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The role of neutrophils relative to vaginal dysbiosis is unclear. We hypothesize that

bacterial vaginosis (BV)-associated bacteria may induce the activation and accumulation

of mucosal neutrophils within the female reproductive tract (FRT), resulting in epithelial

barrier damage. We collected endocervical cytobrushes from women with and without

BV and assessed bacteria community type and frequency/functional phenotypes of

neutrophils. We performed in vitro whole blood co-cultures with BV-associated bacteria

and healthy vaginal commensals and assessed their impact on epithelial integrity using

transepithelial electrical resistance. We demonstrated increased neutrophil frequency

(p < 0.0001), activation (p < 0.0001), and prolonged lifespan (p < 0.0001) in

the cytobrushes from women with non-Lactobacillus dominant (nLD) communities.

Our in vitro co-cultures confirmed these results and identified significant barrier

damage in the presence of neutrophils and G. vaginalis. Here, we demonstrate that

BV-associated bacteria induce neutrophil activation and increase lifespan, potentially

causing accumulation in the FRT and epithelial barrier damage.

Keywords: bacterial vaginosis, neutrophils, female reproductive tract, epithelial barrier damage, vaginal microbe,

women health

INTRODUCTION

Bacterial vaginosis (BV) has been linked to an increased risk of Sexual Transmitted Infections (STIs)
and Human Immunodeficiency Virus (HIV) acquisition and forward transmission and to other
adverse outcomes such as preterm delivery and pelvic inflammatory disease (1–6). BV is the most
common cause of vaginal discharge amongst women of reproductive age and is directly related
to the make-up of the vaginal flora (7). Specifically, clinical and molecular BV are characterized
by a diverse community of anaerobes, including including Gardnerella vaginalis, Mobiluncus spp.,
Prevotella spp., Fannyhessea vaginae (formerly known as Atopobium vaginae), and others (1, 8, 9).
In contrast, Lactobacillus species (such as L. crispatus, L. jensenii and L. gasseri) dominate an
optimal vaginal microbiome (10). Vaginal communities dominated by Lactobacillus iners tend to be
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better than the polymicrobial anaerobic bacterial communities;
however, even in this context, the species of Lactobacillus
have important clinical implications, with L. iners being more
inflammatory and less protective against HIV acquisition than
other Lactobacillus spp., perhaps due to differences in hydrogen
peroxide production and differing capacity to protect against
other bacterial and viral STIs (11). BV is commonly diagnosed
clinically using Amsel’s criteria (12). In Amsel’s criteria, BV is
diagnosed when three out of four criteria are met: abnormal
discharge, pH> 4.5, clue cells present, and fish odor (12). Nugent
score is another method used to diagnose BV, which attempts to
capture the bacterial morphotypes via gram staining due to the
differentiating Lactobacillus-dominating communities compared
with small and curved Gram-variable rods (12). Nugent scoring
is widely used to define BV in large cohorts. With increasing
correlations to adverse health outcomes, there is a growing need
for improvement in BV diagnosis. Due to advances in DNA
sequencing technology, molecular methods using sequencing
and quantitative PCR are becoming more readily available, as
seen with an FDA-approved molecular diagnostic BV test (13).
These techniques have identified even a larger proportion of
asymptomatic women at risk for cervicovaginal inflammation
and increased STI risk due to the ability of molecular BV testing
to identify specific taxon (14).

BV has been found associated with the prevalence and
incidence of multiple STIs, including chlamydia, gonorrhea,
herpes, and trichomoniasis (15–19). Molecular BV is very
common amongst reproductive-age women, particularly black
women in both North America and Africa, with a prevalence
as high as 63% reported in Zambia (20, 21). Amsel’s criteria,
Nugent score, and molecular techniques, while overlapping, offer
different depths to capture better the cervicovaginal microbiota.
With increasing associations of BV and inflammation or risk of
STIs, including HIV, and the growth in molecular techniques,
there is a clear need to associate better specific taxa with these
adverse outcomes. BV is associated with a 60% increase in HIV
incidence (8, 9, 22), but the mechanisms underpinning this
association are not clearly understood.

