epithelial cells, and can bind to the HIV Envelope (Env) glycoproteins gp120 and gp41 [24]
permitting the transfer of the virus to sub-mucosal DC populations and transmission to
CD4* target T-cells [25-27]. Another way for endocytosis of HIV by FGT epithelial cells is
via gp340, a scavenger receptor, activating TLR7 signaling then promoting the production
of pro-inflammatory thymic stromal lymphopoietin (TSLP), activating sub-mucosal DCs
and promoting HIV transmission to CD4* target T-cells [28].

Several reports in humans and non-human primates (NHP) have suggested that LCs
and DCs at mucosal surfaces are of the earliest leukocytes to be exposed, and possibly in-
fected by HIV or Simian Immunodeficiency Virus (SIV), and migrate to lamina propria and
draining lymph nodes to facilitate transmission of the virus to permissive cells [16,27,29-32].
The virus can be internalized by mucosal LCs and DCs via C-type lectin receptors such
as Langerin or Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-
integrin (DC-SIGN) (CD209), which are highly expressed by these populations and can
bind to HIV Env [33-36]. After internalization, the virus can be transferred to CD4* C-C
Motif Chemokine Receptor (CCR)5* effector target T-cells either locally or in lymphoid
organs [32]. LCs can actually cluster with DCs to favor cross-presentation of HIV to CD8*
T-cells [33]. The HIV vaginal infection model was mostly developed by studying SIV
infection in NHP [37,38]. In this model, it was shown that following vaginal transmission,
the preferential target cells were CD4" T-cells of the T helper (Th)17 lineage [39-41]. Strong
doses of SIV in the vaginal mucosa were shown to cause an increase of the chemokine
macrophage inflammatory protein-3 alpha (MIP-3¢)/Chemokine C-C motif ligand 20
(CCL20), produced by both murine [42] and human [43] mucosal epithelial cells, and which
attracted populations such as plasmacytoid DC (pDC), Th17 and LC precursors at the
cervical epithelium [38,43]. The principal ligand of CCL20 being CCR6, which is expressed
by immature LC/DC, pDC and Th17 cells [44]. Studies demonstrated that early blocking
of CCL20 prevented cellular recruitment and establishment of an inflammatory milieu,
reducing infection despite repeated exposures to SIV [45,46].

It is now widely assumed that mucosal Th17 effectors are the main targets for HIV/SIV
and massive depletion of these cells following infection establishment results in an even-
tual critical loss of balance favoring accumulation of cells with a T-cell regulatory (Treg)
phenotype in HIV/SIV infected subjects [47-49]. In infectious or inflammatory conditions,
certain DC populations produce the enzyme indoleamine 2,3-dioxygenase (IDO), which
is up-regulated by IFN-o and TLR agonists [42,50]. This enzyme is key in the regulation
of the balance between Treg/Th17 [51]. Augmentation of IDO causes an imbalance in
the ratio between Treg/Th17 marked by a depletion of Th17 and a gradual expansion of
Tregs [19,23,38,40,46,52]. This imbalance contributes to a persistent inflammatory state
in the context of HIV chronic infection [49]. Moreover, this dysregulation is increased
by altered CCR6" cell homing patterns [53]. In humans, Th17 differentiation requires
transcriptional regulator retinoic acid-related orphan receptor (ROR)yt and differentiation
factors such as transforming growth factor (TGF)-§3, interleukin (IL)-1, IL-6, IL-21 and
IL-23 [54-56]. Th17 cells produce IL-17, IL-21 and IL-22 to maintain the integrity of the ep-
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ithelial barrier and defend the organism against bacterial and fungal pathogens [40]. Th17
express o437 integrins at their surface to be able to interact with mucosal addressin cell
adhesion molecule-1 (MAdCAM-1), which medjiates their homing to the gastrointestinal,
respiratory and urogenital mucosa [57-60]. The «4(37 integrin can also be used by certain
strains of HIV to facilitate attachment. Although Th17 are the main targets of HIV, it has
been shown that mucosa-resident LCs and DCs contribute to the selection process of the
HIV founder strain [61,62]. Moreover, in a recent study, macrophages were shown to play
an important role in dissemination and cell-to-cell transmission of the virus [63].

Overall, epithelial cells and sub-mucosal DCs and LCs, as well as macrophages, play
critical roles in the establishment of HIV infection mainly through PRR sensing, including
TLRs which expression and responsiveness are increased in the HIV context [64], and
subsequent transmission to Th17 targets. Perturbed activities of these populations nourish
the inflammatory context eventually leading to a breach in the Treg/Th17 homeostatic
balance in the context of disease progression (reviewed in [16,19]). Of note, in healthy
women, neutrophils constitute 10-20% of genital leukocytes. It has been recently shown that
stimulation of these neutrophils with HIV-like particles induced the expansion of neutrophil
extracellular traps (NETs). Furthermore, pre-formed genital NETs totally inactivated
infectious HIV, suggesting an important role for neutrophil responses in the battle against
HIV [65].

2.2. The FGT Microbiota in the HIV Context

In the past decade, the vaginal microbiome has emerged as a critical modulator of
inflammation in the FGT and impacts on susceptibility versus protection against infections.

An indicator of a healthy microflora is characterized by a dominance of the genus
Lactobacillus spp., which produces lactic acid rendering the environment acidic [66]. An-
other way that lactobacilli protect the FGT against pathogens is by producing bacteriostatic
compounds and antimicrobial peptides [67,68]. Their presence limits the colonization of the
FGT by other microorganisms who have to compete for attachment to the epithelium [69].

Vaginal microbiota dysbiosis happens when the dominance of Lactobacillus spp. de-
creases [70]. This shift is marked by an increase in microbial diversity, which involves
obligate and facultative anaerobes and more Gram-negative bacteria inducing bacterial
vaginosis (BV) [70,71]. This dysbiosis is characterized by a decrease in production of lactic
acid resulting in basification of the FGT (pH > 4.5). Another consequence of BV is an
elevated level of mucin-degradative enzymes that watery the mucus layer [72]. Due to
all of these changes, BV causes disruptions of the mucosal epithelium barrier, increases
the inflammatory response and immune activation [73]. Altogether, BV has been reported
to increase the risk of acquisition of HIV by approximately 1.5 fold [74]. Multiple studies
tend to confirm the conclusions that BV increase inflammatory responses and recruitment
of target CD4* T-cells [75-78]. It has also been shown that BV can augment the risk of
acquisition of STIs such as Chlamydia trachomatis and Neisseria gonorrhoeae [79]. Due to BV
persistence [80] and recurrence even when treated [81] this condition can contribute to the
population attributable risk (PAR) of HIV infection. In addition, two studies suggest that
BV contributes even more to HIV PAR than any other genital condition, except Herpes
simplex virus-2 (HSV-2), to HIV susceptibility [82,83]. Infection by the Human Papilloma
Virus (HPV) causes activation of cervical CD4" T-cells and a higher recruitment rate of
T-cells to the FGT. The high levels of HIV target cells as well as lesions in the epithelium
caused by the multiplication of HPV increase the susceptibility to HIV infection [84].

One of the major consequences of STIs is often the destruction of the mucosal barrier
by inducing inflammation, damages to the epithelium, and massive recruitment of HIV
target cells at the site of infection [85]. Even though they cause such trouble, some STIs,
such as Chlamydia trachomatis and Neisseria gonorrhoeae, are difficult to diagnose because of
the lack of symptoms in infected women. Studies have reported that there is a greater than
three-fold higher risk of contracting HIV when the person already has an STI [86].
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Recently, research on the gut and other niches” microbiota have described the virome’s
role in the microflora. Despite all the studies, the impact of the virome on the FGT remains
unclear and must be studied further. Still it can be linked to bacterial variations and other
health issues. More studies on this matter could help better understand the interactions in
the microflora that can shape the immunity of the FGT [87].

Overall, vaginal dysbiosis and inflammation increase the susceptibility of infection
to HIV.

3. Natural Immunity to HIV Infection

Natural immunity to HIV infection is likely to be a multifactorial complex process,
which involves environmentally and/or genetically determined factors [3-6]. It is now
well accepted that protection against HIV infection in HESN female CSWs is linked with
a low-inflammatory /activation profile both in blood and genital compartments [3,5,6].
It was shown that neutralizing proteins, such as anti-proteases and high levels of anti-
inflammatory factors are found in the genital mucosa of HESN CSWs [5,88]. Moreover,
genetic polymorphisms such as for the interferon regulatory factor (IRF)-1 have been shown
to confer a lower infection risk by HIV [89,90]. Still, further exploration is required in order
to fully harness elements of natural immunity, which will lead the path to designing
preventive strategies. We and others have previously reviewed this concept (reviewed
in [3-6,16,19]) and will therefore herein concentrate our efforts by presenting new aspects
of natural immunity against HIV infection such as found in HESN female CSWs, and more
particularly as regarding its regulation.

Although it is tempting to attribute a role for differential microbiota composition in
the shaping of natural immunity to HIV of HESN individuals, current observations do not
point to this fact (see Fowke, Broliden, and collaborators in the Vaccines 2021 Special Issue).

To allow procreation, the FGT must become tolerant to seminal fluids but this is
accompanied by an increased risk of STIs. To reduce this risk, surveillance from the
immune system is increased by recruitment of populations such as DCs and granulocytes
as well as changes in the structure of epithelial surfaces [91]. However, the semen contains
mediators, such as high levels of IL-10, TGF-$3 and Prostaglandin E2, inducing a more
tolerogenic profile in the FGT [92,93]. In a cohort of CSWs from Puerto Rico, it was found
that high exposure to seminal fluids may up-regulate type I IFNe expression in the FGT of
HESNSs inducing changes that reduce HIV susceptibility, which might explain, in part, the
HESN status in this cohort [94].

In a Spanish cohort of serodiscordant couples, it was observed that HESNs produce
antibodies that can reduce the binding between HIV gp120 and host receptors o437 and
DC-SIGN, possibly reducing HIV spreading to the MALT [95].

In a cohort of heavily exposed women from Kenya, HIV-specific CD8* cytotoxic
T lymphocyte (CTL) and CD4* T-cell poly-functional responses were found in HESN
CSWs [96,97]. When compared to HIV-infected CSWs, CD4* T-cells from these HESNs had
a greater ability to proliferate in response to HIV p24 peptides [97,98]. Furthermore, when
whole blood of HESNs and HIV-uninfected CSWs from this cohort were compared on a
molecular basis, it was found that HESNs have lower expression levels of genes involved
in T-cell receptor signaling and host factors required for HIV replication [99]. Moreover,
in these same group of women as well as in those from Céte d’Ivoire, HESNs presented
HIV Env-specific cross-clade neutralizing mucosal IgA, which blocked viral transcytosis
through tight epithelial barriers [3,100,101]. We could not detect substantial IgA1 or IgA2
reactivity to HIV Env glycoproteins in the cervico-vaginal lavage (CVL)s of Beninese HESN
CSWs [10]. To date, studies have reported contradictory results regarding anti-HIV-specific
IgA responses in the genital tract of HESNs [3,10,100-105]. These discrepancies may be
linked to the relatively small sample size and/or the different techniques used to detect
Env-reactive Abs. Also, the fact that most genital Igs are found in the mucus [106], may
preclude the detection of certain Ig isotypes in CVLs. Yet, we have previously detected
anti-HIV Env-specific IgG with neutralizing and antibody-dependent cellular cytotoxicity



Vaccines 2021, 9, 271

6 of 22

(ADCC) functions in the blood and CVL samples from Beninese HIV-infected CSWs but
not in those from HESNSs [107]. However, we could detect IgG1 reactivity to gp41 in
some HESNs [10], which could be derived from a microbiota reactive, possibly first-line
B-cell pool [108], as most gp41 Abs are known to cross-react with microbiota [109]. These
observations may imply that natural immunity to HIV in Beninese HESN CSWs is not
mediated by IgG neutralizing or ADCC responses, and may involve other functions of Abs
that can confer some level of protection, as is now being suggested by a growing body of
evidence [110-112].

Analyses of correlates of protection from the RV144 vaccine trial had suggested that
decreased HIV acquisition was linked to blood derived IgG1 and IgG3-mediated ADCC
activity toward the HIV Env V1V2 region [113]. It was shown that RV144 vaccinees bearing
certain HLA class II alleles such as DQB1*06 presented increased risk of HIV acquisition,
and this was possibly linked with elevated Env-specific IgA that interfered with ADCC
activity. However, in RV144 vaccinees who did not bear predisposing HLA alleles, non-
neutralizing Env-reactive IgA derived from blood memory B-cells blocked in vitro HIV
Env binding to GalCer and mediated in vitro phagocytosis by monocytes. This suggests
that the RV144 regimen may have induced a certain level of non-neutralizing IgA in some
individuals, which conferred some level of protection [108]. Interestingly, this vaccination
regimen was found to elicit more robust responses, notably IgG antibody-dependent
cell phagocytosis (ADCP), in vaccinees from South-Africa [114]. The Env-reactivity and
functional capacities of IgA were however not reported for the South African vaccinees.
Unfortunately, mucosal samples were not collected during the RV144 trial and the reactivity
of mucosal Igs have not been assessed. Nevertheless, lessons from the RV144 trial teach
us that it is mandatory that we further the exploration of different Ig mediated effector
capacities, especially those of ADCP, in HESN CSWs.

Passive immunization studies aiming at the prevention of HIV transmission are
promising and have been recently extensively reviewed [115,116]. Administration of
broadly neutralizing antibodies (bnAbs) has been shown to protect against HIV acquisition
in some clinical trials, one of the most promising being the human monoclonal antibody
(mAb) VRC-HIVMABO060-00-AB (VRCO01). This bnAb vaccine is under clinical trial for
preventing HIV infection in two groups, one being sexually active heterosexual adult
women in sub-Saharan Africa and another being men or transgender people having sex
with men in the USA, Brazil, and Peru. This study aims to determine minimal concen-
trations required for passive immunization through bnAbs at mucosal sites. As such,
previous passive immunization studies aiming to assess the importance of mucosal Igs in
the prevention of HIV transmission revealed them as important weapons [117].

