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Vaginal bacterium Prevotella timonensis turns
protective Langerhans cells into HIV-1 reservoirs

for virus dissemination
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Abstract

Dysbiosis of vaginal microbiota is associated with increased HIV-1
acquisition, but the underlying cellular mechanisms remain
unclear. Vaginal Langerhans cells (LCs) protect against mucosal
HIV-1 infection via autophagy-mediated degradation of HIV-1. As
LCs are in continuous contact with bacterial members of the vagi-
nal microbiome, we investigated the impact of commensal and
dysbiosis-associated vaginal (an)aerobic bacterial species on the
antiviral function of LCs. Most of the tested bacteria did not affect
the HIV-1 restrictive function of LCs. However, Prevotella timonen-
sis induced a vast uptake of HIV-1 by vaginal LCs. Internalized virus
remained infectious for days and uptake was unaffected by
antiretroviral drugs. P. timonensis-exposed LCs efficiently transmit-
ted HIV-1 to target cells both in vitro and ex vivo. Additionally,
P. timonensis exposure enhanced uptake and transmission of the
HIV-1 variants that establish infection after sexual transmission,
the so-called Transmitted Founder variants. Our findings, there-
fore, suggest that P. timonensis might set the stage for enhanced
HIV-1 susceptibility during vaginal dysbiosis and advocate targeted
treatment of P. timonensis during bacterial vaginosis to limit HIV-1
infection.
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Introduction

HIV-1 infection is a major global health problem as 38 million peo-
ple live with HIV and annually 1.8 million people become newly
infected (UNAIDS, 2020). A large proportion of these infections
(26%) occurs in young sub-Saharan African women (UNAIDS,
2020). Reducing high HIV-1 infection rates among young women in
Sub-Saharan Africa is an important challenge in HIV-1 prevention.
The major route of HIV-1 transmission to women is via the cervico-
vaginal mucosa during sexual intercourse (UNAIDS, 2020). Large
prospective epidemiological studies have shown that the composi-
tion of the microbiome populating the female genital tract strongly
influences susceptibility to HIV-1 infection (Atashili et al, 2008;
Low et al, 2011; Gosmann et al, 2017). A healthy vaginal micro-
biome is dominated by Lactobacillus species (spp.). However, vagi-
nal dysbiosis is caused by an increase in relative abundance and
concentration of other bacteria at the expense of Lactobacillus spp.
and is associated with increased HIV-1 susceptibility (Sha
et al, 2005; Atashili et al, 2008; Low et al, 2011; Borgdorff
et al, 2014; Gosmann et al, 2017).

During the most common type of vaginal dysbiosis, referred to as
bacterial vaginosis by clinicians, anaerobic bacteria dominate the
vaginal microbiome. These anaerobes are almost always present in
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diverse bacterial communities and include Gardnerella vaginalis,
Atopobium vaginae, Megasphaera spp., and different Prevotella spp.
(Fredricks et al, 2005; Aldunate et al, 2015). In particular, Prevo-
tella spp. including P. amnii, P. bivia, and P. timonensis show a
strong positive association with increased risk for HIV-1 infection
(Atashili et al, 2008; Gosmann et al, 2017). However, it is unclear
whether and how different microbiota such as Prevotella spp. affect
HIV-1 susceptibility.

Human Langerhans cells (LCs) are a specific subset of mucosal
dendritic cells (DCs) that survey the vaginal mucosa and function as
antigen-presenting cells (Steinman & Banchereau, 2007; Kubo
et al, 2009). LCs serve as the first line of defense against HIV-1 upon
sexual transmission (Hladik et al, 2007; Hladik & McElrath, 2008;
Haase, 2010). Under non-inflammatory conditions, LCs are in an
immature state and restrict HIV-1 infection via capture and subse-
quent degradation of the virus, thereby preventing infection and dis-
semination of HIV-1 (Valladeau et al, 2000; De Witte et al, 2007; De
Jong et al, 2008; van den Berg et al, 2014; Ribeiro et al, 2016).
However, when LCs become activated, their antiviral function is
impaired and activated LCs become infected by the virus and effi-
ciently transmit HIV-1 to CD4" T cells (De Witte et al, 2007; De Jong
et al, 2008). Vaginal LCs are in continuous contact with the micro-
biota that populate the female genital tract (Van De Wijgert
et al, 2014). Yet, it is unclear whether these bacteria, in particular
those associated with vaginal dysbiosis, directly affect the antiviral
function of LCs.

Here, we have investigated the impact of commensal and
dysbiosis-associated vaginal bacteria on the antiviral function of
LCs. We identified P. timonensis as a bacterium that greatly affected
the antiviral function of LCs. P. timonensis strongly induced uptake
of HIV-1 by vaginal LCs, and sequestered virus remained infectious
for several days. P. timonensis not only enhanced susceptibility to
laboratory HIV-1 strains but also enhanced uptake and transmission
of Transmitted Founder (T/F) HIV-1 variants, further underscoring
the relevance for HIV-1 susceptibility. Our findings suggest that
P. timonensis could contribute to increased HIV-1 susceptibility by
enhancing HIV-1 uptake and rendering the virus insensitive to anti-
HIV-1 prophylaxis.