The mucosal barrier provides protection against invading
bacterial and viral pathogens, including HIV (23), and
inflammation-induced reductions in epithelial barrier integrity
may be an important mechanism by which BV increases
susceptibility to HIV infection (23). Neutrophils are within
the first responders to pathogen and play a crucial role in
antibacterial and antifungal defense, but they can also contribute
to barrier damage and inflammation (24). Therefore, there
is a delicate balance between the anti-microbial activity of
neutrophils and potential tissue damage by releasing harmful
effector molecules such as reactive oxygen species (24).
Furthermore, more studies have highlighted the importance of
balance within neutrophil functions (24–30) and have linked
increased neutrophil proteases with inflammatory cytokines and
with barrier function and integrity (23, 31–34).

This phenomenon can impact HIV and STIs mucosal
acquisition. There have been discrepancies in whether
neutrophils increase or decrease during BV, as seen in Cauci
et al., where they did not observe an increase in neutrophil

numbers in women with BV (35). However, studies found
increases in IL-8, a potent chemotactic and activating factor
for neutrophils, in vaginal fluid from women with BV (36–38).
Even when compared with candidiasis, studies have shown
that women with BV have lower levels of neutrophils (39, 40).
These discrepancies may be attributed to the aforementioned
issues with diagnosing BV. For this reason, in our study we
utilized molecular techniques to identify specific taxa and
multiparameter flow cytometry to identify accurately neutrophil
frequency and phenotype.

In here we analyze the effects of vaginal microbiota
composition and specific BV-associated bacteria on neutrophil
lifespan and functional phenotypes. Based on previous work,
we used epithelial barrier assays to fully evaluate the effect of
neutrophils on barrier integrity in the presence of these taxa,
revealing potential mechanisms for increased HIV susceptibility
amongst women with BV (41).

MATERIALS AND METHODS

Study Procedures
Informed written consent was obtained from all participants
prior to enrolment, and the study was approved by Institutional
Review Boards at St. Michael’s Hospital (Toronto) and the
University of Toronto. The described studies were conducted
according to the principles expressed in the Declaration of
Helsinki. For analysis of endocervical neutrophil populations,
female participants were recruited from the Colposcopy Clinic
at St. Michael’s Hospital, Women’s Health Care Centre in
Toronto, Canada (CIHR #TMI-138656). Recruited participants
(n = 6) self-reported to be HIV-negative and were not
actively menstruating at the time of sample collection; women
with/without clinical findings of BV were recruited using
a convenience-based cross-sectional sampling frame. For the
blood samples for bacterial stimulations, HIV-negative study
participants (n = 6) were recruited through the University
of Washington Center for AIDS Research. Informed written
consent was obtained from all participants prior to enrolment,
and the study was approved by Institutional Review Boards at
St. Michael’s Hospital (Toronto) and the University of Toronto.
The described studies were conducted according to the principles
expressed in the Declaration of Helsinki.