In 2011, the group of Morgan Bomsel had elegantly shown that vaccination of NHP
with HIV gp41 virosomes induced mucosal IgA and IgG, which blocked transcytosis and
mediated ADCC, respectively, preventing systemic invasion following vaginal simian-HIV
(SHIV) challenge [118]. Importantly, these animals lacked serum neutralizing antibody
activity, highlighting the importance of effector antibodies at the mucosal portal of entry.
A more recent study by this group has shown that gp41 specific IgA can induce ADCP
by monocytes and neutrophils [119]. In another study, with NHP, the use of adjuvanted
liposomes promoted ADCP mucosal responses by monocytes and neutrophils that pro-
tected from SHIV challenge [120]. Along the same lines, refined passive immunization
studies revealed full protection of rhesus macaques against SHIV challenge following
administration of anti-HIV-1 neutralizing mucosal dIgA2 together with systemic IgG1 with
the same epitope specificity [121,122]. Furthermore, mucosal dIgA1 was significantly more
protective than dIgA?2, highlighting the importance of characterizing different isotypes
of IgA, as they differ predominantly in the hinge region and may confer varying effector
functions [117]. The fact that these neutralizing Abs were poorly efficient when used
alone implies that this passive immunization regimen requires first-line mucosal IgA in
conjunction with systemic IgG to prevent virus acquisition.
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4. Immunoregulatory Populations in the Context of Natural Immunity to HIV
4.1. Tolerogeneic DCs

As has been described above, DC are known to be major players in mastering the
orchestration of immune responsiveness. We have previously identified endocervical
myeloid HLA-DR?* cells in the FGT of Beninese CSWs, which in HESNs expressed higher
levels of IFN-o, TLR7 and immunoregulatory markers IL-10 and HLA-G when compared
to both HIV-infected CSWs and HIV-uninfected non-CSWs [11]. Furthermore, we revealed
a myeloid CD103*CD14*CD11c* population in the FGT that increased in HESNs, and that
expressed higher levels of IFN-o« and IL-10. Interestingly, the majority of these myeloid
CD103*CD14*CD11c* IFN-«*IL-10*cells co-expressed HLA-G and Immunoglobulin-like
transcript (ILT)-4. Importantly, this profile is reminiscent of tolerogenic DC-10 [123],
which secrete high amounts of IL-10, express high levels of HLA-G and ILT-4 and can
induce type 1 regulatory cells (Trl) (CD49b* Lymphocyte activation gene 3 (LAG-37))
via an IL-10-dependent ILT4/HLA-G pathway [124]. Both IFN« and IL-10 are involved
in differentiation of Tr1 [125,126] and in vitro studies have demonstrated that monocyte-
derived DCs (MoDCs) treated with IL-10 and /or IFN« were rendered “tolerogenic” and
up-regulated the inhibitory receptors ILT-3 and ILT-4, which promoted their capacity to
induce Trl [127,128]. Furthermore, IL-10 is one of the key cytokines inducing HLA-G
expression on myeloid cells [129]. The engagement of the inhibitory molecules ILT-2,
ILT-3 and ILT-4 on myeloid cells by HLA-G prevents the up-regulation of costimulatory
molecules, inhibits maturation and allows them to promote the differentiation of regulatory
T-cells [130-132]. The fact that myeloid HLA-DR*CD14*CD11c* cells found in the FGT of
Beninese HESNs also expressed high levels of CD103, suggests they could play a similar
role to CD103* DCs found throughout the gut lamina propria and thought to be most
effective at promoting T regulatory responses and to play a central role in maintaining
tolerance and tissue homeostasis [133].

The “DC-10-like” population found to be increased in the FGT of Beninese HESNs
is likely to be derived from monocytes, and influenced by the low-inflammatory milieu
(reviewed in [134]). For example, in the gut, most DCs are monocyte-derived and are
involved in maintenance of homeostasis [133], and it is likely that this also occurs in
the FGT as most DCs were shown to express CD14 [135]. In human, monocytes are
categorized in three main populations based on their expression levels of CD14 and/or
CD16, each representing a stage of differentiation, or more so transition as CD14 goes
down and CD16 goes up. They are the predominant CD14*CD16" classic, CD14*CD16*
intermediate and CD14!°"/4™CD16+* non-classic populations. Importantly, frequencies of
non-classic monocytes are increased in blood in the context of several infectious diseases
including HIV infection [134]. As such, non-classic monocytes are known to patrol and
sense nucleic acids and viruses via TLR7 and TLR8 receptors [136]. Alterations in the
classic vs. non-classic monocyte ratios during pathological conditions may dramatically
influence MoDC-mediated immunity. In human, both classic and non-classic monocytes
differentiate into MoDC in vitro and present a differential transcriptomic signature. As
MoDC derived from non-classic monocytes express CD103, RALDH2 and TCF4 typical
of mucosal DC and are thought to play a role in mucosal homeostasis [137]. Moreover,
non-classic monocytes preferentially acquired DC features in a model of transendothelial
migration [138]. As to whether the relative frequencies of blood monocyte populations are
perturbed in HESNs, and whether a particular population is responsible for the generation
of the “DC-10-like” population found in the FGT remains to be established.

4.2. Tregs and Trl

Concomitant to the elevated frequencies of tolerogeneic or DC10-like population in
their FGT, Beninese HESN CSWs presented elevated frequencies of endocervical regulatory
CD4" Tregs [11]. Moreover, these endocervical Tregs expressed higher intensity of pro-
grammed cell death protein (PD)-1, as well as IL-10 and cytotoxic T-lymphocyte-associated
protein 4 (CTLA4), and this was also found for Tr1 cells [11]. Although this could reflect
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T-cell exhaustion, we believe that these cells are in an active state [139,140], as reflected by
their higher levels of IL-10 expression. These findings are in agreement with a previous
study showing elevated frequencies of Tregs in the blood of HESNs from Kenya [141],
a finding which has been recently extended (see Fowke, Broliden, and collaborators in
the Vaccines 2021 Special Issue). The increase in tolerogeneic DC-10-like and Treg popula-
tions likely confers an advantage to HESN individuals in preventing the establishment of
HIV infection.

4.3. Importance of NR4As (Nuclear Receptors 4A)

Orphan nuclear receptor (NR)4A1 (Nur77), NR4A2 (Nurrl) and NR4A3 (NOR1) are
transcriptional regulators of differentiation, proliferation, and apoptosis genes. They are
important modulators of inflammatory responses and are necessary for monocyte differen-
tiation and Treg development (reviewed in [142]). Importantly, studies of mouse Ly6C!oW
monocytes, which are considered to be the murine analogs of human non-classic mono-
cytes, whereas Ly6Ch correspond to classic monocytes, demonstrated that the transition
from Ly6CM to Ly6C'°% monocytes depends on NR4A1 expression [143], which is necessary
for the generation and survival of Ly6C'®" monocytes, which are being reduced by 90%
in NR4A1-deficient mice [144]. Also, it has been shown that increased NR4A1 expression
levels lead to diminished MoDC and T-cell activation [145]. Furthermore, recent studies
with NR4A3-deficient mice show that NR4A3 expression is required to skew monocyte dif-
ferentiation toward MoDCs and allows the acquisition of migratory characteristics required
for MoDC function [146].

Since expression of NR4As is necessary for the maintenance of forkhead box P3
(FoxP3) expression and thereby essential for the development of Tregs, there have been
reports of several studies where those genes are targeted to modulate Treg responses in
cancer [147,148]. Interestingly, when the Tregs that infiltrate the tissue tumor are treated
with camptothecin and a cyclooxygenase-2 inhibitor, the transcriptional activity and the
induction of those genes are inhibited [148]. This phenomenon is beneficial in mice by
breaking the immune tolerance mediated by Tregs that protect the tumor against cytotoxic
CD8* CTL cells. These observations help illustrate the potential of NR4A modulation.
Thus, it could be possible to hypothesize that high levels of expression of NR4As in
immune cells in the FTG of HESN women could help in the maintenance of their low-
inflammatory environment, shown to be an important factor in natural immunity against
HIV. NR4A receptors are expressed early in response to physiological and pathological
stimuli including inflammation. There is growing evidence suggesting that expression
levels of NR4As are affected in the context of autoimmunity and infectious diseases.
Synthetic regulation of NR4A expression is currently used for treating patients with certain
leukemia/lymphomas, and could be envisaged for immunomodulatory purposes.

4.4. Innate B-Cells with Breg Potential

In the Kenyan CSWs cohort, late seroconversion occurred in some HESN CSWs and
involved waning of responses due to reduced sexual activity and antigenic exposure [149].
These observations could be suggesting that natural immunity may involve innate type
“antigen experienced” cell populations that require frequent re-exposure in order to be
maintained in a given cellular niche. In this view, HIV Env gp120 binding innate CD1c*
B-cell populations were found in the FGT of Beninese HESNs [10], but as to whether they
can confer some level of protection remains to be established. A subset of CD1c* B-cells,
known as marginal zone (MZ) B-cells, are involved in the early first-line defense against
viruses [150]. In humans, MZ B-cells recirculate and have been found in front-line areas
such as the sub epithelial lamina propria of the MALT [150]. By trafficking antigen, they
promote Germinal Center (GC) reactions, which are essential for the development of effector
and memory B-cells [151]. MZ B-cells can also be activated by T-independent signals from
neutrophils, DC and/or MoDC, which can lead to class switch recombination (CSR) from
IgM toward IgG or IgA [150]. The antibodies produced by these cells are often of low affinity
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and polyreactive; however, it has been described that they can bind to the HIV Env gp120
glycoprotein through surface lectins and/or polyreactive B-cell receptor (BCR) [152]. We
recently showed that MZ and precursor MZ B-cells from the blood of healthy individuals
express high levels of CD83 and nuclear receptors NR4A1, 2, 3 [153], which as mentioned
above are important regulators of the inflammatory response. Importantly, precursor MZ B-
cells demonstrated regulatory functions (Breg) and controlled T-cell proliferation following
in vitro activation, and this was dependent on the immunoregulatory surface molecule
CD83 [153]. As such, CD83 expression is directly modulated by NR4A1, 2, 3 transcription
factors [154]. We thus identified these molecules as potential Breg markers of precursor MZ
B-cells, along with CD39/CD73 ectonucleotidases [153]. This is of interest, as yet potent
Breg attributes mainly point to IL-10 production. However, in the HIV context, most B-cell
populations are driven to over-express IL-10 [155]. As to whether the HIV Env gp120
binding innate CD1c* B-cell population we found in the FGT of Beninese HESNs [10]
possess Breg functions and contribute to the low-inflammatory genital profile described
for HESNs is attractive but remains to be assessed.

MZ B-cells require BAFF for their selection, expansion, activation and T-independent
CSR [150]. BAFF is found as both membrane and soluble forms, the main sources of BAFF
being neutrophils, DC and Mo-DC, and to a lesser extent activated T-cells [156,157]. Excess
of both membrane and soluble BAFF in the blood of Beninese HIV-infected CSWs has
been associated with a dysregulation of the B-cell compartment [9]. Interestingly, Beninese
HESNs had lower soluble BAFF levels in their blood and CVLs than HIV-infected CSW
or HIV-uninfected non-CSW [9,10]. Also, the relative frequencies of BAFF expressing
cells in the genital mucosa of these HESNs were smaller than those observed in the other
groups [10]. These raised the possibility that the low levels of soluble BAFF measured in
blood [9] and CVLs [10] of Beninese HESNs may be linked to the signals leading to BAFF
release. As to whether these are related to advantageous genetic polymorphisms remains
to be established. We have analyzed BAFF promoter -871, -2841 and -2701 mutations asso-
ciated with elevated BAFF plasma levels and susceptibility to auto-immune diseases such
as Systemic Lupus Erythematosus and hepatitis C associated cryoglobulinemia [158-160]
in our Benin cohort and found no association. Sequencing the entire BAFF gene need
thus to be envisaged. The lower BAFF levels found in Beninese HESNs did not alter the
frequencies of precursor MZ B-cells in blood as they remained similar to those observed in
HIV-uninfected individuals [9]. However, we did find lower frequencies of mature MZ
B-cells in the blood of HESNs when compared to HIV-uninfected individuals, and this was
also found for HIV-infected CSWs [9], which could be suggestive of an active peripheral
recruitment and/or exhaustion. Implying that these populations are important in the fight
against the virus.

Since the integrity of B-cells, and especially MZ, is closely linked to BAFF, the main-
tenance of low levels of BAFF in the vaginal mucosa of HESNs can be a key factor of
natural immunity.

MZ B-cells are easily activated; it is, therefore, important for them to be controlled
or they can lead to autoimmunity [161]. Importantly, it was previously described that
invariant natural killer T-cells (iNKT) have this potential [162]. These cells are quite efficient
in the modulation of a majority of immune cells such as DC, Natural Killer (NK), T-cells
and B-cells [163]. Interestingly, iNKT cells can be activated through glycolipid presentation,
which can be mediated by MZ B-cells via CD1c [164]. Based on these observations, it is
possible to think that iNKT and MZ-like B-cells play an important role in the maintenance
of low-inflammatory conditions in the FGT of HESNs and it is important to study them
more carefully in the context of HIV infection and natural immunity.

5. Natural Killer Cells

NK cells were shown to play an important role in natural immunity against HIV. NK
cells are lymphoid cells that can rapidly respond against infected or transformed cells via
potent cytotoxic activity [165]. This activity is mediated by a mix of inhibitory signals
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and stimulating signals, which are both transmitted by the Killer Inmunoglobulin-like
Receptors (KIR), which are cell surface receptors that bind to certain HLA molecules [165].
However, NK cells are also strategically placed in the immune response, allowing bridging
of both innate and adaptive immunities. Indeed, by producing key cytokines and activating
cells such as DCs, NK cells can help modulate the immune response on the infection
site [165].

There are two main subsets of human NK cells: the CD56°"8MCD16!°% subset, which
composes up to 10% of all NK cells and is mostly a proliferative subset specialized in
cytokine production, and the CD569™CD16* subset, which composes the other 90% and
is responsible for the cytotoxic activity of NK cells [165]. HIV infection promotes an
expansion of both a CD569™CD16- and a CD56~CD16" population that are highly dys-
functional, with lower cytotoxicity potential due to the changes of expression of certain NK
receptors and with lower cytokine production [166,167]. It was recently shown that NK
cells from the blood of HIV-infected women, most notably CD569M and CD56~ subsets,
overexpress the T-cell Inmunoreceptor with Ig and ITIM domains (TIGIT) when compared
to HIV-uninfected women [168]. Interestingly, TIGIT expression by NK cells correlated
with a gain of function, as the TIGIT* subsets expressed higher levels of certain markers
associated with a more mature phenotype as well as a stronger cytotoxic activity when
compared to the TIGIT™ subsets [168]. TIGIT is an exhaustion marker found in T-cells
and NK cells in the context of certain malignancies and chronic infections [169,170]. TIGIT
expression by memory T-cells correlated with HIV disease progression, with T-cells from
elite controllers expressing lower levels of TIGIT than viremic individuals or even ART-
treated individuals [171], and a blockage of TIGIT expression by NK cells increased their
anti-tumoral cytotoxicity by preventing cell exhaustion [170]. In Beninese HESN women,
a slightly higher expression of TIGIT was found when compared to healthy donors [172].
As to whether this slight increase of TIGIT correlates with a gain of function remains to
be established.