Results
P. timonensis enhances HIV-1 uptake in vaginal LCs

Epidermal as well as vaginal LCs were exposed to bacteria associ-
ated with a healthy vaginal mucosal microbiome Lactobacillus
crispatus and L. iners or those associated with vaginal dysbiosis,
G. vaginalis, A. vaginae, M. elsdenii, and P. timonensis. After stim-
ulation, LCs were exposed to HIV-1 for 5 days and HIV-1 content
was analyzed by detection of capsid protein p24 by flow cytometry.
Notably, P. timonensis enhanced the amount of HIV-1-positive vagi-
nal as well as epidermal LCs (Fig 1A and B). However, none of the
other tested bacteria increased the percentage of HIV-1-positive epi-
dermal or vaginal LCs (Fig 1A and B). Since P. timonensis increased
HIV-1 acquisition, we exposed epidermal LCs to different UV-killed
Prevotella spp. or related Bacteroides spp. Strikingly, only P. timo-
nensis significantly increased the amount of HIV-1-positive LCs in
contrast to the other Prevotella spp. (Fig 1C). To investigate whether
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P. timonensis also affected LC susceptibility to HIV-1 in physiologi-
cally relevant conditions, we exposed ex vivo vaginal explants to
HIV-1 in the presence of selected vaginal commensal and dysbiosis-
associated bacteria. Stimulation with P. timonensis, but not with the
other bacteria, resulted in a significant increase of HIV-1-positive
LCs among those who emigrated from ex vivo vaginal explants
(Fig 1D).

Next, we investigated whether the increase in HIV-1-positive LCs
induced by P. timonensis was due to enhanced HIV-1 uptake or
replication. Replication inhibitors zidovudine (AZT), tenofovir
(TFV), indinavir (IDV), or lamivudine (3TC) did not reduce the
amount of HIV-1-positive epidermal or vaginal LCs after P. timonensis
exposure (Fig 2A-D), although the inhibitors were proven to be
effective (Fig EV1). Moreover, P. timonensis increased the number
of vaginal LCs positive for p24 after exposure to HIV-1-GFP reporter
virus (NL4.3eGFP-Bal), whereas no increase in eGFP expression, a
measure for productive infection, was observed (Fig 2E and F). Acti-
vated CD4" T cells were used as a positive control for eGFP expres-
sion (Fig EV2). Additionally, neither blocking of HIV-1 entry (co-)
receptors CD4 and CCRS, nor inhibition of viral fusion with T20
reduced the amount of HIV-1-positive epidermal LCs after P. timo-
nensis and HIV-1 exposure (Fig 2G). These data strongly suggest
that P. timonensis, but none of the other bacteria tested, increases
HIV-1 uptake by epidermal and vaginal LCs independent of HIV-1
entry receptors and infection.

M. elsdenii and P. timonensis exposure induces minor LCs
activation

While immature LCs resist HIV-1 infection, LC activation abrogates
this HIV-restrictive function resulting in LC infection and subse-
quent transmission of HIV-1 (De Witte et al, 2007; De Jong
et al, 2008). Therefore, we investigated whether vaginal microbiota
exposure leads to LC activation. Both isolated immature vaginal and
epidermal LCs were exposed to L. crispatus, M. elsdenii, and
P. timonensis, and after 24 h, the activation phenotype of LCs was
determined by flow cytometry. As a control, migrated LCs were iso-
lated after culture of the epidermis as these migrated LCs have a
mature phenotype expressing increased levels of maturation mark-
ers CD80 and CD86, and chemokine receptor CCR7 (Fig 3A-E). The
same trend for both vaginal and epidermal LCs was observed.
M. elsdenii significantly increased expression levels of CD80, while
L. crispatus exposure did not affect the expression of any matura-
tion markers. P. timonensis stimulation of immature epidermal and
vaginal LCs increased the expression of CD80, CD86, and CCR7, but
expression levels remained lower than mature LCs (Fig 3A-E).
Additionally, expression of langerin was slightly, but not signifi-
cantly, reduced upon exposure of immature epidermal LCs to
M. elsdenii and P. timonensis, whereas langerin expression was
strongly decreased on LCs activated through migration (Figs 3B and
EV3). Next, we investigated whether vaginal microbiota influence
migration of epidermal LCs from ex vivo explants. Ex vivo explants
were exposed to L. crispatus, M. elsdenii, P. timonensis or positive
control polycytidylic acid (poly(I:C)), and after 3 days, the migra-
tory fraction was analyzed in number and phenotype. The number
of migrated LCs was significantly lower in response to M. elsdenii,
whereas P. timonensis showed a trend in the decrease of migration
(Fig 3F). L. crispatus did not affect migration and poly(I:C) induced
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Figure 1. P. timonensis increases HIV-1 content in primary LCs.
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A, B Isolated epidermal LCs (A, n = 4) or isolated vaginal LCs (B, n = 5) were stimulated O/N with a variety of vaginal microbiota and subsequently exposed to HIV-1
(SF162; MOl 0.5). Epidermal LCs were stimulated with L crispatus (LC), M. elsdenii (ME), and P. timonensis (PT), whereas vaginal LCs were additionally stimulated
with L iners (Ll), G. vaginalis (GV), and A vaginae (AV). After 5 days, HIV-1 p24 in LCs was determined by an intracellular staining for CD1a and p24 by flow

cytometry.

C Isolated epidermal LCs (n = 3) were stimulated O/N with B. fragilis (BF), B. thetaiotaomicron (BT), P. amnii (PA), P. bivia (PB), P. copri (PC), and P. timonensis (PT),
followed by HIV-1 (SF162; MOI 0.5) infection for 5 days and HIV-1 p24 determination by flow cytometry.
D  Vaginal epithelium explants (n = 8) were exposed to vaginal microbiota as described for isolated vaginal LCs. HIV-1 p24 in emigrated LCs was determined by flow

cytometry.

Data information: Symbols represent independent donors. Data are mean £ SD. Two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

migration. M. elsdenii induced expression of CD80 and CD86 albeit
at lower levels than poly(I:C), whereas P. timonensis only showed
increased expression of CD86 (Fig 3G and H). These data suggest
that in contrast to L. crispatus, M. elsdenii and P. timonensis
induced LC maturation whereas P. timonensis.