Sample Collection
Two cervical cytobrushes were collected from each participant
after inserting a cytobrush into the endocervical os and rotation
through 360◦. Cytobrushes were then transferred into 1mL of
Roswell Park Memorial Institute (RPMI) in a 15mL conical tube
and vortexed for 30 seconds prior to removing and disposing
of the cytobrush. The cytobrush media was centrifuged at 1,900
RPM for 6min at 4◦C. Cytobrush supernatant was then aliquot
into two cryovials (500 µL/vial) and stored immediately at
−80◦C. Vaginal swabs were inserted into the vaginal speculum
and rotated 360◦ three times prior to collection. Swabs were then
placed back into the original container and immediately stored
at−80◦C.
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Flow Cytometry
Cytobrush cell pellets were immediately re-suspended in 500
µL PBS prior to flow cytometry staining. Whole blood
samples were stained fresh or following co-culture with various
bacteria as outlined below. Cytobrush cells were stained using
the following surface antigen mouse anti-human antibodies:
CD32 FITC (Becton Dickinson, BD), CD66b PerCP-Cy 5.5
(BD), CD64 Ax700 (BD), CD11b APC Cy7 (BD), CD3 PE
(BD), CD45 PE CF594 (BD), Caspase-3 V450 (BD), CD16
BV605 (BD), CD15 BV650 (BD), HLA-DR BV711 (BD), CD14
BV786 (BD), CD20 BUV395 (BD), CD49d BV421 (BD), CD89
APC (Biolegend), CD62L PerCP Efluor 710 (eBioscience), CD
274 (PD-1L) PE Cy7 (Biolegend), and Aqua L/D/eBio506
L/D (LifeTech). Blood from the bacteria stimulations were
stained using the following Becton Dickinson (BD), Biolegend,
eBioscience, and LifeTech surface antigen mouse anti-human
antibodies: CD32 FITC (BD), CD45 PerCP (Biolegend), CD11b
APC Cy7 (BD), CD3 PE (BD), CD45 PE CF594 (BD), CD62L
PerCP Efluor 710 (eBioscience), CD 274 (PD-1L) PE Cy7
(Biolegend), Caspase-3 V450 (BD), CD20 BV570 (Biolegend),
CD16 BV605 (BD), CD15 BV650 (BD), HLA-DR BV711 (BD),
CD14 BV786 (BD), and Aqua L/D/eBio506 L/D (LifeTech).
Both cells from cytobrushes and blood were permeabilized
using Cytofix/Cytoperm (BD) after surface staining. After
staining, samples were fixed in 1% paraformaldehyde and
collected with the following two flow cytometers: Fortessa X20
(BD) and an LSR II (BD) for the cytobrush samples and in
vitro stimulations, respectively. FlowJo version 9.7.6 was used
for analysis.

Bacterial Strains and Culture Conditions
All bacterial strains used in the study belonged to American Type
Culture Collection (ATCC) and the stated the ATCC strains.
Lactobacillus iners ATCC 55195, Lactobacillus crispatus ATCC
33197, Gardnerella vaginalis ATCC 14018 (group C), Prevotella
bivia ATCC 29303, and Fannyhessea vaginae (previously known
as Atopobium vaginae) ATCC BAA-55, were obtained from the
American Type Culture Collection (ATCC). Lactobacillus spp.
and G. vaginalis were maintained on Human Bilayer Tween
Agar (BD) plates and New York City III (NYCIII) medium
according to the manufacturer’s instructions. P. bivia and A.
vaginae were maintained on ATCC medium 260: Trypticase soy
agar/broth with defibrinated sheep blood and ATCC medium
1377: Haemophilus ducreyi medium, respectively. Agar plates
and liquid cultures were incubated at 37◦C with anaerobic gas
mixture, 80% N2, 10% CO2, and 10%H2. Frozen stocks of strains
were stored at−80◦C in 40% (v/v) glycerol.

In vitro Bacterial Stimulations
For the in vitro stimulations, 100 µL of whole blood from

healthy individuals was stimulated at a ratio of 2.5 bacteria per
leukocyte in 1mL R10 media (RPMI 1640 with 2.05mM L-
glutamate and 10% fetal bovine serum). Incubations were done
at 37◦C for 18 h. Following incubation, blood was centrifuged
and washed with 1mL PBS prior to flow cytometry analysis, as
described above.

TEER w/Neutrophil Isolation
HeLa cells (ATCC CCL-2) were cultivated and seeded
into transwell inserts (Corning). Cells were monitored
microscopically to evaluate detachment. Wells were seeded
with 50,000 HeLa cells in 300 µL of Dulbecco’s Modified Eagle’s
Medium (DMEM, ATCC 30-2002) and 10% fetal bovine serum.
The wells were filled with 1mL of the samemedium and placed at
37◦C until stable TEER values (40–60�.cm2), and a monolayer
was formed.