Several correlations were established between certain alleles of KIR genes and a better
control of HIV infection. For instance, a group of HESN individuals from the Montreal
Primary HIV Infection (PHI) cohort were shown to possess a higher frequency of KIR3DS1
homozygous individuals when compared to a group of HIV-infected individuals [173].
Moreover, they were found to possess a smaller frequency of other KIR alleles such as
KIR2DS4*001, found to correlate with HIV transmission in serodiscordant couples [173,174].
Furthermore, certain HLA /KIR genotype combinations have been associated with a control
of viral infection, such as the KIR3DL1*h/*y and HLA-B*57 being more frequently found
in HESN than HIV-infected individuals [175]. HLA-B*57 is an HLA-B allele that possesses
a mutation encoding for an isoleucine at position 80 of the protein and allows for HIV infec-
tion control through the generation of T-cells that respond better to viral epitopes during
thymic selection. Furthermore, possession of both HLA-B*57 and KIR3DS]1 alleles led to a
stronger HIV protection when compared to possessing only one or the other, possibly by
allowing for the generation (or “licensing”) of a polyfunctional NK cell subset that highly
express IFN-y, TNF-oc and CD107a and thus could contribute to viral control [176-178].

While the HLA-B*57 allele is associated with a better control of HIV infection, its
presence is equally associated with higher activation levels of CD56"118M CD16!°% NK cells
and non-classical CD141°"/dmCD16+* monocytes by bacterial TLR agonists [179]. Indeed,
these cells were found to produce higher levels of proinflammatory molecules such as IFN-
v, IL-1f3 and IL-6 in the presence of Pathogen-associated molecular patterns (PAMPs) such
as Escherichia coli’s lipopolysaccharide (LPS) when compared to donors possessing other
HLA alleles such as HLA-B*44, in vitro [179]. HLA-B*57 is found to correlate with a higher
risk of sepsis-related death in HIV-infected and treated individuals [180]. Of importance,
IL-6 correlates with a more severe clinical progression in several diseases, including HIV
infection [181]. Indeed, IL-1f enriched monocytes overexpress IL-6, which correlates with
a higher mortality risk in HIV-infected and treated individuals [182]. Furthermore, IL-6
excess is a prognostic of sepsis, and it is also related to the “cytokine storm syndrome” in
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several diseases and could lead to autoimmune manifestations via chronic inflammation
(Reviewed in [183]) [184]. Thus, it is possible that while this HLA allele might protect from
HIV infection, when it fails to do so, it could be deleterious to the individual.

Studies conducted with the Beninese CSWs cohort showed that while NK cells of
HESN women did not cluster into a different subset when compared to uninfected women,
they expressed higher levels of CD16 (FCyRIII) [172]. CD16 is an Fc receptor that al-
lows binding to IgG Fc portion, and whose binding is essential to ADCC activity by NK
cells [165]. These findings suggest that NK cells from HESN women may have stronger
ADCC capacities, which could be protective against HIV infection. ADCC was shown
to correlate with the protection generated by the RV144 vaccination trial in Thailand, the
only HIV vaccination trial that generated some form of protective immunity [185,186].
Moreover, elite controllers were found to have a stronger ADCC activity against HIV than
normal progressors [187], and HIV-infected women who possessed CVL antibodies able
to mediate ADCC were found to have a lower HIV RNA load in their genital tract [188].
As mentioned earlier, while no broadly neutralizing antibodies, nor Ig mediating ADCC
activity were found in the blood or CVLs of Beninese HESNs (possibly due to lower levels
and/or removal of the vaginal mucus prior to CVL sampling) [107], the possibility that
other antibodies in their blood or mucosae could induce protective activity, notably IgG1
targeting gp41 and/or other antibodies produced by first-line B-cells such as the CD1c*
population [10], cannot be excluded. Besides, as mentioned earlier, ADCC is not the only
protective mechanism that implies antibodies.

It is important to note that most of the studies presented above have been conducted
with blood NK cells. Indeed, FGT NK cells differ from blood NK cells morphologically
(the former are bigger and are more granular than the latter) and phenotypically (via
the expression of CD69 and CD9, and levels of CD16 expression for example) [189,190].
These differences suggest that both subsets may possess different functions, and thus could
contribute differently to HIV protection. Blood NK cells, notably the CD5618MCD16~
subset, are able to secrete the 3-chemokines CCL3, CCL4 and CCL5 (RANTES), which are
CCR5 ligands [191]. Interestingly, we have shown that Beninese HESNs harbor higher levels
of these molecules in their blood [8]. High levels of these molecules could be protective
against HIV via a competition with the virus for CCR5, one of the co-receptors necessary
for viral entry [192]. Furthermore, uterine NK cells, mostly found in the FGT, were shown
to inhibit HIV infection in vitro via the production of C-X-C Motif Chemokine Ligand
(CXCL)12, a ligand for C-X-C chemokine receptor (CXCR)4, the other co-receptor used by
HIV during infection [193]. While in vivo infections are almost exclusively done by CCR5-
tropic (or R5) viruses, HIV-infected individuals harbor viruses tropic to both receptors,
especially during late stages of infection (and even during treatment) [194]. Indeed, there
is a phenotypic change between the Transmitted /Founder (T/F) virus and the myriad
of quasispecies that are found in a viremic individual, with a tropism change from R5
to CXCR4-tropic (or X4), which correlates with progression to AIDS [194], although the
mechanisms related to this phenotypic conversion remain to be elucidated. Nevertheless,
viral resistance to CCR5 drugs such as Maraviroc is a testament of the importance of
X4-tropic viruses in the infection and thus could reinforce the importance of uterine NK
cells in inhibiting these types of viruses [195,196].

NK cells also seem to play a role in the rectal immunity to HIV. A higher frequency
of NK cells in rectal mucosa (which resembles that of the FGT, with the lower expression
of CD16 and a higher expression of CD56 compared to their blood counterparts) seem to
correlate negatively with HIV-1 replication in this tissue, as opposed to MZ B-cells, which
frequencies correlate positively with viral replication [190,197]. It was suggested that MZ
could contribute to trans-infection of HIV given that as mentioned earlier, these cells can
bind to virus particles via surface lectins such as 437 and DC-SIGN [152]. We have shown
that innate CD1c* B-cells in the FGT have the capacity of binding to HIV Env gp120 [10].
However, the true potential of trans-infection by these cells has yet to be elucidated.
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Interestingly, IL-17A levels correlated strongly to p24 production in the rectal model.
This is of importance, since we have shown that Beninese HESN women harbor lower
levels of IL-17 in their FGT when compared to non-HESN women [11]. IL-17A levels likely
reflect the activity of Th17 T-cells, prime targets for HIV, at mucosal infection sites [39-41].
Thus, the lower levels of IL-17 in the FGT of HESNss could reflect lesser availability of Th17
target cells and/or regulated activity.

6. Conclusions

Natural immunity to HIV in HESN CSWs, such as that found at the FGT mucosal por-
tal of entry, likely involves a strong capacity to generate efficient anti-viral responses while
simultaneously preventing excessive inflammation. This probably implicates orchestration
of first-line innate immune responses in conjunction with matured high-affinity adaptive
responses. As depicted in Figure 1, local regulatory populations such as “DC-10"-like,
Treg, Tr1, and possibly CD1c* “Bregs (Regulatory B-cells)” may help shape and maintain
a low-inflammatory genital milieu, which allows for balanced responses from effector
populations. It is easy to think that since expression and activity of NR4A molecules can be
modulated therapeutically, such strategies may be contemplated in modulating the mucosal
environment at the genital portal of entry to prevent HIV infection. Also, contained BAFF
levels likely contribute to maintaining the integrity of innate CD1c" “MZ-like” B-cells,
which capacity of binding to HIV Env and producing IgG and/or IgA, raises particular
interest because MZ B-cells can acquire Ig somatic mutations and could be harnessed to
increase HIV Env affinity in the optics of designing preventive strategies involving the
generation of protective first-line responses in the FGT.
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Figure 1. Active players in natural immunity to HIV.
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The understanding of the genetic, environmental, and cellular mechanisms which
undercover the potent anti-viral but regulated immune responses that prevent excessive
immune activation and recruitment of HIV target cells at the initial site of exposure in the
context of natural immunity are mandatory to the design of preventive devices against
HIV infection.
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Abbreviations

HESN  Highly Exposed Seronegative

Csw Commercial Sex Worker

FGT Female Genital Tract

MALT  Mucosal Associated Lymphoid Tissue
PRR Pattern Recognition Receptor

TLR Toll-like Receptor

CVL Cervico-Vaginal Lavage

ADCC  antibody-dependent cellular cytotoxicity
ADCP  antibody-dependent cell phagocytosis
MoDC  Monocyte-Derived Dendritic Cell

Tregs Regulatory T-cells

Trl T regulatory type 1

NR4A  Nuclear Receptors 4A

Bregs  Regulatory B-cells

BAFF  B-cell Activation Factor

MZ Marginal Zone

iNKT  Invariant Natural Killer T-cells

KIR Killer Immunoglobulin-like Receptors
TIGIT  T-cell Immunoreceptor with Ig and ITIM domains

References

1.  UNAIDS. Global HIV & AIDS Statistics 2020 Fact Sheet. Available online: www.unaids.org (accessed on 17 March 2021).

2. Lajoie, J.; Kimani, M.; Plummer, F.A.; Nyamiobo, F; Kaul, R.; Kimani, J.; Fowke, K.R. Association of Sex Work with Reduced
Activation of the Mucosal Immune System. J. Infect. Dis. 2014, 210, 319-329. [CrossRef]

3.  Fourcade, L.; Poudrier, J.; Roger, M. Natural Immunity to HIV: A Template for Vaccine Strategies. Viruses 2018, 10, 215. [CrossRef]

4. Fenizia, C.; Rossignol, ].F.; Clerici, M.; Biasin, M. Genetic and immune determinants of immune activation in HIV-exposed
seronegative individuals and their role in protection against HIV infection. Infect. Genet. Evol. 2018, 66, 325-334. [CrossRef]

5. Schellenberg, J.J.; Plummer, F.A. The Microbiological Context of HIV Resistance: Vaginal Microbiota and Mucosal Inflammation
at the Viral Point of Entry. Int. |. Inflam. 2012, 2012, 131243. [CrossRef]

6. Card, C.M,; Ball, T.B.; Fowke, K.R. Immune quiescence: A model of protection against HIV infection. Retrovirology 2013, 10, 141.
[CrossRef] [PubMed]


www.unaids.org
http://doi.org/10.1093/infdis/jiu023
http://doi.org/10.3390/v10040215
http://doi.org/10.1016/j.meegid.2017.12.014
http://doi.org/10.1155/2012/131243
http://doi.org/10.1186/1742-4690-10-141
http://www.ncbi.nlm.nih.gov/pubmed/24257114

Vaccines 2021, 9, 271 14 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Lajoie, J.; Poudrier, J.; Massinga-Loembe, M.; Guédou, F.; Agossa-Gbenafa, C.; Labbé, A.C.; Alary, M.; Roger, M. Differences in
immunoregulatory cytokine expression patterns in the systemic and genital tract compartments of HIV-1-infected commercial sex
workers in Benin. Mucosal. Immunol. 2008, 1, 309-316. [CrossRef] [PubMed]

Lajoie, J.; Poudrier, J.; Massinga Loembe, M.; Guédou, F,; Leblond, F.; Labbé, A.C.; Alary, M.; Roger, M. Chemokine expression
patterns in the systemic and genital tract compartments are associated with HIV-1 infection in women from Benin. J. Clin.
Immunol. 2010, 30, 90-98. [CrossRef] [PubMed]

Sabourin-Poirier, C.; Fourcade, L.; Chagnon-Choquet, J.; Labbé, A.-C.; Alary, M.; Guédou, F.; Poudrier, ].; Roger, M. Blood
B Lymphocyte Stimulator (BLyS)/BAFF levels may reflect natural immunity to HIV in highly exposed uninfected Beninese
Commercial Sex Workers. Sci. Rep. 2016, 6, 32318. [CrossRef]

Fourcade, L.; Sabourin-Poirier, C.; Perraud, V.; Faucher, M.-C.; Chagnon-Choquet, J.; Labbé, A.-C.; Alary, M.; Guédou, E,; Poudrier,
J.; Roger, M. Natural Immunity to HIV is associated with Low BLyS/BAFF levels and low frequencies of innate marginal zone
like CD1c+ B-cells in the genital tract. PLoS Pathog. 2019, 15, €1007840. [CrossRef]

Thibodeau, V.; Fourcade, L.; Labbé, A.C.; Alary, M.; Guédou, F; Poudrier, J.; Roger, M. Highly-Exposed HIV-1 seronegative
Female Commercial Sex Workers sustain in their genital mucosa increased frequencies of tolerogenic myeloid and regulatory
T-cells. Sci. Rep. 2017, 7, 43857. [CrossRef]

Wira, C.R.; Rodriguez-Garcia, M.; Patel, M.V. The role of sex hormones in immune protection of the female reproductive tract.
Nat. Rev. Immunol. 2015, 15, 217-230. [CrossRef]

Kutteh, W.H.; Moldoveanu, Z.; Mestecky, ]. Mucosal immunity in the female reproductive tract: Correlation of immunoglobulins,
cytokines, and reproductive hormones in human cervical mucus around the time of ovulation. Aids Res. Hum. Retrovir. 1998, 14,
S51-555.