HIV-1 escapes langerin-mediated degradation and is internalized
in P. timonensis-exposed LCs

Next, we performed confocal microscopy to investigate intracellular
uptake of HIV-1 in P. timonensis-exposed vaginal LCs. Large intra-
cellular vesicles containing HIV-1 virions were observed in P. timo-
nensis-stimulated LCs, whereas unstimulated LCs contained low
numbers of small HIV-1-positive vesicles (Fig 4A). Removal of
extracellular-bound HIV-1 by Trypsin treatment did not abrogate
P. timonensis-induced HIV-1 uptake in epidermal LCs compared

© 2022 The Authors

with unstimulated LCs as measured in cell lysates by ELISA
(Fig 4B). The comparison of trypsin-treated with untreated epider-
mal LCs shows that a major part of the virus was insensitive to
trypsin treatment, suggesting viral internalization by LCs (Fig 4C).
Furthermore, we measured viral fusion using the HIV-1-BlaM-
vpr-based fusion assay. P. timonensis strongly induced fusion of
HIV-1 to vaginal LCs, which was comparable to levels observed
with the positive control VSV-G-pseudotyped HIV-1 (Fig 4D and E).
Moreover, the amount of HIV-1-positive epidermal LCs after P. timo-
nensis exposure was not reduced by antibodies against langerin or
the C-type lectin-inhibitor mannan (Fig 4F). Langerin captures and
targets HIV-1 into autophagy vesicles for viral degradation and
autophagy-enhancing drugs decrease HIV-1 infection of mucosal
LCs (Ribeiro et al, 2016; Cloherty et al, 2021). However, treatment
with autophagy inducer rapamycin only marginally decreased the

amount of HIV-1-positive epidermal LCs after P. timonensis
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Figure 2. P. timonensis increases HIV-1 uptake but not productive infection.
A-D Isolated epidermal LCs (A, n = 2), isolated vaginal LCs (B and C, both n = 3), or vaginal explants (D, n = 5) were stimulated O/N with P. timonensis (PT) and exposed
to HIV-1 (SF162; MOI 0.5) for 5 days in the presence or absence of HIV-1 replication inhibitors (Inh) zidovudine (AZT), tenofovir (TFV), lamivudine (3TC), or indinavir

(IDV). HIV-1 levels were determined by intracellular staining for HIV-1 p24 using flow cytometry.

E, F Representative plots (E) and pooled data (F, n = 3) of HIV-1 (NL4.3eGFP-Bal) infection of O/N P. timonensis-stimulated (PT) isolated vaginal LCs as determined by
both GFP-detection (de novo replication) and HIV-1 p24 (detection of de novo replication and uptake) by flow cytometry.

G Isolated epidermal LCs (n = 3) were stimulated O/N with P. timonensis (PT). Next, LCs were treated with T20, CCRS inhibitor Maraviroc (CCRS), neutralizing
antibodies against CD4 (CD4) and isotype control (Iso), subsequently followed by HIV-1 exposure for 5 days (SF162; MOI 0.5). Intracellular HIV-1 p24 levels were

determined using flow cytometry.
Data information: Symbols represent independent donors (mean of duplicates). Data are mean + SD. Two-tailed t-test, *P < 0.05, **P < 0.01, and ***P < 0.001.

exposure (Fig 4G). Together, these data demonstrate that data, therefore, strongly indicate that P. timonensis enhances inter-
P. timonensis-mediated HIV-1 uptake by immature LCs is indepen- nalization of HIV-1 into intracellular vesicles where the virus
dent of langerin and bypasses autophagy-mediated degradation. Our remains infectious for several days.
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Figure 3. P. timonensis induces minor maturation in immature and migratory LCs.

Immature vaginal (vLC) and epidermal LCs (eLC) were stimulated O/N with L. crispatus (LC), M. elsdenii (ME), or P. timonensis (PT), and activation phenotype was
determined by flow cytometry. Same donor emigrated epidermal LCs (mLC) served as a matured and activated control. Same donor data of emigrated vaginal LCs
could not be obtained due to limited amount of tissue (N.D.).
A-H Representative plots of vaginal (A) or epidermal (B) donors and combined experiments (MFI expression relative to untreated condition) of CD8O (C, n = 3), CD86
(D, n = 3), and CCR7 (E, n = 3) surface expression are shown. Ex vivo skin explants were stimulated O/N with L crispatus (LC), M. elsdenii (ME), P. timonensis (PT) or
poly(I:C) and at day 3 post-inoculation, emigrated LCs were collected and washed and activation phenotype was determined by flow cytometry. Cells were analyzed
for CD1a expression, and the absolute number of CD1a-positive cells, that is LCs, migrated from the epidermis was determined using counting beads; the graph
shows the migration relative to the untreated condition (F, n = 5). CD1a-positive cells, that is LCs, were analyzed using flow cytometry, and the graphs show
combined experiments (MFI expression relative to untreated condition) of CD80 (G, n = 5) and CD86 (H, n = 5) surface expression.

- LC ME PT poly:c)

Data information: Symbols represent independent donors (mean of duplicates). Data are mean + SD. Two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001, and

***%p < 0.0001.
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Figure 4. HIV-1 is internalized and protected from the langerin-mediated degradation pathway in P. timonensis-exposed LCs.

Isolated vaginal LCs were stimulated O/N with P. timonensis (PT) followed by HIV-1 (SF162; MOI 0.5) exposure.

A Intracellular HIV-1 detection was determined by confocal microscopy (Hoechst in blue, HIV-1 p24 in green); scale bar represents 5 um (representative donor).

B Isolated epidermal LCs were stimulated O/N with P. timonensis (PT) followed by a 4-h exposure to HIV-1. HIV-1 p24 was determined by ELISA after trypsin treat-
ment and lysis of LCs (n = 3).