Triplicate technical replicates were taken for each well. Nine
biological replicates were assessed per condition. Cutoff values
were <400�. Resistance was measured using an EVOM2
Epithelial Voltohmeter (World Precision Instruments).
Neutrophils were isolated from whole blood using the
MACSxpress Whole Blood Neutrophil Isolation Kit (Miltenyi
Biotec) and Red Blood Cell Lysis solution. Neutrophil purity
was validated after staining an aliquot of sample fraction with
anti-CD15 and assessed via flow cytometry. Neutrophils were
then counted and 2 × 105 were added to the wells. Bacteria were
added at a 2:1 ratio with neutrophils and the wells were placed at
37◦C. TEER readings were done at 0, 4, 18, and 24 h.

Lucifer Yellow Transport Assay
Transport studies were performed on HeLa cell monolayers
with 100µg/mL lucifer yellow (Thermo Fisher) (LY). LY is a
marker used to determine the apparent paracellular permeability.
As LY is a small, hydrophilic molecule, it can easily diffuse
through passive paracellular diffusion. In this case, we use LY
has a confirmation of tight junction formation in a monolayer,
a vital control for transwell assays. An experiment without a
sample added to the apical side was performed as a negative
control. Fresh DMEM media was added to both sides of the
transwell. After a 15-min rest period, 0.5mL DMEM media
containing LY was added to the apical chamber, while 1.5mL
of DMEM media without LY was added to the basolateral side.
After incubation for 1 h, transport rates were determined by
measuring fluorescence from LY on the basolateral side. The
LY was determined fluorometrically at 430 nm excitation and
540 nm emission using a SpectraMax Gemini XS (Molecular
Devices). HeLa cell tight junction formation was confirmed using
LY fluorometric data. HeLa cells had an average permeability of
0.010 ± 0.001 nmol/min/cm2 while media alone had an average
permeability of 0.062± 0.011 nmol/min/cm2.

Analysis of 16s rRNA Gene Sequencing
Data
Vaginal swabs were added to 200 µL of the Qiagen’s DNeasy
Blood and Tissue kit lysis buffer (ATL). Samples were heated
at 65◦C for 10min before lysozyme solution was added to a
final concentration of 10 mg/ml. A 1-h incubation at 37◦C then
occurred, followed by adding 5% SDS to a final concentration
of 1% w/v. 10-min incubation at 56◦C was then done. Twenty-
five microliter of Proteinase and 200 µL of Buffer AL from
the Qiagen’s DNeasy Blood and Tissue kit was then added,
and incubation of 30min at 56◦C took place. The swabs were
removed, and 200 µL of EtOH was added to the solution. The
rest of the DNA extraction was performed according to Qiagen’s
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DNeasy Blood and Tissue Kit protocol. The Earth Microbiome
Protocol for 16S Illumina sequencing with primers discussed
in Caporaso et al. (42) was used to amplify the V4 region of
the 16S SSU rRNA. Amplicon concentrations were normalized,
pooled, and cleaned, followed by a KAPA quantification. A 2 ×

150 bp Illumina MiSeq run was used to sequence the pooled
library. 16S sequencing reads were processed using QIIME2
version 2018.2; taxonomic determination in QIIME2 utilized the
Silva 119 classifier. Taxonomic plots were created in part within
Rstudio utilizing the phyloseq package (43).

Statistical Analysis
GraphPad Prism statistical software (version 6; GraphPad
Software, San Diego, CA) was used for all statistical analyses.
Differences in active Caspase-3, neutrophil frequencies, and
CD62L between Lactobacillus dominant and non-Lactobacillus
dominant communities from the cervicovaginal cytobrushes
were determined by Mann-Whitney U-test. A one-way ANOVA
was used to assess differences between groups stimulated with
different bacteria and controls followed by a Tukey’s multiple
comparisons. A one-way ANOVA was also used to assess
differences between groups stimulated with different bacteria and
neutrophils for the TEER assays followed by a Tukey’s multiple
comparisons. Relative abundance plots focused on the top 21
most abundant genera.