Horton, R.; Vidarsson, G. Antibodies and Their Receptors: Different Potential Roles in Mucosal Defense. Front. Immunol. 2013,
4,200. [CrossRef] [PubMed]

Li, Z; Palaniyandi, S.; Zeng, R.; Tuo, W.; Roopenian, D.C.; Zhu, X. Transfer of IgG in the female genital tract by MHC class
I-related neonatal Fc receptor (FcRn) confers protective immunity to vaginal infection. Proc. Natl. Acad. Sci. USA 2011, 108,
4388-4393. [CrossRef]

Poudrier, J.; Chagnon-Choquet, J.; Roger, M. Influence of dendritic cells on B-cell responses during HIV infection. Clin. Dev.
Immunol. 2012, 2012, 592187. [CrossRef]

Quayle, A.J. The innate and early immune response to pathogen challenge in the female genital tract and the pivotal role of
epithelial cells. |. Reprod. Immunol. 2002, 57, 61-79. [CrossRef]

Gribar, S.C.; Richardson, W.M.; Sodhi, C.P,; Hackam, D.J. No longer an innocent bystander: Epithelial toll-like receptor signaling
in the development of mucosal inflammation. Mol. Med. 2008, 14, 645-659. [CrossRef] [PubMed]

Poudrier, J.; Thibodeau, V.; Roger, M. Natural Immunity to HIV: A delicate balance between strength and control. Clin. Dev.
Immunol. 2012, 2012, 875821. [CrossRef]

Lazarus, E.; Otwombe, K.; Dietrich, J.; Andrasik, M.P.; Morgan, C.A.; Kublin, ].G.; Gray, G.E.; Isaacs, A.].; Laher, F. Vaginal
practices among women at risk for HIV acquisition in Soweto, South Africa. S. Afr J. HIV Med. 2019, 20, 866. [CrossRef]
Alcaide, M.L.; Rodriguez, V.J.; Fischl, M.A.; Jones, D.L.; Weiss, S.M. Addressing intravaginal practices in women with HIV and
at-risk for HIV infection, a mixed methods pilot study. Int. ]. Women’s Health 2017, 9, 123-132. [CrossRef] [PubMed]
Grant-Tschudy, K.S.; Wira, C.R. Paracrine mediators of mouse uterine epithelial cell transepithelial resistance in culture. J. Reprod.
Immunol. 2005, 67, 1-12. [CrossRef]

Cleret-Buhot, A.; Zhang, Y.; Planas, D.; Goulet, ].P.; Monteiro, P.; Gosselin, A.; Wacleche, V.S.; Tremblay, C.L.; Jenabian, M.A.;
Routy, J.P; et al. Identification of novel HIV-1 dependency factors in primary CCR4(+)CCR6(+)Th17 cells via a genome-wide
transcriptional approach. Retrovirology 2015, 12, 102. [CrossRef] [PubMed]

Bomsel, M. Transcytosis of infectious human immunodeficiency virus across a tight human epithelial cell line barrier. Nat. Med.
1997, 3, 42-47. [CrossRef]

Hladik, F.; Sakchalathorn, P.; Ballweber, L.; Lentz, G.; Fialkow, M.; Eschenbach, D.; McElrath, M.]. Initial events in establishing
vaginal entry and infection by human immunodeficiency virus type-1. Immunity 2007, 26, 257-270. [CrossRef]

Bouschbacher, M.; Bomsel, M.; Verronese, E.; Gofflo, S.; Ganor, Y.; Dezutter-Dambuyant, C.; Valladeau, J. Early events in HIV
transmission through a human reconstructed vaginal mucosa. Aids 2008, 22, 1257-1266. [CrossRef]

Gonzalez, S.M.; Aguilar-Jimenez, W.; Su, R.C.; Rugeles, M.T. Mucosa: Key Interactions Determining Sexual Transmission of the
HIV Infection. Front. Immunol. 2019, 10, 144. [CrossRef]

Fontenot, D.; He, H.; Hanabuchi, S.; Nehete, PN.; Zhang, M.; Chang, M.; Nehete, B.; Wang, Y.-H.; Wang, Y.-H.; Ma, Z.-M; et al.
TSLP production by epithelial cells exposed to immunodeficiency virus triggers DC-mediated mucosal infection of CD4" T cells.
Proc. Natl. Acad. Sci. USA 2009, 106, 16776-16781. [CrossRef] [PubMed]

Rodriguez-Garcia, M.; Patel, M.V.; Wira, C.R. Innate and adaptive anti-HIV immune responses in the female reproductive tract. J.
Reprod. Immunol. 2013, 97, 74-84. [CrossRef]

De Lara, L.M,; Parthasarathy, R.S.; Rodriguez-Garcia, M. Mucosal Immunity and HIV Acquisition in Women. Curr. Opin. Physiol.
2021, 19, 32-38. [CrossRef] [PubMed]

Pala, P.; Gomez-Roman, V.R.; Gilmour, ].; Kaleebu, P. An African perspective on mucosal immunity and HIV-1. Mucosal Immunol.
2009, 2, 300-314. [CrossRef]


http://doi.org/10.1038/mi.2008.18
http://www.ncbi.nlm.nih.gov/pubmed/19079192
http://doi.org/10.1007/s10875-009-9343-3
http://www.ncbi.nlm.nih.gov/pubmed/19898927
http://doi.org/10.1038/srep32318
http://doi.org/10.1371/journal.ppat.1007840
http://doi.org/10.1038/srep43857
http://doi.org/10.1038/nri3819
http://doi.org/10.3389/fimmu.2013.00200
http://www.ncbi.nlm.nih.gov/pubmed/23882268
http://doi.org/10.1073/pnas.1012861108
http://doi.org/10.1155/2012/592187
http://doi.org/10.1016/S0165-0378(02)00019-0
http://doi.org/10.2119/2008-00035.Gribar
http://www.ncbi.nlm.nih.gov/pubmed/18584047
http://doi.org/10.1155/2012/875821
http://doi.org/10.4102/sajhivmed.v20i1.866
http://doi.org/10.2147/IJWH.S125883
http://www.ncbi.nlm.nih.gov/pubmed/28280394
http://doi.org/10.1016/j.jri.2005.06.001
http://doi.org/10.1186/s12977-015-0226-9
http://www.ncbi.nlm.nih.gov/pubmed/26654242
http://doi.org/10.1038/nm0197-42
http://doi.org/10.1016/j.immuni.2007.01.007
http://doi.org/10.1097/QAD.0b013e3282f736f4
http://doi.org/10.3389/fimmu.2019.00144
http://doi.org/10.1073/pnas.0907347106
http://www.ncbi.nlm.nih.gov/pubmed/19805372
http://doi.org/10.1016/j.jri.2012.10.010
http://doi.org/10.1016/j.cophys.2020.07.021
http://www.ncbi.nlm.nih.gov/pubmed/33103019
http://doi.org/10.1038/mi.2009.23

Vaccines 2021, 9, 271 15 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Teijeira, A.; Russo, E.; Halin, C. Taking the lymphatic route: Dendritic cell migration to draining lymph nodes. Semin. Im-
munopathol. 2014, 36, 261-274. [CrossRef]

Van den Berg, L.M.; Cardinaud, S.; van der Aar, A.M.; Sprokholt, ].K.; de Jong, M.A.; Zijlstra-Willems, E.M.; Moris, A;
Geijtenbeek, T.B. Langerhans Cell-Dendritic Cell Cross-Talk via Langerin and Hyaluronic Acid Mediates Antigen Transfer and
Cross-Presentation of HIV-1. |. Immunol. 2015, 195, 1763-1773. [CrossRef]

Den Dunnen, J.; Gringhuis, S.I.; Geijtenbeek, T.B. Innate signaling by the C-type lectin DC-SIGN dictates immune responses.
Cancer Immunol. Immunother. 2009, 58, 1149-1157. [CrossRef]

Geijtenbeek, T.B.; Kwon, D.S.; Torensma, R.; van Vliet, S.J.; van Duijnhoven, G.C.; Middel, J.; Cornelissen, I.L.; Nottet, H.S.;
KewalRamani, V.N.; Littman, D.R.; et al. DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-infection
of T cells. Cell 2000, 100, 587-597. [CrossRef]

Gringhuis, S.I.; den Dunnen, J.; Litjens, M.; van der Vlist, M.; Geijtenbeek, T.B. Carbohydrate-specific signaling through the
DC-SIGN signalosome tailors immunity to Mycobacterium tuberculosis, HIV-1 and Helicobacter pylori. Nat. Immunol. 2009, 10,
1081-1088. [CrossRef] [PubMed]

Miller, C.J.; Li, Q.; Abel, K; Kim, E.Y,; Ma, Z.M.; Wietgrefe, S.; La Franco-Scheuch, L.; Compton, L.; Duan, L.; Shore, M.D; et al.
Propagation and dissemination of infection after vaginal transmission of simian immunodeficiency virus. J. Virol. 2005, 79,
9217-9227. [CrossRef] [PubMed]

Haase, A.T. Early events in sexual transmission of HIV and SIV and opportunities for interventions. Annu. Rev. Med. 2011, 62,
127-139. [CrossRef]

Kader, M.; Wang, X.; Piatak, M.; Lifson, J.; Roederer, M.; Veazey, R.; Mattapallil, J.]. Alpha4(+)beta7(hi)CD4(+) memory T cells
harbor most Th-17 cells and are preferentially infected during acute SIV infection. Mucosal Immunol. 2009, 2, 439-449. [CrossRef]
Cecchinato, V.; Franchini, G. Th17 cells in pathogenic simian immunodeficiency virus infection of macaques. Curr. Opin. HIV
Aids 2010, 5, 141-145. [CrossRef]

Stieh, D.J.; Matias, E.; Xu, H.; Fought, A ].; Blanchard, J.L.; Marx, PA.; Veazey, R.S.; Hope, T.J. Th17 Cells Are Preferentially
Infected Very Early after Vaginal Transmission of SIV in Macaques. Cell Host Microbe 2016, 19, 529-540. [CrossRef]

Shang, L.; Duan, L.; Perkey, K.E.; Wietgrefe, S.; Zupancic, M.; Smith, A.].; Southern, PJ.; Johnson, R.P.; Haase, A.T. Epithelium-
innate immune cell axis in mucosal responses to SIV. Mucosal Immunol. 2017, 10, 508-519. [CrossRef]

Cremel, M.; Berlier, W.; Hamzeh, H.; Cognasse, F.; Lawrence, P.; Genin, C.; Bernengo, J.-C.; Lambert, C.; Dieu-Nosjean, M.-C.;
Delézay, O. Characterization of CCL20 secretion by human epithelial vaginal cells: Involvement in Langerhans cell precursor
attraction. J. Leukoc. Biol. 2005, 78, 158-166. [CrossRef] [PubMed]

Schutyser, E.; Struyf, S.; Van Damme, J. The CC chemokine CCL20 and its receptor CCR6. Cytokine Growth Factor Rev. 2003, 14,
409-426. [CrossRef]

Li, Q.; Estes, ].D.; Schlievert, PM.; Duan, L.; Brosnahan, A.J.; Southern, PJ.; Reilly, C.S.; Peterson, M.L.; Schultz-Darken, N.;
Brunner, K.G.; et al. Glycerol monolaurate prevents mucosal SIV transmission. Nature 2009, 458, 1034-1038. [CrossRef] [PubMed]
Haase, A.T. Targeting early infection to prevent HIV-1 mucosal transmission. Nature 2010, 464, 217-223. [CrossRef]
Rodriguez-Garcia, M.; Barr, ED.; Crist, S.G.; Fahey, ].V.; Wira, C.R. Phenotype and susceptibility to HIV infection of CD4+ Th17
cells in the human female reproductive tract. Mucosal Immunol. 2014, 7, 1375-1385. [CrossRef]

Brenchley, ].M.; Paiardini, M.; Knox, K.S.; Asher, A.L; Cervasi, B.; Asher, T.E.; Scheinberg, P.; Price, D.A.; Hage, C.A.; Kholi, L.M.;
et al. Differential Th17 CD4 T-cell depletion in pathogenic and nonpathogenic lentiviral infections. Blood 2008, 112, 2826—2835.
[CrossRef] [PubMed]

Favre, D.; Lederer, S.; Kanwar, B.; Ma, Z.M.; Proll, S.; Kasakow, Z.; Mold, J.; Swainson, L.; Barbour, ]J.D.; Baskin, C.R.; et al. Critical
loss of the balance between Th17 and T regulatory cell populations in pathogenic SIV infection. PLoS Pathog. 2009, 5, e1000295.
[CrossRef]

Mellor, A.L.; Munn, D.H. IDO expression by dendritic cells: Tolerance and tryptophan catabolism. Nat. Rev. Immunol. 2004, 4,
762-774. [CrossRef]

Baban, B.; Chandler, PR.; Sharma, M.D.; Pihkala, J.; Koni, P.A.; Munn, D.H.; Mellor, A.L. IDO activates regulatory T cells and
blocks their conversion into Th17-like T cells. J. Immunol. 2009, 183, 2475-2483. [CrossRef]

Moreno-Fernandez, M.E; Presicce, P.; Chougnet, C.A. Homeostasis and function of regulatory T cells in HIV /SIV infection. J.
Virol. 2012, 86, 10262-10269. [CrossRef] [PubMed]

Loiseau, C.; Requena, M.; Mavigner, M.; Cazabat, M.; Carrere, N.; Suc, B.; Barange, K.; Alric, L.; Marchou, B.; Massip, P.; et al.
CCR6(-) regulatory T cells blunt the restoration of gut Th17 cells along the CCR6-CCL20 axis in treated HIV-1-infected individuals.
Mucosal Immunol. 2016, 9, 1137-1150. [CrossRef] [PubMed]

Ivanov, L.I; McKenzie, B.S.; Zhou, L.; Tadokoro, C.E.; Lepelley, A.; Lafaille, ].J.; Cua, D.]J.; Littman, D.R. The orphan nuclear
receptor RORgammat directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 2006, 126, 1121-1133.
[CrossRef] [PubMed]

Sallusto, F.; Zielinski, C.E.; Lanzavecchia, A. Human Th17 subsets. Eur. . Immunol. 2012, 42, 2215-2220. [CrossRef]

Manel, N.; Unutmaz, D.; Littman, D.R. The differentiation of human T(H)-17 cells requires transforming growth factor-beta and
induction of the nuclear receptor RORgammat. Nat. Immunol. 2008, 9, 641-649. [CrossRef] [PubMed]


http://doi.org/10.1007/s00281-013-0410-8
http://doi.org/10.4049/jimmunol.1402356
http://doi.org/10.1007/s00262-008-0615-1
http://doi.org/10.1016/S0092-8674(00)80694-7
http://doi.org/10.1038/ni.1778
http://www.ncbi.nlm.nih.gov/pubmed/19718030
http://doi.org/10.1128/JVI.79.14.9217-9227.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994816
http://doi.org/10.1146/annurev-med-080709-124959
http://doi.org/10.1038/mi.2009.90
http://doi.org/10.1097/COH.0b013e32833653ec
http://doi.org/10.1016/j.chom.2016.03.005
http://doi.org/10.1038/mi.2016.62
http://doi.org/10.1189/jlb.0305147
http://www.ncbi.nlm.nih.gov/pubmed/15831560
http://doi.org/10.1016/S1359-6101(03)00049-2
http://doi.org/10.1038/nature07831
http://www.ncbi.nlm.nih.gov/pubmed/19262509
http://doi.org/10.1038/nature08757
http://doi.org/10.1038/mi.2014.26
http://doi.org/10.1182/blood-2008-05-159301
http://www.ncbi.nlm.nih.gov/pubmed/18664624
http://doi.org/10.1371/journal.ppat.1000295
http://doi.org/10.1038/nri1457
http://doi.org/10.4049/jimmunol.0900986
http://doi.org/10.1128/JVI.00993-12
http://www.ncbi.nlm.nih.gov/pubmed/22811537
http://doi.org/10.1038/mi.2016.7
http://www.ncbi.nlm.nih.gov/pubmed/26883727
http://doi.org/10.1016/j.cell.2006.07.035
http://www.ncbi.nlm.nih.gov/pubmed/16990136
http://doi.org/10.1002/eji.201242741
http://doi.org/10.1038/ni.1610
http://www.ncbi.nlm.nih.gov/pubmed/18454151

Vaccines 2021, 9, 271 16 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.
74.

75.

76.

77.

78.

79.

80.

81.

Schweighoffer, T.; Tanaka, Y.; Tidswell, M.; Erle, D.J.; Horgan, K.J.; Luce, G.E.; Lazarovits, A.L; Buck, D.; Shaw, S. Selective
expression of integrin alpha 4 beta 7 on a subset of human CD4+ memory T cells with Hallmarks of gut-trophism. J. Immunol.
1993, 151, 717-729.