C Isolated epidermal LCs were stimulated O/N with P. timonensis (PT) followed by HIV-1 (SF162; MOI 0.5) exposure for 3 days. After 3 days, LCs were treated with PBS
or trypsin and HIV-1 p24 was determined by flow cytometry (n = 3).

D, E Isolated vaginal LCs were stimulated O/N with P. timonensis (PT) followed by infection with VSV-g-BlaM-Vpr fusion (positive control) and NL4.3Bal-BlaM-Vpr fusion.
The figure shows representative plots (D) and pooled data (E, n = 3) of viral fusion as determined by B-lactamase-Vpr (BlaM-Vpr) activity.

F Isolated epidermal LCs were stimulated O/N with P. timonensis (PT) followed by HIV-1 exposure (SF162; MOI 0.5) in the presence or absence of anti-langerin (1L0E2)
or mannan (MAN). HIV-1 p24 content was determined by ELISA after trypsin treatment and subsequent lysis of LCs (n = 2).

G Isolated epidermal LCs were stimulated O/N with P. timonensis (PT) followed by treatment with Rapamycin (1tM) and exposure to HIV-1 (SF162). After 3 days, HIV-1
p24 was measured by ELISA after trypsin treatment and lysis of LCs (n = 2).

Data information: Symbols represent independent donors (mean of duplicates). Data are mean + SD. Two-tailed t-test, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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P. timonensis increases HIV-1 transmission by LCs to target cells

To investigate whether internalized HIV-1 remains infectious,
P. timonensis-exposed epidermal LCs were exposed to HIV-1 and
cultured for 2 days. Next, LCs were treated with trypsin to remove
extracellular-bound virus and lysed by repetitive freeze-thaw cycles
in order to release internalized HIV-1. The cell lysates were added to
HIV-1-susceptible U87-CD4-CCR5 cells, and infection was deter-
mined. Notably, the lysate of P. timonensis-exposed and HIV-1-
treated LCs caused a stronger infection of U87-CD4-CCRS cells than
the lysate from LCs treated with HIV-1 only (Fig 5A). We next inves-
tigated whether P. timonensis-induced HIV-1 uptake by LCs results
in HIV-1 transmission to target cells using an epidermal ex vivo
transmission model. Ex vivo epidermal explants were exposed to
vaginal bacteria L. crispatus, M. elsdenii, or P. timonensis and sub-
sequently infected with HIV-1 in the presence or absence of
antiretroviral drugs to investigate whether transmission is depen-
dent on HIV-1 replication in LCs. After 3 days, LCs that emigrated
from the tissue were harvested, washed extensively, and co-
cultured with HIV-1-permissive U87-CD4-CCRS cells to determine
virus transmission by flow cytometry. P. timonensis-exposed LCs
were more efficient in transmitting HIV-1 than untreated LCs or LCs
exposed to the other bacteria (Fig 5B and C). Notably, pre-treatment
of explants with tenofovir, T20 or maraviroc before HIV-1 exposure
did not abrogate HIV-1 transmission by P. timonensis-exposed LCs,
although a trend in a decrease in HIV-1 transmission was observed
with tenofovir (Fig 5C and D). Next, we investigated the effect of
P. timonensis on HIV-1 transmission by vaginal LCs. Strikingly,
P. timonensis induced strong HIV-1 transmission by vaginal LCs
compared with unstimulated vaginal LCs (Fig 5E and F). These data
suggest that P. timonensis enhances HIV-1 uptake by epidermal LCs
ex vivo and by vaginal LCs in vitro, leading to efficient HIV-1 trans-
mission which is largely insensitive to antiretroviral drugs.

P. timonensis enhances HIV-1 uptake and transmission of
Transmitted Founder HIV-1 strains

Transmitted Founder (T/F) HIV-1 variants are the variants that
establish infection after sexual transmission (Derdeyn et al, 2004;
Salazar-Gonzalez et al, 2008; Hertoghs et al, 2019). These variants
have specific properties that allow them to infect immature LCs
(Hertoghs et al, 2019). Here, we investigated whether T/F HIV-1
interaction with LCs is affected by P. timonensis or closely related
species. In contrast to other Prevotella spp. and Bacteroides spp.,
P. timonensis exposure of epidermal LCs increased the amount of
HIV-1 CHOS58-positive LCs (Fig 6A and B). This increase was not
affected by treatment with AZT or tenofovir. To investigate T/F
transmission, ex vivo epidermal explants were exposed to P. timo-
nensis followed by infection with laboratory-adapted strain SF162 or
T/F variant CHO58 in the presence or absence of tenofovir. After
3 days, emigrated LCs were harvested, washed, and co-cultured
with U87-CD4-CCRS5 cells and transmission was determined by flow
cytometry. LCs that migrated from P. timonensis-exposed skin
explants transmitted both SF162 and CH058 more efficiently than
LCs that migrated from untreated skin explants (Fig 6C). Notably,
CHOS8 transmission was more efficient compared with laboratory
strain SF162 and this effect was magnified after P. timonensis stimu-
lation (Fig 6C). Tenofovir treatment did not abrogate HIV-1

© 2022 The Authors
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transmission. These data strongly suggest that ex vivo transmission
of T/F strains to HIV-1 target cells is strongly increased in the pres-
ence of P. timonensis and is largely replication-independent. These
results show that of all the bacteria tested, only P. timonensis specif-
ically induces strong HIV-1 uptake resulting in efficient transmission
of T/F HIV-1 by LCs.