RESULTS

Microbial Composition of BV Positive and
BV Negative Women
Nugent score is effective in diagnosing BV by assessing bacterial
morphology using gram staining through the absence of
Lactobacillus-dominant rods. However, with some BV-associated
bacteria resulting in gram-variable staining, it is difficult
to identify specific non-Lactobacillus taxon (12). Similarly,
the scoring system allows for intermediate diagnosing where
combinatory morphology types exist. 16S sequencing allows
for the complete characterization of the microbiota using deep
sequencing of the 16s rRNA gene and, in doing so, allows the
measurements of relative abundance of bacterial taxa.

We analyzed vaginal swabs from 22 women using 16S
ribosomal RNA (rRNA) sequencing. This analysis identified 229
different bacterial genera. Ten women were diagnosed as BV
negative, with a Nugent score under seven, and 11 women
were diagnosed as BV positive based on a Nugent score above
seven. One woman’s diagnosis was inconclusive by Nugent
scoring. All these women were healthy, HIV negative individuals.
Two major bacterial community groups were identified: one
in which Lactobacillus represented >50% of the total bacterial
composition (Lactobacillus dominant, LD, n = 10 women), and
the other dominated by non-Lactobacillusmicrobiota (nLD, n =

12 women) (Figure 1).

Effect of Vaginal Dysbiosis on Neutrophil
Lifespan and Accumulation
To identify the effects of vaginal microbial communities
on neutrophil frequencies and lifespan, we further analyzed

cervicovaginal cytobrushes using a multicolor flow cytometry-
based approach to assess the frequency of neutrophils as a
percentage of live CD45+ leukocytes. In our nLD samples, we
observed a significantly higher frequency (p < 0.0001) of total
neutrophils amongst live CD45+ cells compared to our LD
samples (Figure 2A). To assess increased neutrophil lifespan
as a potential mechanism for this accumulation, we evaluated
levels of active Caspase-3 and levels of CD16 in neutrophils
to determine the frequency of surviving, functional neutrophils
(CD16high, Active Caspase-3Low). In our nLD samples, we
observed a significant increase in the number of neutrophils
that had downregulated both CD16 and Caspase 3 (p < 0.0001)
compared to LD samples (Figure 2B), indicating that they
were not in apoptosis but would survive, likely the mechanism
underlying accumulation in the FGT. To further identify the
effects of vaginal dysbiosis on neutrophils, leukocytes from
cervicovaginal cytobrushes were analyzed using a multicolor
flow cytometry staining panel designed to assess specifically
neutrophil phenotype. We identified neutrophils previously
reported as having suppressive function (44) by assessing the
frequency of CD62LlowCD16High neutrophils. In our non-
Lactobacillus (nLD) samples, we observed a significant increase
(p < 0.0001) in these potentially suppressive neutrophils
compared to samples from women with a Lactobacillus
dominant (LD) community (Figure 2C). As such, we also
observed significantly more (p = 0.0002) CD62LhighCD16high
neutrophils, representing a less activated neutrophil population,
in the LD samples when compared to the nLD samples
(Figure 2D).