Holmgren, J.; Czerkinsky, C. Mucosal immunity and vaccines. Nat. Med. 2005, 11, S45-S53. [CrossRef] [PubMed]

Bienenstock, J.; McDermott, M.; Befus, D.; O'Neill, M. A common mucosal immunologic system involving the bronchus, breast
and bowel. Adv. Exp. Med. Biol. 1978, 107, 53-59. [CrossRef]

Gill, N.; Wlodarska, M.; Finlay, B.B. The future of mucosal immunology: Studying an integrated system-wide organ. Nat.
Immunol. 2010, 11, 558-560. [CrossRef]

Bertram, K.M.; Botting, R.A.; Baharlou, H.; Rhodes, ] W.; Rana, H.; Graham, ].D.; Patrick, E.; Fletcher, J.; Plasto, TM.; Truong, N.R.;
et al. Identification of HIV transmitting CD11c(+) human epidermal dendritic cells. Nat. Commun. 2019, 10, 2759. [CrossRef]
Hertoghs, N.; Nijmeijer, B.M.; van Teijlingen, N.H.; Fenton-May, A.E.; Kaptein, T.M.; van Hamme, J.L.; Kappes, ].C.; Kootstra,
N.A.; Hahn, B.H.; Borrow, P; et al. Sexually transmitted founder HIV-1 viruses are relatively resistant to Langerhans cell-mediated
restriction. PLoS ONE 2019, 14, €0226651. [CrossRef]

Dupont, M.; Sattentau, Q.J. Macrophage Cell-Cell Interactions Promoting HIV-1 Infection. Viruses 2020, 12, 492. [CrossRef]
Lester, R.T.; Yao, X.D.; Ball, T.B.; McKinnon, L.R.; Kaul, R.; Wachihi, C.; Jaoko, W.; Plummer, F.A.; Rosenthal, K.L. Toll-like receptor
expression and responsiveness are increased in viraemic HIV-1 infection. Aids 2008, 22, 685-694. [CrossRef] [PubMed]

Barr, F.D.; Ochsenbauer, C.; Wira, C.R.; Rodriguez-Garcia, M. Neutrophil extracellular traps prevent HIV infection in the female
genital tract. Mucosal Immunol. 2018, 11, 1420-1428. [CrossRef]

Aldunate, M.; Srbinovski, D.; Hearps, A.C.; Latham, C.F,; Ramsland, P.A.; Gugasyan, R.; Cone, R.A ; Tachedjian, G. Antimicrobial
and immune modulatory effects of lactic acid and short chain fatty acids produced by vaginal microbiota associated with eubiosis
and bacterial vaginosis. Front. Physiol. 2015, 6, 164. [CrossRef] [PubMed]

Mijac, V.D.; Duki¢, S.V.; Opavski, N.Z.; Duki¢, M.K.; Ranin, L.T. Hydrogen peroxide producing lactobacilli in women with vaginal
infections. Eur. J. Obs. Gynecol. Reprod. Biol. 2006, 129, 69-76. [CrossRef] [PubMed]

Amabebe, E.; Anumba, D.O.C. The Vaginal Microenvironment: The Physiologic Role of Lactobacilli. Front. Med. 2018, 5, 181.
[CrossRef] [PubMed]

Borges, S.; Silva, J.; Teixeira, P. The role of lactobacilli and probiotics in maintaining vaginal health. Arch. Gynecol. Obs. 2014, 289,
479-489. [CrossRef]

Holmes, K.K; Sparling, PF,; Stamm, W.E.; Piot, P.; Wasserheit, ].N. Sexually Transmitted Diseases, 4th ed.; McGraw-Hill Medical:
New York, NY, USA, 2008.

McClelland, R.S.; Lingappa, J.R.; Srinivasan, S.; Kinuthia, J.; John-Stewart, G.C.; Jaoko, W.; Richardson, B.A.; Yuhas, K.; Fiedler,
T.L.; Mandaliya, K.N.; et al. Evaluation of the association between the concentrations of key vaginal bacteria and the increased
risk of HIV acquisition in African women from five cohorts: A nested case-control study. Lancet Infect. Dis. 2018, 18, 554-564.
[CrossRef]

Hoang, T.; Toler, E.; DeLong, K.; Mafunda, N.A.; Bloom, S.M.; Zierden, H.C.; Moench, T.R.; Coleman, ].S.; Hanes, ].; Kwon, D.S.;
et al. The cervicovaginal mucus barrier to HIV-1 is diminished in bacterial vaginosis. PLoS Pathog. 2020, 16, €1008236. [CrossRef]
Eastment, M.C.; McClelland, R.S. Vaginal microbiota and susceptibility to HIV. Aids 2018, 32, 687-698. [CrossRef]

McKinnon, L.R.; Achilles, S.L.; Bradshaw, C.S.; Burgener, A.; Crucitti, T.; Fredricks, D.N.; Jaspan, H.B.; Kaul, R.; Kaushic, C,;
Klatt, N.; et al. The Evolving Facets of Bacterial Vaginosis: Implications for HIV Transmission. Aids Res. Hum. Retrovir. 2019, 35,
219-228. [CrossRef]

Passmore, J.A.; Jaspan, H.B.; Masson, L. Genital inflammation, immune activation and risk of sexual HIV acquisition. Curr. Opin.
HIV Aids 2016, 11, 156-162. [CrossRef]

Anahtar, M.N.; Byrne, E.H.; Doherty, K.E.; Bowman, B.A.; Yamamoto, H.S.; Soumillon, M.; Padavattan, N.; Ismail, N.; Moodley,
A.; Sabatini, M.E,; et al. Cervicovaginal bacteria are a major modulator of host inflammatory responses in the female genital tract.
Immunity 2015, 42, 965-976. [CrossRef] [PubMed]

Masson, L.; Passmore, J.A.; Liebenberg, L.J.; Werner, L.; Baxter, C.; Arnold, K.B.; Williamson, C.; Little, F.; Mansoor, L.E.;
Naranbhai, V.; et al. Genital inflammation and the risk of HIV acquisition in women. Clin. Infect. Dis. 2015, 61, 260-269.
[CrossRef] [PubMed]

Gosmann, C.; Anahtar, M.N.; Handley, S.A.; Farcasanu, M.; Abu-Ali, G.; Bowman, B.A.; Padavattan, N.; Desai, C.; Droit, L.;
Moodley, A ; et al. Lactobacillus-Deficient Cervicovaginal Bacterial Communities Are Associated with Increased HIV Acquisition
in Young South African Women. Immunity 2017, 46, 29-37. [CrossRef] [PubMed]

Bautista, C.T.; Wurapa, E.; Sateren, W.B.; Morris, S.; Hollingsworth, B.; Sanchez, J.L. Bacterial vaginosis: A synthesis of the
literature on etiology, prevalence, risk factors, and relationship with chlamydia and gonorrhea infections. Mil. Med. Res. 2016,
3, 4. [CrossRef]

Lambert, J.A.; John, S.; Sobel, ].D.; Akins, R.A. Longitudinal Analysis of Vaginal Microbiome Dynamics in Women with Recurrent
Bacterial Vaginosis: Recognition of the Conversion Process. PLoS ONE 2013, 8, €82599. [CrossRef]

Bradshaw, C.S.; Morton, A.N.; Hocking, J.; Garland, S.M.; Morris, M.B.; Moss, L.M.; Horvath, L.B.; Kuzevska, L.; Fairley, C.K.
High recurrence rates of bacterial vaginosis over the course of 12 months after oral metronidazole therapy and factors associated
with recurrence. J. Infect. Dis. 2006, 193, 1478-1486. [CrossRef]


http://doi.org/10.1038/nm1213
http://www.ncbi.nlm.nih.gov/pubmed/15812489
http://doi.org/10.1007/978-1-4684-3369-2_7
http://doi.org/10.1038/ni0710-558
http://doi.org/10.1038/s41467-019-10697-w
http://doi.org/10.1371/journal.pone.0226651
http://doi.org/10.3390/v12050492
http://doi.org/10.1097/QAD.0b013e3282f4de35
http://www.ncbi.nlm.nih.gov/pubmed/18356597
http://doi.org/10.1038/s41385-018-0045-0
http://doi.org/10.3389/fphys.2015.00164
http://www.ncbi.nlm.nih.gov/pubmed/26082720
http://doi.org/10.1016/j.ejogrb.2005.11.036
http://www.ncbi.nlm.nih.gov/pubmed/16814920
http://doi.org/10.3389/fmed.2018.00181
http://www.ncbi.nlm.nih.gov/pubmed/29951482
http://doi.org/10.1007/s00404-013-3064-9
http://doi.org/10.1016/S1473-3099(18)30058-6
http://doi.org/10.1371/journal.ppat.1008236
http://doi.org/10.1097/QAD.0000000000001768
http://doi.org/10.1089/aid.2018.0304
http://doi.org/10.1097/COH.0000000000000232
http://doi.org/10.1016/j.immuni.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/25992865
http://doi.org/10.1093/cid/civ298
http://www.ncbi.nlm.nih.gov/pubmed/25900168
http://doi.org/10.1016/j.immuni.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28087240
http://doi.org/10.1186/s40779-016-0074-5
http://doi.org/10.1371/journal.pone.0082599
http://doi.org/10.1086/503780

Vaccines 2021, 9, 271 17 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

Masese, L.; Baeten, ].M.; Richardson, B.A.; Bukusi, E.; John-Stewart, G.; Graham, S.M.; Shafi, ].; Kiarie, J.; Overbaugh, J.;
McClelland, R.S. Changes in the contribution of genital tract infections to HIV acquisition among Kenyan high-risk women from
1993 to 2012. Aids 2015, 29, 1077-1085. [CrossRef]

Van de Wijgert, ].H.; Morrison, C.S.; Brown, J.; Kwok, C.; Van Der Pol, B.; Chipato, T.; Byamugisha, ] K.; Padian, N.; Salata, R.A.
Disentangling contributions of reproductive tract infections to HIV acquisition in African Women. Sex. Trans. Dis. 2009, 36,
357-364. [CrossRef]

Mbuya, W.; McHaro, R.; Mhizde, J.; Mnkai, J.; Mahenge, A.; Mwakatima, M.; Mwalongo, W.; Chiwerengo, N.; Holscher, M.;
Lennemann, T.; et al. Depletion and activation of mucosal CD4 T cells in HIV infected women with HPV-associated lesions of the
cervix uteri. PLoS ONE 2020, 15, e0240154. [CrossRef]

Mwatelah, R.; McKinnon, L.R.; Baxter, C.; Abdool Karim, Q.; Abdool Karim, S.S. Mechanisms of sexually transmitted infection-
induced inflammation in women: Implications for HIV risk. J. Int. Aids Soc. 2019, 22, €25346. [CrossRef] [PubMed]

Melo, M.G,; Sprinz, E.; Gorbach, PM.; Santos, B.; Rocha, T.M.; Simon, M.; Almeida, M.; Lira, R.; Chaves, M.C.; Kerin, T.; et al.
HIV-1 heterosexual transmission and association with sexually transmitted infections in the era of treatment as prevention. Int. J.
Infect. Dis. 2019, 87, 128-134. [CrossRef] [PubMed]

Happel, A.U,; Varsani, A.; Balle, C.; Passmore, ].A.; Jaspan, H. The Vaginal Virome-Balancing Female Genital Tract Bacteriome,
Mucosal Immunity, and Sexual and Reproductive Health Outcomes? Viruses 2020, 12, 832. [CrossRef] [PubMed]

Yao, X.D.; Omange, R.W.; Henrick, B.M.; Lester, R.T.; Kimani, ].; Ball, T.B.; Plummer, F.A.; Rosenthal, K.L. Acting locally: Innate
mucosal immunity in resistance to HIV-1 infection in Kenyan commercial sex workers. Mucosal Immunol. 2014, 7, 268-279.
[CrossRef]

Ball, T.B.; Ji, H.; Kimani, J.; McLaren, P.; Marlin, C.; Hill, A.V,; Plummer, FA. Polymorphisms in IRF-1 associated with resistance
to HIV-1 infection in highly exposed uninfected Kenyan sex workers. Aids 2007, 21, 1091-1101. [CrossRef] [PubMed]

Ji, H.; Ball, T.B.; Ao, Z.; Kimani, J.; Yao, X.; Plummer, FA. Reduced HIV-1 long terminal repeat transcription in subjects with
protective interferon regulatory factor-1 genotype: A potential mechanism mediating resistance to infection by HIV-1. Scand. J.
Infect. Dis. 2010, 42, 389-394. [CrossRef] [PubMed]

O’Leary, S.; Jasper, M.].; Warnes, G.M.; Armstrong, D.T.; Robertson, S.A. Seminal plasma regulates endometrial cytokine
expression, leukocyte recruitment and embryo development in the pig. Reproduction 2004, 128, 237-247. [CrossRef] [PubMed]
Monzani, M.V.; Coltro, G.; Sala, A. HPLC determination of ITF 188 and its metabolite ITF 1078 in urine after intranasal
administration of new heparin salt ITF 1300 to dogs. Boll. Chim. Farm. 1997, 136, 272-274.