Discussion

The microbiome affects the immune system in different ways, for
example, by training and development of tolerance but also by alter-
ing the susceptibility to viral pathogens (Zheng et al, 2020). Previ-
ous studies have shown that imbalances in the microbiome can
underlie increased HIV-1 susceptibility in women (Atashili
et al, 2008; Gosmann et al, 2017). Here, we have uncovered a novel
effect of the vaginal dysbiosis-associated bacterium P. timonensis
on HIV-1 susceptibility. P. timonensis strongly enhanced HIV-1
uptake by vaginal and epidermal LCs and induced increased HIV-1
transmission to target cells by P. timonensis-exposed epidermal and
vaginal LCs. The effect was specific for P. timonensis, as other
tested vaginal commensals or dysbiosis-associated bacteria not
affect LC function. Even in the presence of antiviral prophylaxis,
P. timonensis increased HIV-1 uptake and transmission. In addition,
P. timonensis strongly enhanced transmission of T/F HIV-1 variants
in ex vivo epidermal explants, providing further proof for the role of
the identified mechanism in HIV-1 susceptibility. Taken together,
this study provides compelling evidence that increased HIV-1 sus-
ceptibility via vaginal mucosa DC subsets is directly influenced by
interaction with P. timonensis. Our data emphasize that improving
the prevention and treatment of bacterial vaginosis, and specifically
P. timonensis, could attenuate HIV-1 susceptibility in vulnerable
populations.

Mucosal LCs are resistant to HIV-1 infection and have been sug-
gested to function as a barrier to HIV-1 (Valladeau et al, 2000; De
Witte et al, 2007; De Jong et al, 2008; van den Berg et al, 2014;
Ribeiro et al, 2016). In this study, we show that immature vaginal
LCs, similar to immature epidermal LCs, restrict HIV-1 infection. As
mucosal LCs are in continuous contact with the vaginal micro-
biome, we investigated whether vaginal bacteria affect LC function.
Of the bacteria that we tested, we observed that P. timonensis
strongly enhanced HIV-1 uptake by epidermal and vaginal LCs
in vitro and ex vivo, in contrast to the other common vaginal bacte-
ria including other Prevotella spp. We did not observe any differ-
ences between epidermal and vaginal LCs suggesting that HIV-1
uptake and transmission is similarly induced by P. timonensis in
both LC subtypes. As P. timonensis is also detected in anal and oral
swaps these observations are relevant for LC-mediated HIV-1 trans-
mission via different types of mucosal surfaces (Fredricks
et al, 2022).

During vaginal dysbiosis, P. timonensis is known to almost
always co-occur with other Prevotella spp. and other strict anaer-
obes (Atashili et al, 2008; Passmore et al, 2016; Gosmann
et al, 2017; McClelland et al, 2018). Yet, it is possible that other
species that were not part of our study have similar effects. Addi-
tional studies including a wider range of Prevotella spp. and other
dysbiosis-associated vaginal bacteria are needed to further unravel
the impact of the vaginal microbiome on HIV-1 acquisition.
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Figure 5.
A

v

HIV-1-PE+ U87 cells

P. timonensis induces transmission of HIV-1 by LCs in a replication-independent manner.
Isolated epidermal LCs were stimulated O/N with P. timonensis (PT) followed by HIV-1 (SF162; MOI 0.5) exposure. LCs were subjected to repetitive freeze-thaw

cycles, and cell lysates were added to U87.CD4.CCRS cell line. HIV-1 infection of U87.CD4.CCR5 was determined by an intracellular staining for p24 by flow cytome-

try (n = 3).
B, C

Ex vivo skin explants were stimulated O/N with L. crispatus (LC), M. elsdenii (ME), or P. timonensis (PT) and inoculated with HIV-1 (JRCSF; MOI 0.5) in the presence or

absence of tenofovir. At day 2 post-inoculation, emigrated LCs were collected, washed, and co-cultured with U87.CD4.CCRS cells for 3 days. Cells were analyzed for
CD1a expression and p24 content by flow cytometry and here presented as representative plots (B) and pooled data of HIV-1-positive cells (%) of the CD1a-

negative U87.CD4.CCRS cells (C, n =

4).

Ex vivo skin explants were stimulated with P. timonensis (PT), pre-treated with T20 or maraviroc (MAR), and exposed to HIV-1 (JRCSF; MOI 0.5) for 2 days, after

which the migratory fraction was co-cultured with U87.CD4.CCRS cells. HIV-1-positive cells (%) of the CD1a-negative fraction, that is, U87.CD4.CCRS5 cells, were

determined using flow cytometry (n
E F

=5).

Isolated vaginal LCs were stimulated O/N with P. timonensis (PT) and infected with HIV-1 (SF162; MOI 0.5). After 3 days, LCs were washed and co-cultured with

U87.CD4.CCRS. Infection was analyzed by flow cytometry and here shown as representative plots (E) and pooled data of HIV-1-positive cells (%) of the

CDla-negative U87.CD4.CCRS cells (|

F,n=2).

Data information: Symbols represent independent donors (mean of duplicates). Data are mean + SD. Two-tailed t-test, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 6. P. timonensis specifically induces uptake and transmission of Transmitted Founder HIV-1.

A B Isolated epidermal LCs were stimulated by different Prevotella spp. and Bacteroides spp. followed by T/F variant (CHO58; MOI 0.25) exposure in the presence or
absence of AZT (A, n = 3) or tenofovir (B, n = 2). A lower MOI was used due to higher susceptibility of LCs for CHO58 than for laboratory strains.

C HIV-1 uptake was determined by flow cytometry. Ex vivo skin explants (n = 3) were stimulated O/N with P. timonensis (PT) followed by pre-treatment with tenofovir
(TFV). After pre-treatment, skin explants were inoculated with lab-adapted strain (SF162; MOI 0.25) or HIV-1 T/F strain (CHO58; MOI 0.25). After 2 days, the
migratory fraction was collected and co-cultured with U87.CD4.CCRS cells. Cells were analyzed for CD1a expression and p24 content in U87.CD4.CCRS cells by flow
cytometry. A lower MOI was used due to higher susceptibility of LCs for CHO58 than for laboratory strain SF162.