Bacteria Associated With Vaginal
Dysbiosis Impact Neutrophil Lifespan and
Accumulation
Given the important interactions between bacteria and
neutrophils, we hypothesized that the mechanism underlying
increased neutrophil lifespan and accumulation was mediated
by the dysbiotic bacteria. To test this, we cultured whole blood
from healthy individuals (n = 6) with bacteria associated with
BV and non-BV vaginal microbiomes and assessed neutrophils
via flow cytometry after co-culture. G. vaginalis, P. bivia, and
A. vaginae were used to represent bacteria associated with BV,
and L. iners and L. crispatus represented non-dysbiotic bacteria.
Lipopolysaccharide (LPS) and peptidoglycan (PGN) were used as
positive controls for gram-negative and gram-positive bacteria,
respectively. We observed a higher frequency of neutrophils
(percentage of live CD45+ leukocytes) in co-cultures with G.
vaginalis, P. bivia, and A. vaginae compared to samples cultured
with L. crispatus (p < 0.0001, p < 0.0001, and p = 0.0018,
respectively) and L. iners (p < 0.0001, p = 0.0015, and p =

0.0457, respectively) (Figure 3A). Neutrophil frequencies in
the samples cultured with G. vaginalis, P. bivia, and A. vaginae
were similar to the LPS (p = 0.9616, p = 0.9987, and p =

0.5930, respectively) and PGN positive controls (p > 0.9999, p=
0.7947, p = 0.1344, respectively), and neutrophils frequencies in
samples with L. iners and L. crispatus were similar to the negative
control (p > 0.9999, p = 0.9824, respectively). We observed no
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FIGURE 1 | Microbial composition from vaginal swabs. Relative abundance of bacteria from vaginal swabs from women with and without diagnosed BV. Nugent

score intermediate was not take in consideration. The 21 most abundant genera are shown. Atopobium genera have now been changed to Fannyhessea. Name was

left as Atopobium in the figure to keep consistent with 16S database used for taxonomic assignment.

significant difference between samples co-cultured with L. iners
and L. crispatus (p= 0.9321).

Additionally, we assessed the impact of these specific bacteria
on neutrophil lifespan by measuring non-apoptotic, functional
neutrophils (active Caspase-3 low, CD16 low, Figure 3B).
Consistent with our observations in vivo, we observed a higher
percentage of non-apoptotic neutrophils in samples co-cultured
with G. vaginalis, P. bivia, and A. vaginae compared to samples
cultured with L. crispatus (p = 0.0021, p = 0.0126, and p =

0.0452, respectively) and L. iners (p = 0.0010, p = 0.0067,
and p = 0.0255, respectively). The neutrophils from samples
with G. vaginalis, P. bivia, and A. vaginae were similar to the
positive controls LPS (p > 0.9999, p = 0.9995, and p = 0.9709,
respectively) and PGN positive controls (p > 0.9999, p= 0.9999,
p= 0.9844, respectively), while neutrophils from samples with L.
crispatus and L. iners were comparable to the negative control (p
> 0.9999, p > 0.9999, respectively). Additionally, there was no
significant difference between samples cultured with L. crispatus
and L. iners (p > 0.9999). Thus, supporting our observations in
vivo, these data demonstrate that dysbiotic bacteria can directly
promote neutrophil survival and may underlie the accumulation
of neutrophils.

We also assessed the functional phenotypes of neutrophils.
In the samples co-cultured with G. vaginalis, P. bivia, and A.
vaginae, the frequency of CD62LlowCD16high neutrophils
was similar to those observed for the positive controls LPS
(p > 0.9999, p = 0.5031, and p = 0.1944, respectively) and
PGN (p = 0.8926, p > 0.9999, and p = 0.9826, respectively).

We did, however, identify an increase in CD62LlowCD16
high neutrophils when compared to neutrophils in samples
co-cultured with L. crispatus (p < 0.0001, p < 0.0001,
and p = 0.0004, respectively) and L. iners (p < 0.0001,
p = 0.0059, and p = 0.0293, respectively) indicating
neutrophils in the presence of BV associated bacteria are
more prone to suppressive functionality (Figure 3C). The
L. crispatus and L. iners were similar to negative controls
(p > 0.9999 and p = 0.8099, respectively), and we observed
no significant difference between L. crispatus and L. iners
(p= 0.7876).