Remes Lenicov, F.; Rodriguez Rodrigues, C.; Sabatté, J.; Cabrini, M.; Jancic, C.; Ostrowski, M.; Merlotti, A.; Gonzalez, H.; Alonso,
A.; Pasqualini, R.A.; et al. Semen Promotes the Differentiation of Tolerogenic Dendritic Cells. J. Immunol. 2012, 189, 4777-4786.
[CrossRef] [PubMed]

Abdulhaqq, S.A.; Zorrilla, C.; Kang, G.; Yin, X.; Tamayo, V.; Seaton, K.E.; Joseph, J.; Garced, S.; Tomaras, G.D.; Linn, K.A ; et al.
HIV-1-negative female sex workers sustain high cervical IFNg, low immune activation, and low expression of HIV-1-required
host genes. Mucosal Immunol. 2016, 9, 1027-1038. [CrossRef] [PubMed]

Girard, A.; Rallén, N.; Benito, ].M.; Jospin, E; Rodriguez, C.; Chanut, B.; Benjelloun, E; Del Romero, J.; Verrier, B.; Lucht, F,; et al.
A high mucosal blocking score is associated with HIV protection. Aids 2019, 33, 411-423. [CrossRef]

Alimonti, J.B.; Kimani, J.; Matu, L.; Wachihi, C.; Kaul, R.; Plummer, FA.; Fowke, K.R. Characterization of CD8 T-cell responses
in HIV-1-exposed seronegative commercial sex workers from Nairobi, Kenya. Immunol. Cell Biol. 2006, 84, 482-485. [CrossRef]
[PubMed]

Alimonti, ].B.; Koesters, S.A.; Kimani, J.; Matu, L.; Wachihi, C.; Plummer, FA.; Fowke, K.R. CD4+ T cell responses in HIV-exposed
seronegative women are qualitatively distinct from those in HIV-infected women. J. Infect. Dis. 2005, 191, 20-24. [CrossRef]
McLaren, PJ.; Blake Ball, T.; Wachihi, C.; Jaoko, W.; Kelvin, D.].; Danesh, A.; Kimani, J.; Plummer, EA.; Fowke, K.R. HIV-Exposed
Seronegative Commercial Sex Workers Show a Quiescent Phenotype in the CD4+ T Cell Compartment and Reduced Expression
of HIV-Dependent Host Factors. |. Infect. Dis. 2010, 202, S339-S344. [CrossRef]

Songok, E.M.; Luo, M.; Liang, B.; McLaren, P; Kaefer, N.; Apidi, W.; Boucher, G.; Kimani, J.; Wachihi, C.; Sekaly, R.; et al.
Microarray Analysis of HIV Resistant Female Sex Workers Reveal a Gene Expression Signature Pattern Reminiscent of a Lowered
Immune Activation State. PLoS ONE 2012, 7, €30048. [CrossRef]

Kaul, R.; Trabattoni, D.; Bwayo, ].].; Arienti, D.; Zagliani, A.; Mwangi, FEM.; Kariuki, C.; Ngugi, E.N.; MacDonald, K.S.; Ball, T.B.;
et al. HIV-1-specific mucosal IgA in a cohort of HIV-1-resistant Kenyan sex workers. Aids 1999, 13, 23-29. [CrossRef] [PubMed]
Devito, C.; Broliden, K.; Kaul, R.; Svensson, L.; Johansen, K.; Kiama, P.; Kimani, J.; Lopalco, L.; Piconi, S.; Bwayo, ].J.; et al.
Mucosal and plasma IgA from HIV-1-exposed uninfected individuals inhibit HIV-1 transcytosis across human epithelial cells. J.
Immunol. 2000, 165, 5170-5176. [CrossRef]

Alexander, R.; Mestecky, ]. Neutralizing antibodies in mucosal secretions: IgG or IgA? Curr. HIV Res. 2007, 5, 588-593. [CrossRef]
Dorrell, L.; Hessell, A.].; Wang, M.; Whittle, H.; Sabally, S.; Rowland-Jones, S.; Burton, D.R.; Parren, PW. Absence of specific
mucosal antibody responses in HIV-exposed uninfected sex workers from the Gambia. Aids 2000, 14, 1117-1122. [CrossRef]
[PubMed]

Mestecky, J.; Wright, P.E.; Lopalco, L.; Staats, H.E.; Kozlowski, P.A.; Moldoveanu, Z.; Alexander, R.C.; Kulhavy, R.; Pastori, C.;
Maboko, L.; et al. Scarcity or absence of humoral immune responses in the plasma and cervicovaginal lavage fluids of heavily
HIV-1-exposed but persistently seronegative women. Aids Res. Hum. Retrovir. 2011, 27, 469-486. [CrossRef]


http://doi.org/10.1097/QAD.0000000000000646
http://doi.org/10.1097/OLQ.0b013e3181a4f695
http://doi.org/10.1371/journal.pone.0240154
http://doi.org/10.1002/jia2.25346
http://www.ncbi.nlm.nih.gov/pubmed/31468677
http://doi.org/10.1016/j.ijid.2019.08.004
http://www.ncbi.nlm.nih.gov/pubmed/31404674
http://doi.org/10.3390/v12080832
http://www.ncbi.nlm.nih.gov/pubmed/32751611
http://doi.org/10.1038/mi.2013.44
http://doi.org/10.1097/QAD.0b013e3280ef6ae1
http://www.ncbi.nlm.nih.gov/pubmed/17502719
http://doi.org/10.3109/00365540903496536
http://www.ncbi.nlm.nih.gov/pubmed/20100115
http://doi.org/10.1530/rep.1.00160
http://www.ncbi.nlm.nih.gov/pubmed/15280563
http://doi.org/10.4049/jimmunol.1202089
http://www.ncbi.nlm.nih.gov/pubmed/23066152
http://doi.org/10.1038/mi.2015.116
http://www.ncbi.nlm.nih.gov/pubmed/26555708
http://doi.org/10.1097/QAD.0000000000002099
http://doi.org/10.1111/j.1440-1711.2006.01455.x
http://www.ncbi.nlm.nih.gov/pubmed/16942489
http://doi.org/10.1086/425998
http://doi.org/10.1086/655968
http://doi.org/10.1371/journal.pone.0030048
http://doi.org/10.1097/00002030-199901140-00004
http://www.ncbi.nlm.nih.gov/pubmed/10207541
http://doi.org/10.4049/jimmunol.165.9.5170
http://doi.org/10.2174/157016207782418452
http://doi.org/10.1097/00002030-200006160-00008
http://www.ncbi.nlm.nih.gov/pubmed/10894275
http://doi.org/10.1089/aid.2010.0169

Vaccines 2021, 9, 271 18 of 22

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Yu, X.; Duval, M,; Lewis, C.; Gawron, M.A.; Wang, R.; Posner, M.R.; Cavacini, L.A. Impact of IgA Constant Domain on HIV-1
Neutralizing Function of Monoclonal Antibody F425A1¢g8. J. Immunol. 2013, 190, 205-210. [CrossRef] [PubMed]

Gunn, B.; Schneider, J.; Shansab, M.; Bastian, A.R.; Fahrbach, K.; Smith, A.t.; Mahan, A.; Karim, M.; Licht, A.; Zvonar, L.; et al.
Enhanced binding of antibodies generated during chronic HIV infection to mucus component MUC16. Mucosal Immunol. 2016, 9,
1549-1558. [CrossRef] [PubMed]

Batraville, L.A.; Richard, ].; Veillette, M.; Labbé, A.C.; Alary, M.; Guédou, F.; Kaufmann, D.E.; Poudrier, J.; Finzi, A.; Roger, M.
Short communication: Anti-HIV-1 envelope immunoglobulin Gs in blood and cervicovaginal samples of Beninese commercial
sex workers. Aids Res. Hum. Retrovir. 2014, 30, 1145-1149. [CrossRef]

Wills, S.; Hwang, K.K,; Liu, P; Dennison, S.M.; Tay, M.Z.; Shen, X.; Pollara, J.; Lucas, J.T.; Parks, R.; Rerks-Ngarm, S.; et al.
HIV-1-Specific IgA Monoclonal Antibodies from an HIV-1 Vaccinee Mediate Galactosylceramide Blocking and Phagocytosis. J.
Virol. 2018, 92, e01552-17. [CrossRef] [PubMed]

Williams, W.B.; Liao, H.X.; Moody, M.A.; Kepler, T.B.; Alam, S.M.; Gao, E; Wiehe, K.; Trama, A.M.; Jones, K.; Zhang, R.; et al.
HIV-1 VACCINES. Diversion of HIV-1 vaccine-induced immunity by gp41-microbiota cross-reactive antibodies. Science 2015,
349, aab1253. [CrossRef]

Mayr, L.M.; Su, B.; Moog, C. Non-Neutralizing Antibodies Directed against HIV and Their Functions. Front. Immunol. 2017,
8,1590. [CrossRef]

Tomaras, G.D.; Yates, N.L.; Liu, P.; Qin, L.; Fouda, G.G.; Chavez, L.L.; Decamp, A.C.; Parks, R.].; Ashley, V.C.; Lucas, ].T.; et al.
Initial B-cell responses to transmitted human immunodeficiency virus type 1: Virion-binding immunoglobulin M (IgM) and IgG
antibodies followed by plasma anti-gp41 antibodies with ineffective control of initial viremia. J. Virol. 2008, 82, 12449-12463.
[CrossRef]

Vaidya, N.K,; Ribeiro, RM.; Liu, P.; Haynes, B.E.; Tomaras, G.D.; Perelson, A.S. Correlation Between Anti-gp41 Antibodies and
Virus Infectivity Decay During Primary HIV-1 Infection. Front. Microbiol. 2018, 9, 1326. [CrossRef]

Kim, J.H.; Excler, J.L.; Michael, N.L. Lessons from the RV144 Thai phase III HIV-1 vaccine trial and the search for correlates of
protection. Annu. Rev. Med. 2015, 66, 423-437. [CrossRef] [PubMed]

Gray, G.E.; Huang, Y.; Grunenberg, N.; Laher, F; Roux, S.; Andersen-Nissen, E.; De Rosa, S.C.; Flach, B.; Randhawa, A.K,;
Jensen, R.; et al. Inmune correlates of the Thai RV144 HIV vaccine regimen in South Africa. Sci. Transl. Med. 2019, 11, eaax1880.
[CrossRef] [PubMed]

Bruxelle, J.-F,; Trattnig, N.; Mureithi, M.W.; Landais, E.; Pantophlet, R. HIV-1 Entry and Prospects for Protecting against Infection.
Microorganisms 2021, 9, 228. [CrossRef] [PubMed]

Karuna, S.T.; Corey, L. Broadly Neutralizing Antibodies for HIV Prevention. Annu. Rev. Med. 2020, 71, 329-346. [CrossRef]
[PubMed]

Kulkarni, V.; Ruprecht, R.M. Mucosal IgA Responses: Damaged in Established HIV Infection-Yet, Effective Weapon against HIV
Transmission. Front. Immunol. 2017, 8, 1581. [CrossRef]

Bomsel, M.; Tudor, D.; Drillet, A.S.; Alfsen, A.; Ganor, Y.; Roger, M.G.; Mouz, N.; Amacker, M.; Chalifour, A.; Diomede, L.; et al.
Immunization with HIV-1 gp41 subunit virosomes induces mucosal antibodies protecting nonhuman primates against vaginal
SHIV challenges. Immunity 2011, 34, 269-280. [CrossRef] [PubMed]

Duchemin, M.; Tudor, D.; Cottignies-Calamarte, A.; Bomsel, M. Antibody-Dependent Cellular Phagocytosis of HIV-1-Infected
Cells Is Efficiently Triggered by IgA Targeting HIV-1 Envelope Subunit gp41. Front. Immunol. 2020, 11, 11. [CrossRef] [PubMed]
Om, K,; Paquin-Proulx, D.; Montero, M.; Peachman, K.; Shen, X.; Wieczorek, L.; Beck, Z.; Weiner, J.A.; Kim, D.; Li, Y; et al.
Adjuvanted HIV-1 vaccine promotes antibody-dependent phagocytic responses and protects against heterologous SHIV challenge.
PLoS Pathog. 2020, 16, €1008764. [CrossRef] [PubMed]

Sholukh, A.M.; Watkins, ].D.; Vyas, HK.; Gupta, S.; Lakhashe, S.K; Thorat, S.; Zhou, M.; Hemashettar, G.; Bachler, B.C.; Forthal,
D.N.; et al. Defense-in-depth by mucosally administered anti-HIV dimeric IgA2 and systemic IgG1 mAbs: Complete protection
of rhesus monkeys from mucosal SHIV challenge. Vaccine 2015, 33, 2086—2095. [CrossRef]

Watkins, ].D.; Sholukh, A.M.; Mukhtar, M.M.; Siddappa, N.B.; Lakhashe, S.K.; Kim, M.; Reinherz, E.L.; Gupta, S.; Forthal, D.N.;
Sattentau, Q.].; et al. Anti-HIV IgA isotypes: Differential virion capture and inhibition of transcytosis are linked to prevention of
mucosal R5 SHIV transmission. Aids 2013, 27, F13-F20. [CrossRef]

Amodio, G.; Gregori, S. Human tolerogenic DC-10: Perspectives for clinical applications. Transpl. Res. 2012, 1, 14. [CrossRef]
Gregori, S.; Tomasoni, D.; Pacciani, V.; Scirpoli, M.; Battaglia, M.; Magnani, C.F.; Hauben, E.; Roncarolo, M.G. Differentiation of
type 1 T regulatory cells (Tr1) by tolerogenic DC-10 requires the IL-10-dependent ILT4/HLA-G pathway. Blood 2010, 116, 935-944.
[CrossRef]

Levings, M.K,; Sangregorio, R.; Galbiati, F.; Squadrone, S.; de Malefyt, R.W.; Roncarolo, M.G. IFN-alpha and IL-10 induce the
differentiation of human type 1 T regulatory cells. J. Immunol. 2001, 166, 5530-5539. [CrossRef] [PubMed]

Steinbrink, K.; Graulich, E.; Kubsch, S.; Knop, ]J.; Enk, A.H. CD4(+) and CD8(+) anergic T cells induced by interleukin-10-treated
human dendritic cells display antigen-specific suppressor activity. Blood 2002, 99, 2468-2476. [CrossRef]

Chang, C.C.; Ciubotariu, R.; Manavalan, J.S.; Yuan, J.; Colovai, A.L; Piazza, F; Lederman, S.; Colonna, M.; Cortesini, R.; Dalla-
Favera, R.; et al. Tolerization of dendritic cells by T(S) cells: The crucial role of inhibitory receptors ILT3 and ILT4. Nat. Immunol.
2002, 3, 237-243. [CrossRef] [PubMed]


http://doi.org/10.4049/jimmunol.1201469
http://www.ncbi.nlm.nih.gov/pubmed/23183895
http://doi.org/10.1038/mi.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/26960182
http://doi.org/10.1089/aid.2014.0163
http://doi.org/10.1128/JVI.01552-17
http://www.ncbi.nlm.nih.gov/pubmed/29321320
http://doi.org/10.1126/science.aab1253
http://doi.org/10.3389/fimmu.2017.01590
http://doi.org/10.1128/JVI.01708-08
http://doi.org/10.3389/fmicb.2018.01326
http://doi.org/10.1146/annurev-med-052912-123749
http://www.ncbi.nlm.nih.gov/pubmed/25341006
http://doi.org/10.1126/scitranslmed.aax1880
http://www.ncbi.nlm.nih.gov/pubmed/31534016
http://doi.org/10.3390/microorganisms9020228
http://www.ncbi.nlm.nih.gov/pubmed/33499233
http://doi.org/10.1146/annurev-med-110118-045506
http://www.ncbi.nlm.nih.gov/pubmed/31986089
http://doi.org/10.3389/fimmu.2017.01581
http://doi.org/10.1016/j.immuni.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21315623
http://doi.org/10.3389/fimmu.2020.01141
http://www.ncbi.nlm.nih.gov/pubmed/32582208
http://doi.org/10.1371/journal.ppat.1008764
http://www.ncbi.nlm.nih.gov/pubmed/32881968
http://doi.org/10.1016/j.vaccine.2015.02.020
http://doi.org/10.1097/QAD.0b013e328360eac6
http://doi.org/10.1186/2047-1440-1-14
http://doi.org/10.1182/blood-2009-07-234872
http://doi.org/10.4049/jimmunol.166.9.5530
http://www.ncbi.nlm.nih.gov/pubmed/11313392
http://doi.org/10.1182/blood.V99.7.2468
http://doi.org/10.1038/ni760
http://www.ncbi.nlm.nih.gov/pubmed/11875462

Vaccines 2021, 9, 271 19 of 22

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Min, W.P.;; Zhou, D.; Ichim, T.E,; Strejan, G.H.; Xia, X.; Yang, J.; Huang, X.; Garcia, B.; White, D.; Dutartre, P.; et al. Inhibitory
feedback loop between tolerogenic dendritic cells and regulatory T cells in transplant tolerance. J. Immunol. 2003, 170, 1304-1312.
[CrossRef] [PubMed]