Data information: Symbols represent independent donors (mean of duplicates). Data are mean £ SD. Two-tailed t-test, *P < 0.05.

Strikingly, we found that only P. timonensis had this unique effect
on HIV-1 uptake by LCs. Several research groups have reported that
during vaginal dysbiosis P. timonensis prevalence can be as abun-
dant as 30-35% of the total vaginal microbiome (Cho et al, 2022;
France et al, 2022; Fredricks et al, 2022). Additionally, data from
110 people of reproductive age revealed that the vagina contains a
total of 10'°-10'! bacteria (Chen et al, 2021) and supports the con-
clusion that hundreds of million P. timonensis bacteria can be pre-
sent in the vagina during vaginal dysbiosis. Hence, the ratio of
P. timonensis bacteria to LCs increases during vaginal dysbiosis
most likely modulating the function of vaginal LCs possibly result-
ing in enhanced HIV-1 uptake and transmission.

The increased viral cargo in P. timonensis-exposed LCs was due
to HIV-1 uptake and not to HIV-1 replication as antiretroviral
drugs did not abrogate the observed effects. Moreover, we did not
observe any induction of HIV-1 replication in P. timonensis-treated
LCs infected with reporter eGFP-expressing HIV-1 even though the
reporter virus was efficiently taken up by P. timonensis-treated

© 2022 The Authors

LCs. Our data demonstrate that P. timonensis strongly increases
HIV-1 uptake by LCs rather than that HIV-1 establishes a produc-
tive infection in P. timonensis-exposed LCs. This hypothesis is sup-
ported by the fact that P. timonensis-induced HIV-1 internalization
is independent of CD4, CCRS5, and viral fusion, and in line with
the intracellular HIV-1-positive vesicles observed in P. timonensis-
exposed LCs.

Normally, HIV-1 is internalized by langerin resulting in viral
fusion via CD4 and CCRS. In turn, viral fusion triggers autophagy
leading to degradation of fused HIV-1 as well as HIV-1 stored in
Birbeck granules (Valladeau et al, 2000; De Witte et al, 2007; De
Jong et al, 2008; van den Berg et al, 2014; Ribeiro et al, 2016).
Strikingly, fusion was significantly increased in P. timonensis-
exposed LCs, whereas we did not observe viral integration nor
replication. These data strongly suggest that the autophagy-
dependent restriction of HIV-1 infection in LCs is not affected by
P. timonensis. Indeed, P. timonensis-induced HIV-1 uptake was
independent of langerin and mostly unaffected by increasing
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autophagy. Moreover, neither CD4 nor CCRS were involved in
viral uptake by P. timonensis-exposed LCs and viral fusion inhibi-
tors failed to reduce P. timonensis-mediated uptake. Taken
together, these results indicate that P. timonensis does not abro-
gate the autophagy-restricted pathway but induced HIV-1 uptake
via another pathway that allows escape of HIV-1 from langerin-
mediated autophagic degradation. As a result, internalized HIV-1
remained infectious for several days within P. timonensis-exposed
LCs and was efficiently transmitted to HIV-1 susceptible cells upon
co-culture independent of viral fusion and replication in LCs. Our
observations show striking resemblances with the formation of
multivesicular bodies (MVBs) in DCs during HIV-1 infection. These
MVBs have shown to contain large intracellular pools of captured
infectious HIV-1, which can be efficiently transmitted to CD4" T
cells (Garcia et al, 2005). Further studies are required to identify
the intracellular vesicles harboring HIV-1 in P. timonensis-exposed
LCs.

Increased HIV-1 uptake and subsequent transmission by
P. timonensis-exposed LCs was independent of viral replication as
it was not inhibited by antiretroviral drugs such as tenofovir, T20,
and maraviroc. Previous research has shown that the effectiveness
of prophylactic tenofovir gel treatment is reduced among women
with vaginal dysbiosis (Klatt et al, 2017). This is thought to be
due to the increase in anaerobic bacteria that metabolize these
antiretroviral drugs, thereby lowering their bioavailability in the
vaginal mucosal tissue (Klatt et al, 2017). However, the enhanced
sequestering of HIV-1 in P. timonensis-exposed LCs, which is not
abrogated by antiretroviral drugs, poses an additional mechanism
that could explain the reduced effectiveness of vaginal prophylactic
tenofovir treatment during vaginal dysbiosis (Atashili et al,
2008; Passmore et al, 2016; Gosmann et al, 2017; McClelland
et al, 2018).

During sexual transmission, multiple HIV-1 variants are present;
however, only a single variant, the T/F variant, establishes infection
in the new host (Derdeyn et al, 2004; Salazar-Gonzalez et al, 2009).
Recently, we have shown that T/F strains productively infect imma-
ture vaginal as well as epidermal LCs (Hertoghs et al, 2019). Here,
we show that P. timonensis enhanced infection of and transmission
by immature LCs of T/F variant CH058. CH058 uptake was not
inhibited by AZT nor tenofovir, suggesting that P. timonensis also
enhances uptake of T/F variants independent of viral replication.
These data further support a role for P. timonensis in enhancing
HIV-1 susceptibility in vivo.

In conclusion, we have discovered a novel mechanism via which
a dysbiosis-associated bacterium increases HIV-1 susceptibility in
women. The effect of P. timonensis on mucosal LCs might be one of
the underlying causes of increased susceptibility for HIV-1 in
women with vaginal dysbiosis and the ineffectiveness of prophylac-
tic treatment in these women. Unfortunately, current treatments for
vaginal dysbiosis are suboptimal, and many women are not treated
because they are asymptomatic (van de Wijgert & Jespers, 2017).
Identification of individuals that carry P. timonensis could provide
specific treatment targets for HIV-1 prevention. Our study under-
scores the urgent need to improve the prevention and treatment of
bacterial vaginosis containing specific bacteria, like P. timonensis,
and these new insights could help to develop and re-evaluate treat-
ment protocols to improve HIV-1 prevention among women with
vaginal dysbiosis.
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Materials and Methods
Ex vivo explants culture

Vaginal and skin tissue was freshly processed for each experiment.
To obtain epithelial sheets, vaginal and skin tissue was treated with
dispase II (3 U/ml for vaginal tissue and 1 U/ml for skin; Roche
Diagnostics), after which the epithelium/epidermis was separated
from the rest of the tissue. Ex vivo vaginal epithelial explants were
extensively washed, cut to size, and placed in a Transwell system
(6.5 mm Transwell, 5.0 um pore polycarbonate membrane inserts;
Corning) complete medium (IMDM; Thermo Fisher Science) supple-
mented with 10% FCS (Invitrogen), L-glutamine (2 mM; Lonza),
penicillin (10 U/ml; Invitrogen), and streptomycin (10 mg/ml; Invit-
rogen), containing the according stimuli. Ex vivo skin explants were
prepared in a Costar® 24-well plate (Corning) in complete medium
containing the according stimuli as described before (Hertoghs
et al, 2019).

Cell isolation

Isolated immature vaginal LCs and immature epidermal skin LCs
were purified as described by de Jong et al (2010) and De Witte
et al (2007). Briefly, vaginal and skin epithelial sheets were incu-
bated in PBS containing DNAse I (20 units/ml, Roche Applied
Science) and trypsin (0.05%, Beckton Dickinson) for 10 (vaginal) to
30 (skin) minutes at 37°C to obtain a single cell suspension. Trypsin
digestion was inactivated with FCS. Cells were washed in complete
medium, layered on a Ficoll (Axis-shield) gradient, and LCs were
purified using CD1a-labeled immunomagnetic microbeads according
to the manufacturer’s instructions (Miltenyi Biotec). Langerin and
CDla expression was quantified by flow cytometry, and immature
LCs were routinely 90-98% pure and expressed high levels of lan-
gerin and CDla. Cells were placed in a 96-well plate (Corning) in
complete medium containing the according stimuli.

Vaginal bacteria and LC stimulations

Atopobium vaginae (DMSZ-15829), Bacteroides fragilis (Utrecht
UMOC), Bacteroides thetaiotaomicron (DSMZ-2079), Gardnerella vagi-
nalis (DSMZ-4944), Lactobacillus crispatus (DSMZ-20584), Lacto-
bacillus iners (DSMZ-13335), Megasphaera elsdenii (DSMZ-20460),
Prevotella amnii (DSMZ-23384), Prevotella bivia (DSMZ-20514),
Prevotella copri (DSMZ-18205), and Prevotella timonensis (DSMZ-
22865) were cultured as recommended by DSMZ (German Collec-
tion of Microorganisms and Cell Cultures GmbH; Braunschweig).
After harvesting bacteria during log-phase growth, bacteria were
extensively washed in PBS and standardized to an optical density at
600 nm (ODggg) of 1. Next, culture purity was determined by plate
culture and gram stains. Subsequently, bacterial suspensions were
UV-inactivated in a UV crosslinker using five rounds of 100,000
w/cm?. Loss of viability was verified by plating UV-inactivated bac-
teria. Isolated primary LCs were stimulated with a ratio (MOI) of
1:10. For stimulation of vaginal and skin explants, volumes equiva-
lent to what would have been used for 5 x 10° vaginal LCs were
used. Both ex vivo tissue explants and isolated LCs were stimulated
overnight before HIV-1 infection. Additionally, poly (I:C; 5 pg/ml;
Invivogen) stimulation was used.

© 2022 The Authors
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Viruses, HIV-1 infection, and transmission

SF162, JRCSF, CHOS58, CHO106, NL4.3-BaL, NL4.3eGFP-Bal, and
NL4.3(AEnv) HIV-1 were generated as described previously (van
den Berg et al, 2014; Hertoghs et al, 2019). All produced viruses
were titrated using the indicator cells TZM-Bl. Purified immature
vaginal and skin LCs were infected with MOI 0.5, and ex vivo vagi-
nal and skin explants were exposed to volumes equivalent to what
has been used for 5 x 10° isolated LCs. Isolated LCs were collected
at day 3-5 of HIV-1 exposure, while the migratory fraction of ex vivo
tissue explants was collected at day 3 after HIV-1 exposure. Col-
lected cells were either fixed in 4% paraformaldehyde and the intra-
cellular p24 content was assessed by intracellular flow cytometry,
lysed for p24 ELISA, or cells were used in transmission assays. For
transmission, collected cells were washed extensively in complete
medium to remove unbound virus and co-cultured with U87 cells
stably expressing CD4 and wild-type CCRS5 co-receptor (NIH AIDS
Reagent Program, Division of AIDS, NIAID, from H.K. Deng and
D.R. Littman), for 3 days at 37°C (Bjorndal et al, 1997). After co-
culture, cells were fixed in 4% paraformaldehyde and intracellular
p24 was analyzed by flow cytometry.