Moreau, P.; Adrian-Cabestre, F.; Menier, C.; Guiard, V.; Gourand, L.; Dausset, J.; Carosella, E.D.; Paul, P. IL-10 selectively induces
HLA-G expression in human trophoblasts and monocytes. Int. Immunol. 1999, 11, 803-811. [CrossRef]

Ristich, V.; Zhang, W.; Liang, S.; Horuzsko, A. Mechanisms of prolongation of allograft survival by HLA-G/ILT4-modified
dendritic cells. Hum. Immunol. 2007, 68, 264-271. [CrossRef]

LeMaoult, J.; Krawice-Radanne, I.; Dausset, J.; Carosella, E.D. HLA-G1-expressing antigen-presenting cells induce immunosup-
pressive CD4+ T cells. Proc. Natl. Acad. Sci. USA 2004, 101, 7064-7069. [CrossRef]

Amodio, G.; Comi, M.; Tomasoni, D.; Gianolini, M.E.; Rizzo, R.; LeMaoult, J.; Roncarolo, M.G.; Gregori, S. HLA-G expression
levels influence the tolerogenic activity of human DC-10. Haematologica 2015, 100, 548-557. [CrossRef]

Rescigno, M.; Di Sabatino, A. Dendritic cells in intestinal homeostasis and disease. ]. Clin. Investig. 2009, 119, 2441-2450.
[CrossRef]

Wacleche, V.S.; Tremblay, C.L.; Routy, J.-P.; Ancuta, P. The Biology of Monocytes and Dendritic Cells: Contribution to HIV
Pathogenesis. Viruses 2018, 10, 65. [CrossRef]

Rodriguez-Garcia, M.; Shen, Z.; Barr, ED.; Boesch, A.W.; Ackerman, M.E.; Kappes, ].C.; Ochsenbauer, C.; Wira, C.R. Dendritic cells
from the human female reproductive tract rapidly capture and respond to HIV. Mucosal Immunol. 2017, 10, 531-544. [CrossRef]

Cros, J.; Cagnard, N.; Woollard, K.; Patey, N.; Zhang, S.Y.; Senechal, B.; Puel, A.; Biswas, S.K.; Moshous, D.; Picard, C.; et al.
Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8 receptors. Immunity 2010, 33, 375-386.
[CrossRef]

Wacleche, V.S.; Cattin, A.; Goulet, J.P.; Gauchat, D.; Gosselin, A.; Cleret-Buhot, A.; Zhang, Y.; Tremblay, C.L.; Routy, ].P.; Ancuta, P.
CD16(+) monocytes give rise to CD103(+)RALDH2(+)TCF4(+) dendritic cells with unique transcriptional and immunological
features. Blood Adv. 2018, 2, 2862-2878. [CrossRef] [PubMed]

Randolph, G.J.; Sanchez-Schmitz, G.; Liebman, R.M.; Schikel, K. The CD16(+) (FcgammaRIII(+)) subset of human monocytes
preferentially becomes migratory dendritic cells in a model tissue setting. J. Exp. Med. 2002, 196, 517-527. [CrossRef] [PubMed]
Attanasio, J.; Wherry, E.]. Costimulatory and Coinhibitory Receptor Pathways in Infectious Disease. Immunity 2016, 44, 1052-1068.
[CrossRef] [PubMed]

Khaitan, A.; Kravietz, A.; Mwamzuka, M.; Marshed, F; Ilmet, T.; Said, S.; Ahmed, A.; Borkowsky, W.; Unutmaz, D. FOXP3+Helios+
Regulatory T Cells, Inmune Activation, and Advancing Disease in HIV-Infected Children. J. Acquir. Immune Defic. Syndr. 2016,
72,474-484. [CrossRef] [PubMed]

Card, C.M.; McLaren, PJ.; Wachihi, C.; Kimani, J.; Plummer, F.A.; Fowke, K.R. Decreased immune activation in resistance to
HIV-1 infection is associated with an elevated frequency of CD4(+)CD25(+)FOXP3(+) regulatory T cells. |. Infect. Dis. 2009, 199,
1318-1322. [CrossRef]

Safe, S.; Jin, U.H.; Morpurgo, B.; Abudayyeh, A.; Singh, M.; Tjalkens, R.B. Nuclear receptor 4A (NR4A) family-orphans no more.
J. Steroid Biochem. Mol. Biol. 2016, 157, 48-60. [CrossRef]

Mildner, A.; Schonheit, J.; Giladi, A.; David, E.; Lara-Astiaso, D.; Lorenzo-Vivas, E.; Paul, F; Chappell-Maor, L.; Priller, J.; Leutz,
A.; et al. Genomic Characterization of Murine Monocytes Reveals C/EBP Transcription Factor Dependence of Ly6C(-) Cells.
Immunity 2017, 46, 849-862.e847. [CrossRef] [PubMed]

Hanna, R.N.; Carlin, L.M.; Hubbeling, H.G.; Nackiewicz, D.; Green, A.M.; Punt, J.A.; Geissmann, F; Hedrick, C.C. The
transcription factor NR4A1 (Nur77) controls bone marrow differentiation and the survival of Ly6C- monocytes. Nat. Immunol.
2011, 12, 778-785. [CrossRef] [PubMed]

Tel-Karthaus, N.; Kers-Rebel, E.D.; Looman, M.W.; Ichinose, H.; de Vries, C.J.; Ansems, M. Nuclear Receptor Nur77 Deficiency
Alters Dendritic Cell Function. Front. Immunol. 2018, 9, 1797. [CrossRef] [PubMed]

Boulet, S.; Daudelin, J.F.; Odagiu, L.; Pelletier, A.N.; Yun, T.].; Lesage, S.; Cheong, C.; Labrecque, N. The orphan nuclear receptor
NR4A3 controls the differentiation of monocyte-derived dendritic cells following microbial stimulation. Proc. Natl. Acad. Sci.
USA 2019, 116, 15150-15159. [CrossRef]

Wan, PK.-T,; Siu, M.K.-Y,; Leung, T.H.-Y.; Mo, X.-T.; Chan, K.K.-L.; Ngan, H.Y.-S. Role of Nurrl in Carcinogenesis and Tumor
Immunology: A State of the Art Review. Cancers 2020, 12, 3044. [CrossRef]

Hibino, S.; Chikuma, S.; Kondo, T.; Ito, M.; Nakatsukasa, H.; Omata-Mise, S.; Yoshimura, A. Inhibition of Nr4a Receptors
Enhances Antitumor Immunity by Breaking Treg-Mediated Immune Tolerance. Cancer Res. 2018, 78, 3027-3040. [CrossRef]
[PubMed]

Kaul, R.; Rowland-Jones, S.L.; Kimani, J.; Dong, T.; Yang, H.B.; Kiama, P.; Rostron, T.; Njagi, E.; Bwayo, ].].; MacDonald, K.S.; et al.
Late seroconversion in HIV-resistant Nairobi prostitutes despite pre-existing HIV-specific CD8+ responses. J. Clin. Investig. 2001,
107, 341-349. [CrossRef]

Cerutti, A.; Cols, M.; Puga, 1. Marginal zone B cells: Virtues of innate-like antibody-producing lymphocytes. Nat. Rev. Immunol.
2013, 13, 118-132. [CrossRef]

Victora, G.D.; Nussenzweig, M.C. Germinal centers. Annu. Rev. Immunol. 2012, 30, 429-457. [CrossRef]


http://doi.org/10.4049/jimmunol.170.3.1304
http://www.ncbi.nlm.nih.gov/pubmed/12538690
http://doi.org/10.1093/intimm/11.5.803
http://doi.org/10.1016/j.humimm.2006.11.008
http://doi.org/10.1073/pnas.0401922101
http://doi.org/10.3324/haematol.2014.113803
http://doi.org/10.1172/JCI39134
http://doi.org/10.3390/v10020065
http://doi.org/10.1038/mi.2016.72
http://doi.org/10.1016/j.immuni.2010.08.012
http://doi.org/10.1182/bloodadvances.2018020123
http://www.ncbi.nlm.nih.gov/pubmed/30381402
http://doi.org/10.1084/jem.20011608
http://www.ncbi.nlm.nih.gov/pubmed/12186843
http://doi.org/10.1016/j.immuni.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27192569
http://doi.org/10.1097/QAI.0000000000001000
http://www.ncbi.nlm.nih.gov/pubmed/27003495
http://doi.org/10.1086/597801
http://doi.org/10.1016/j.jsbmb.2015.04.016
http://doi.org/10.1016/j.immuni.2017.04.018
http://www.ncbi.nlm.nih.gov/pubmed/28514690
http://doi.org/10.1038/ni.2063
http://www.ncbi.nlm.nih.gov/pubmed/21725321
http://doi.org/10.3389/fimmu.2018.01797
http://www.ncbi.nlm.nih.gov/pubmed/30123220
http://doi.org/10.1073/pnas.1821296116
http://doi.org/10.3390/cancers12103044
http://doi.org/10.1158/0008-5472.CAN-17-3102
http://www.ncbi.nlm.nih.gov/pubmed/29559474
http://doi.org/10.1172/JCI10714
http://doi.org/10.1038/nri3383
http://doi.org/10.1146/annurev-immunol-020711-075032

Vaccines 2021, 9, 271 20 of 22

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

He, B.; Qiao, X; Klasse, PJ.; Chiu, A.; Chadburn, A.; Knowles, D.M.; Moore, ].P.,; Cerutti, A. HIV-1 envelope triggers polyclonal Ig
class switch recombination through a CD40-independent mechanism involving BAFF and C-type lectin receptors. J. Immunol.
2006, 176, 3931-3941. [CrossRef]

Doyon-Laliberté, K.; Chagnon-Choquet, J.; Byrns, M.; Aranguren, M.; Memmi, M.; Chrobak, P; Stagg, J.; Poudrier, J.; Roger, M.
NR4A Expression by Human Marginal Zone B-Cells. Antibodies 2019, 8, 50. [CrossRef]

Duren, R.P;; Boudreaux, S.P.; Conneely, O.M. Genome Wide Mapping of NR4A Binding Reveals Cooperativity with ETS Factors
to Promote Epigenetic Activation of Distal Enhancers in Acute Myeloid Leukemia Cells. PLoS ONE 2016, 11, 0150450. [CrossRef]
Chagnon-Choquet, J.; Fontaine, J.; Poudrier, J.; Roger, M. For the Montreal Primary, HIVI Slow Progressor Study Group. IL-10
and Lymphotoxin-a Expression Profiles within Marginal Zone-Like B-Cell Populations Are Associated with Control of HIV-1
Disease Progression. PLoS ONE 2014, 9, €101949. [CrossRef] [PubMed]

Fontaine, J.; Chagnon-Choquet, J.; Valcke, H.S.; Poudrier, J.; Roger, M.; The Montreal Primary HIV Infection and Long-Term
Non-Progressor Study Group. High expression levels of B lymphocyte stimulator (BLyS) by dendritic cells correlate with
HIV-related B-cell disease progression in humans. Blood 2011, 117, 145-155. [CrossRef] [PubMed]

Poudrier, J.; Soulas, C.; Chagnon-Choquet, J.; Burdo, T.; Autissier, P.; Oskar, K.; Williams, K.C.; Roger, M. High Expression Levels
of BLyS/BAFF by Blood Dendritic Cells and Granulocytes Are Associated with B-cell dysregulation in SIV-Infected Rhesus
Macaques. PLoS ONE 2015, 10, e0131513. [CrossRef] [PubMed]

Zayed, R.A.; Sheba, H.E; Abo Elazaem, M.A.; Elsaadany, Z.A.; Elmessery, L.O.; Mahmoud, J.A.; Abdel Rahman, D.R.; Abdou, ER.
B-cell activating factor promoter polymorphisms in egyptian patients with systemic lupus erythematosus. Ann. Clin. Lab. Sci.
2013, 43, 289-294.

Steri, M.; Orru, V.; Idda, M.L,; Pitzalis, M.; Pala, M.; Zara, I; Sidore, C.; Faa, V.; Floris, M.; Deiana, M.; et al. Overexpression of the
Cytokine BAFF and Autoimmunity Risk. N. Engl. J. Med. 2017, 376, 1615-1626. [CrossRef] [PubMed]

Ayad, M.W.; Elbanna, A.A.; Elneily, D.A.; Sakr, A.S. Association of BAFF-871C/T Promoter Polymorphism with Hepatitis
C-Related Mixed Cryoglobulinemia in a Cohort of Egyptian Patients. Mol. Diagn. Ther. 2015, 19, 99-106. [CrossRef]

Zheng, Y.Y. Marginal zone B cells contribute to autoimmunity in the NZM2410 lupus prone mouse model. (159.13). J. Immunol.
2012, 188, 113-159.