Flow cytometry

After fixation, cells were permeabilized in PBS supplemented with
0.5% saponin (Sigma) and 1.0% BSA (Sigma) for 10 min. To assess
LC infection and transmission to U87 cells, cells were stained with
PE-conjugated p24 (KC57, Beckman Coulter) in combination with
APC-conjugated CDla (HI149, BD Biosciences). For some experi-
ments, NL4.3eGFP-Bal was used and HIV-1-1eGFP expression was
measured. HIV-1 acquisition was defined as % p24" CDla-positive
cells (infection of LCs) or % p24" CDla-negative cells (transmission
of LCs to U87.CD4.CCRS). For surface expression of maturation
markers, cells were stained in Tris-buffered saline supplemented
with 1.0% BSA with PE-conjugated CD80 (L307.4, BD Pharmingen),
FITC-conjugated CD86 (2331, BD Pharmingen), PE-conjugated CCR7
(3D12, BD Pharmingen), PE-conjugated langerin (DCGM4, Beckman
Coulter) or CD1a (HI149, BD Biosciences) in different combinations.
Cells were quantified by flow cytometry on FACS Canto II (BD Bio-
sciences), and results were analyzed using FlowJo software. Surface
marker expression is defined by mean fluorescent intensity (MFI).

Blocking reagents and replication inhibitors

HIV-1 replication inhibitors zidovudine (AZT; 20 pM/ml), enfuvir-
tide (T20; 10,000 ng/ml) as described before (Eggink et al, 2011),
lamivudine (3TC; 50 uM/ml), indinavir (IDV; 5 uM/ml), maraviroc,
(MAR; 30 uM/ml), and tenofovir (TFV; 50 uM/ml) were added after
O/N stimulation with vaginal bacteria and 1 h prior to HIV-1 infec-
tion. All replication inhibitors were obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH. Concentrations
were optimized for usage in both isolated LCs and ex vivo explants.
The same accounts for anti-CD4 antibody (20 pg/ml; RPA-T4; Biole-
gend) and isotype control (20 pg/ml; MOP-C21/P3; E-bioscience),
autophagy inducer rapamycin (100 and 500 nM mTOR inhibitor,
tlrl-rap, Invivogen), langerin blocking antibody 10e2 (house pro-
duced; 40 pg/ml), or langerin blocking reagent mannan (Sigma-
Aldrich; 100 pg/ml).

© 2022 The Authors
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Confocal microscopy

Isolated vaginal LCs were stimulated overnight with vaginal bacteria
and subsequently infected with SF162 (MOI 0.5) for 3 days. After
attachment onto poly-L-lysine coated slides, LCs were fixed with
4% paraformaldehyde and permeabilized with PBS supplemented
with 0.1% saponin (Sigma), 1.0% BSA (Sigma) and 1 mM Hepes
(Sigma). Next, LCs were incubated with primary antibodies (5 pg/
ml) directed against p24 (KC57, Beckman Coulter), followed by
Alexa Fluor 488-conjugated anti-mouse (715-545-150, Jackson)
incubation. Nuclei were counterstained with Hoechst (10 pg/ml;
Molecular Probes). Images were obtained by Leica TCS SP-8 X con-
focal microscope, and data analysis was carried out with Leica LAS
AF Lite (Leica Microsystems).

HIV-1 uptake assay

After overnight stimulation with medium or bacteria, LCs were incu-
bated over time with SF162 (MOI 0.5). LC samples were then treated
with Trypsin-EDTA (0.05%, Invitrogen) to remove membrane-
bound HIV-1 virions and washed extensively, and HIV-1 uptake was
analyzed by flow cytometry or ELISA. HIV-1 uptake was quantified
by determining p24-antigen levels (pg/ml) of cell lysates by means
of ELISA (ZeptoMetrix) 4 h after viral incubation. For flow cytome-
try, isolated skin LCs were fixed 5 days after viral incubation and
washed with PBS or Trypsin—-EDTA and subsequently intracellular
p24 content was assessed using flow cytometry.

Freeze-thaw assay

After overnight stimulation with vaginal microbiota, isolated LCs
were infected with SF162 (MOI 0.5). After 3-5 days of infection, LCs
were treated with Trypsin—-EDTA (0.05%, Invitrogen) to remove non-
internalized HIV-1 virions, washed, and subjected to two freeze-thaw
cycles (—80°C to RT). Next, LC lysates were added to U87-CD4-CCR5S
cells. Release of infectious HIV-1 was determined by analyzing infec-
tion levels (% p24" cells) in U87-CD4-CCRS5 cells using intracellular
p24 staining and flow cytometry (FACSCanto II, BD Biosciences).

HIV-1 fusion assay

A BlaM-Vpr-based assay was used to quantify fusion of HIV-1 to the
vaginal LC membrane as previously described. In short, bacteria-
stimulated vaginal LCs were infected with NL4.3-Bal-BlaM-Vpr for
4 h and loaded with substrate CCF2/AM (Life Technologies) in
serum-free medium for 1 h, and BLaM-reaction was allowed to
develop overnight at 22°C in complete medium supplemented with
probenecid (Sigma Pharmaceuticals). LC infection with VSV-
G-BlaM-Vpr was used as positive control. The shift from green
(520 nm) to blue (450 nm) fluorescence, reflecting the release of
BlaM-Vpr into the LC cytoplasm after fusion, was assessed using
flow cytometry (LSRFortessa, BD Biosciences).

Data analysis and statistics
FACS data analysis was carried out with FlowJo-V10. Statistical

analyses were performed using GraphPad 8.0 software. Two-tailed
Student’s t-test for unpaired observations was performed on data
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sets whit n > 2. For significance, we employed *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001.
Study approval

Human vaginal tissue was collected from women undergoing vaginal
surgery for pelvic organ prolapse in which excessive vaginal tissue
was removed of the anterior or posterior vaginal wall. Human skin tis-
sues were obtained from healthy donors undergoing corrective breast
or abdominal surgery. This study was approved by the Medical Ethics
Review Committee of the Amsterdam University Medical Center
(Amsterdam UMC), location Academic Medical Center (AMC), Ams-
terdam, the Netherlands, reference number: W15_089 # 15.0103 (skin
tissue) and reference number: W13_046 # 13.17.0060 (vaginal tissue).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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