Wen, X,; Yang, J.-Q.; Kim, PJ.; Singh, R.R. Homeostatic Regulation of Marginal Zone B Cells by Invariant Natural Killer T Cells.
PLoS ONE 2011, 6, €26536. [CrossRef]

Bialecki, E.; Paget, C.; Fontaine, ].; Capron, M.; Trottein, F.; Faveeuw, C. Role of Marginal Zone B Lymphocytes in Invariant NKT
Cell Activation. . Immunol. 2009, 182, 6105-6113. [CrossRef]

Oleinika, K.; Rosser, E.C.; Matei, D.E.; Nistala, K.; Bosma, A.; Drozdov, I.; Mauri, C. CD1d-dependent immune suppression
mediated by regulatory B cells through modulations of iNKT cells. Nat. Commun. 2018, 9, 684. [CrossRef] [PubMed]

Abel, A M.; Yang, C.; Thakar, M.S.; Malarkannan, S. Natural Killer Cells: Development, Maturation, and Clinical Utilization.
Front. Immunol. 2018, 9, 1869. [CrossRef]

Hu, PF,; Hultin, L.E.; Hultin, P.; Hausner, M.A; Hirji, K.; Jewett, A.; Bonavida, B.; Detels, R.; Giorgi, J.V. Natural killer cell
immunodeficiency in HIV disease is manifest by profoundly decreased numbers of CD16+CD56+ cells and expansion of a
population of CD16dimCD56- cells with low lytic activity. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 1995, 10, 331-340.
[CrossRef] [PubMed]

Mavilio, D.; Lombardo, G.; Benjamin, J.; Kim, D.; Follman, D.; Marcenaro, E.; O’Shea, M.A.; Kinter, A.; Kovacs, C.; Moretta, A.;
et al. Characterization of CD56-/CD16+ natural killer (NK) cells: A highly dysfunctional NK subset expanded in HIV-infected
viremic individuals. Proc. Natl. Acad. Sci. USA 2005, 102, 2886-2891. [CrossRef] [PubMed]

Vendrame, E.; Seiler, C.; Ranganath, T.; Zhao, N.Q.; Vergara, R.; Alary, M.; Labbé, A.-C.; Guédou, E; Poudrier, J.; Holmes, S.; et al.
TIGIT is upregulated by HIV-1 infection and marks a highly functional adaptive and mature subset of natural killer cells. Aids
2020, 34, 801-813. [CrossRef]

Chew, G.M,; Fujita, T.; Webb, G.M.; Burwitz, B.J.; Wu, H.L.; Reed, ].S.; Hammond, K.B.; Clayton, K.L.; Ishii, N.; Abdel-Mohsen,
M.; et al. TIGIT Marks Exhausted T Cells, Correlates with Disease Progression, and Serves as a Target for Immune Restoration in
HIV and SIV Infection. PLoS Pathog. 2016, 12, €1005349. [CrossRef] [PubMed]

Zhang, Q.; Bi, J.; Zheng, X.; Chen, Y.; Wang, H.; Wu, W.; Wang, Z.; Wu, Q.; Peng, H.; Wei, H.; et al. Blockade of the checkpoint
receptor TIGIT prevents NK cell exhaustion and elicits potent anti-tumor immunity. Nat. Immunol. 2018, 19, 723-732. [CrossRef]
Noyan, K.; Nguyen, S.; Betts, M.R.; Sénnerborg, A.; Buggert, M. Human Immunodeficiency Virus Type-1 Elite Controllers
Maintain Low Co-Expression of Inhibitory Receptors on CD4+ T Cells. Front. Immunol. 2018, 9, 19. [CrossRef]

Zhao, N.Q.; Vendrame, E.; Ferreira, A.-M; Seiler, C.; Ranganath, T.; Alary, M.; Labbé, A.-C.; Guédou, F,; Poudrier, J.; Holmes, S.;
et al. Natural killer cell phenotype is altered in HIV-exposed seronegative women. PLoS ONE 2020, 15, e0238347. [CrossRef]
Jackson, E.; Zhang, C.X.; Kiani, Z.; Lisovsky, I.; Tallon, B.; Del Corpo, A.; Gilbert, L.; Bruneau, J.; Thomas, R.; C6té, P.; et al. HIV
exposed seronegative (HESN) compared to HIV infected individuals have higher frequencies of telomeric Killer Immunoglobulin-
like Receptor (KIR) B motifs; Contribution of KIR B motif encoded genes to NK cell responsiveness. PLoS ONE 2017, 12, e0185160.
[CrossRef] [PubMed]

Merino, A.; Malhotra, R.; Morton, M.; Mulenga, J.; Allen, S.; Hunter, E.; Tang, J.; Kaslow, R.A. Impact of a functional KIR2DS4
allele on heterosexual HIV-1 transmission among discordant Zambian couples. J. Infect. Dis. 2011, 203, 487-495. [CrossRef]
[PubMed]


http://doi.org/10.4049/jimmunol.176.7.3931
http://doi.org/10.3390/antib8040050
http://doi.org/10.1371/journal.pone.0150450
http://doi.org/10.1371/journal.pone.0101949
http://www.ncbi.nlm.nih.gov/pubmed/25003989
http://doi.org/10.1182/blood-2010-08-301887
http://www.ncbi.nlm.nih.gov/pubmed/20870901
http://doi.org/10.1371/journal.pone.0131513
http://www.ncbi.nlm.nih.gov/pubmed/26107380
http://doi.org/10.1056/NEJMoa1610528
http://www.ncbi.nlm.nih.gov/pubmed/28445677
http://doi.org/10.1007/s40291-015-0134-7
http://doi.org/10.1371/journal.pone.0026536
http://doi.org/10.4049/jimmunol.0802273
http://doi.org/10.1038/s41467-018-02911-y
http://www.ncbi.nlm.nih.gov/pubmed/29449556
http://doi.org/10.3389/fimmu.2018.01869
http://doi.org/10.1097/00042560-199511000-00005
http://www.ncbi.nlm.nih.gov/pubmed/7552495
http://doi.org/10.1073/pnas.0409872102
http://www.ncbi.nlm.nih.gov/pubmed/15699323
http://doi.org/10.1097/QAD.0000000000002488
http://doi.org/10.1371/journal.ppat.1005349
http://www.ncbi.nlm.nih.gov/pubmed/26741490
http://doi.org/10.1038/s41590-018-0132-0
http://doi.org/10.3389/fimmu.2018.00019
http://doi.org/10.1371/journal.pone.0238347
http://doi.org/10.1371/journal.pone.0185160
http://www.ncbi.nlm.nih.gov/pubmed/28938026
http://doi.org/10.1093/infdis/jiq075
http://www.ncbi.nlm.nih.gov/pubmed/21216870

Vaccines 2021, 9, 271 21 of 22

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.
192.

193.

194.

195.

Boulet, S.; Kleyman, M.; Kim, J.Y.; Kamya, P; Sharafi, S.; Simic, N.; Bruneau, J.; Routy, J.-P.; Tsoukas, C.M.; Bernard, N.F. A
combined genotype of KIR3DL1 high expressing alleles and HLA-B*57 is associated with a reduced risk of HIV infection. Aids
2008, 22, 1487-1491. [CrossRef] [PubMed]

Goulder, PJ.R.; Walker, B.D. HIV and HLA Class I: An Evolving Relationship. Immunity 2012, 37, 426-440. [CrossRef] [PubMed]
Martin, M.P; Gao, X.; Lee, ].H.; Nelson, G.W.; Detels, R.; Goedert, ].J.; Buchbinder, S.; Hoots, K.; Vlahov, D.; Trowsdale, J.; et al.
Epistatic interaction between KIR3DS1 and HLA-B delays the progression to AIDS. Nat. Genet. 2002, 31, 429-434. [CrossRef]
Kamya, P; Boulet, S.; Tsoukas, C.M.; Routy, ].-P.; Thomas, R.; C6té, P.; Boulassel, M.-R.; Baril, J.-G.; Kovacs, C.; Migueles, S.A.;
et al. Receptor-Ligand Requirements for Increased NK Cell Polyfunctional Potential in Slow Progressors Infected with HIV-1
Coexpressing KIR3DL1*h/*y and HLA-B*57. |. Virol. 2011, 85, 5949-5960. [CrossRef] [PubMed]

Dold, L.; Zimmer, L.; Schwarze-Zander, C.; Boesecke, C.; Mohr, R.; Wasmuth, J.C.; Ommer, K.; Gathof, B.; Kramer, B.; Nattermann,
J.; etal. TLR agonists enhance responsiveness of inflammatory innate immune cells in HLA-B*57-positive HIV patients. . Mol.
Med. 2021, 99, 147-158. [CrossRef]

Dold, L.; Ahlenstiel, G.; Althausen, E.; Luda, C.; Schwarze-Zander, C.; Boesecke, C.; Wasmuth, J.-C.; Rockstroh, ] K.; Spengler, U.
Survival and HLA-B*57 in HIV/HCV Co-Infected Patients on Highly Active Antiretroviral Therapy (HAART). PLoS ONE 2015,
10, e0134158. [CrossRef] [PubMed]

Breen, E.C.; Rezai, A.R.; Nakajima, K.; Beall, G.N.; Mitsuyasu, R.T.; Hirano, T.; Kishimoto, T.; Martinez-Maza, O. Infection with
HIV is associated with elevated IL-6 levels and production. J. Immunol. 1990, 144, 480-484.

Jalbert, E.; Crawford, T.Q.; D’Antoni, M.L.; Keating, S.M.; Norris, PJ.; Nakamoto, B.K.; Seto, T.; Parikh, N.I.; Shikuma, C.M.;
Ndhlovu, L.C.; et al. IL-1B Enriched Monocytes Mount Massive IL-6 Responses to Common Inflammatory Triggers among
Chronically HIV-1 Infected Adults on Stable Anti-Retroviral Therapy at Risk for Cardiovascular Disease. PLoS ONE 2013,
8, €75500. [CrossRef]

Yao, X.; Huang, J.; Zhong, H.; Shen, N.; Faggioni, R.; Fung, M.; Yao, Y. Targeting interleukin-6 in inflammatory autoimmune
diseases and cancers. Pharmacol. Ther. 2014, 141, 125-139. [CrossRef] [PubMed]

Remick, D.G.; Bolgos, G.; Copeland, S.; Siddiqui, J. Role of Interleukin-6 in Mortality from and Physiologic Response to Sepsis.
Infect. Immun. 2005, 73, 2751-2757. [CrossRef]

Haynes, B.E; Gilbert, P.B.; McElrath, M.].; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.; Montefiori, D.C.; Karnasuta,
C.; Sutthent, R.; et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N. Engl. ]. Med. 2012, 366, 1275-1286.
[CrossRef]

Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.; Chiu, J.; Paris, R.; Premsri, N.; Namwat, C.; de Souza, M.;
Adams, E.; et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N. Engl. ]. Med. 2009, 361,
2209-2220. [CrossRef] [PubMed]

Lambotte, O.; Ferrari, G.; Moog, C.; Yates, N.L.; Liao, H.X.; Parks, R.].; Hicks, C.B.; Owzar, K.; Tomaras, G.D.; Montefiori, D.C.;
et al. Heterogeneous neutralizing antibody and antibody-dependent cell cytotoxicity responses in HIV-1 elite controllers. Aids
2009, 23, 897-906. [CrossRef]

Nag, P; Kim, J.; Sapiega, V.; Landay, A.L.; Bremer, ].W.; Mestecky, ].; Reichelderfer, P.; Kovacs, A.; Cohn, J.; Weiser, B.; et al.
Women with cervicovaginal antibody-dependent cell-mediated cytotoxicity have lower genital HIV-1 RNA loads. J. Infect. Dis.
2004, 190, 1970-1978. [CrossRef]

Gaynor, L.M.; Colucci, F. Uterine Natural Killer Cells: Functional Distinctions and Influence on Pregnancy in Humans and Mice.
Front. Immunol. 2017, 8, 467. [CrossRef] [PubMed]

King, A.; Balendran, N.; Wooding, P.; Carter, N.P.; Loke, YW. CD3~ Leukocytes Present in the Human Uterus During Early
Placentation: Phenotypic and Morphologic Characterization of the CD56** Population. Dev. Immunol. 1991, 1, 083493. [CrossRef]
[PubMed]

Robertson, M.]. Role of chemokines in the biology of natural killer cells. J. Leukoc. Biol. 2002, 71, 173-183. [CrossRef]

Alkhatib, G.; Locati, M.; Kennedy, P.E.; Murphy, PM.; Berger, E.A. HIV-1 coreceptor activity of CCR5 and its inhibition by
chemokines: Independence from G protein signaling and importance of coreceptor downmodulation. Virology 1997, 234, 340-348.
[CrossRef]

Mselle, T.E.; Howell, A.L.; Ghosh, M.; Wira, C.R.; Sentman, C.L. Human Uterine Natural Killer Cells but Not Blood Natural Killer
Cells Inhibit Human Immunodeficiency Virus Type 1 Infection by Secretion of CXCL12. J. Virol. 2009, 83, 11188-11195. [CrossRef]
Connell, B.J.; Hermans, L.E.; Wensing, A.M.].; Schellens, I.; Schipper, PJ.; van Ham, PM.; de Jong, D.T.C.M.; Otto, S.; Mathe, T.;
Moraba, R.; et al. Immune activation correlates with and predicts CXCR4 co-receptor tropism switch in HIV-1 infection. Sci. Rep.
2020, 10, 15866. [CrossRef] [PubMed]

Xu, F; Acosta, E.P; Liang, L.; He, Y,; Yang, J.; Kerstner-Wood, C.; Zheng, Q.; Huang, J.; Wang, K. Current Status of the
Pharmacokinetics and Pharmacodynamics of HIV-1 Entry Inhibitors and HIV Therapy. Curr. Drug Metab. 2017, 18, 769-781.
[CrossRef] [PubMed]


http://doi.org/10.1097/QAD.0b013e3282ffde7e
http://www.ncbi.nlm.nih.gov/pubmed/18614872
http://doi.org/10.1016/j.immuni.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22999948
http://doi.org/10.1038/ng934
http://doi.org/10.1128/JVI.02652-10
http://www.ncbi.nlm.nih.gov/pubmed/21471235
http://doi.org/10.1007/s00109-020-01996-7
http://doi.org/10.1371/journal.pone.0134158
http://www.ncbi.nlm.nih.gov/pubmed/26241854
http://doi.org/10.1371/journal.pone.0075500
http://doi.org/10.1016/j.pharmthera.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24076269
http://doi.org/10.1128/IAI.73.5.2751-2757.2005
http://doi.org/10.1056/NEJMoa1113425
http://doi.org/10.1056/NEJMoa0908492
http://www.ncbi.nlm.nih.gov/pubmed/19843557
http://doi.org/10.1097/QAD.0b013e328329f97d
http://doi.org/10.1086/425582
http://doi.org/10.3389/fimmu.2017.00467
http://www.ncbi.nlm.nih.gov/pubmed/28484462
http://doi.org/10.1155/1991/83493
http://www.ncbi.nlm.nih.gov/pubmed/1726555
http://doi.org/10.1189/jlb.71.2.173
http://doi.org/10.1006/viro.1997.8673
http://doi.org/10.1128/JVI.00562-09
http://doi.org/10.1038/s41598-020-71699-z
http://www.ncbi.nlm.nih.gov/pubmed/32985522
http://doi.org/10.2174/1389200218666170724112412
http://www.ncbi.nlm.nih.gov/pubmed/28738768

Vaccines 2021, 9, 271 22 of 22

196. Jiang, X.; Feyertag, F; Meehan, C.J.; McCormack, G.P; Travers, S.A.; Craig, C.; Westby, M.; Lewis, M.; Robertson, D.L. Characteriz-
ing the Diverse Mutational Pathways Associated with R5-Tropic Maraviroc Resistance: HIV-1 That Uses the Drug-Bound CCR5
Coreceptor. J. Virol. 2015, 89, 11457-11472. [CrossRef]

197. Smith, S.A.; Murray, PM.; Amancha, PK.; Ackerley, C.G.; Hu, Y.-J.; Amara, R.R.; Kelley, C.F. Ex vivo rectal explant model reveals
potential opposing roles of Natural Killer cells and Marginal Zone-like B cells in HIV-1 infection. Sci. Rep. 2020, 10, 20154.
[CrossRef] [PubMed]


http://doi.org/10.1128/JVI.01384-15
http://doi.org/10.1038/s41598-020-76976-5
http://www.ncbi.nlm.nih.gov/pubmed/33214610

	Introduction 
	The FGT 
	The FGT in the Context of HIV 
	The FGT Microbiota in the HIV Context 

	Natural Immunity to HIV Infection 
	Immunoregulatory Populations in the Context of Natural Immunity to HIV 
	Tolerogeneic DCs 
	Tregs and Tr1 
	Importance of NR4As (Nuclear Receptors 4A) 
	Innate B-Cells with Breg Potential 

	Natural Killer Cells 
	Conclusions 
	References