We also observed more CD62LhighCD16high, non-activated
neutrophils in our samples co-cultured with L. crispatus and
L. iners compared to samples co-cultured with G. vaginalis
(p < 0.0001 and p < 0.0001, respectively), P. bivia (p <

0.0001 and p < 0.0001, respectively), and A. vaginae (p <

0.0001 and p < 0.0001, respectively) (Figure 3D). Similarly,
neutrophils from co-cultures with G. vaginalis, P. bivia, and
A. vaginae were similar to the positive controls LPS (p =

0.8281, p = 0.8182, and p = 0.6745, respectively) and PGN
(p = 0.8934, p = 0.7356, and p = 0.5782, respectively) while
L.crispatus and L. iners samples resembled the negative controls
(p = 0.9942 and p > 0.9999, respectively). We observed no
difference in the non-activated neutrophils in samples co-
cultured with L. crispatus and L. iners (p = 0.9996). Collectively,
these data demonstrate that dysbiotic bacteria can directly
induce the same phenotype of neutrophils observed in women
with BV.
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FIGURE 2 | Effects of vaginal bacteria from cervico-vaginal cytobrushes on neutrophil frequency and phenotype. Neutrophils frequency in cervico-vaginal cytobrushes

obtained from 22 women divided in two groups according to the vaginal bacterial composition: Lactobacillus dominant (LD, n = 10 women) and non-Lactobacillus

dominant (nLD, n = 12 women) (A) Higher frequency of total neutrophils in nLD compared to LD as a percentage of total CD45+ leukocytes in vaginal cytobrushes

measured by flow cytometry (p < 0.0001). (B) Higher frequency of active Caspase-3low neutrophils in nLD compared to LD as a percentage of total neutrophils in

vaginal cytobrushes measured by flow cytometry (p < 0.0001). (C) CD16high, CD62Llow neutrophils in nLD compared to LD as a percentage of total neutrophils in

vaginal cytobrushes measured by flow cytometry (p < 0.0001). (D) Lower frequency of CD16high, CD62Lhigh neutrophils in nLD compared to LD as a percentage of

total neutrophils in vaginal cytobrushes measured by flow cytometry (p = 0.0002). In (A–C) “****” represents p-values < 0.0001, in (D) “***” represents p-value =

0.0002. Statistical differences in neutrophil frequencies between nLD and LD samples were determined by Mann-Whitney test with a p-value < 0.05 considered

significant. Lines represent mean and SD.

Bacteria Associated With Vaginal Dysbiosis
Impact Epithelial Barrier Integrity
To determine if activated neutrophils with reduced homeostatic
apoptosis can damage epithelial barrier integrity, we isolated
neutrophils from whole blood from healthy individuals. We
co-cultured them with BV-associated bacteria and non-BV-
associated bacteria, as described above. Transepithelial electrical
resistance (TEER) is a widely used method to functionally
analyze tight junctions within the physiological barriers of cell
culture models andmeasures electrical resistance across a cellular
monolayer. Combined with Lucifer Yellow transport assay,
tight junction formation was verified and allowed us to assess
barrier function in the presence of these neutrophil/bacteria co-
cultures. Following incubation, we saw a significant decrease
in fold change in wells containing the BV associated bacteria:
G. vaginalis, P. bivia, and A. vaginae when compared with

wells just containing L. iners (p < 0.0001, p < 0.0001, and
p = 0.0026, respectively) and L. crispatus (p = 0.0001, p =

0.0001, and p = 0.0104, respectively) (Figure 4A). Differences in
changes in TEER values were negligible between wells containing
neutrophils only and wells with just L. crispatus or L. iners
(p = 0.2773 and p = 0.5439, respectively) (Figure 4A). We
saw no statistically significant difference when comparing the
different Lactobacillus species (p = 0.9993). We observed a

significant decrease in fold change in TEER value in wells

containing neutrophils and G. vaginalis, P. bivia, and A. vaginae
compared to co-cultures containing neutrophils and L. iners (p
< 0.0001, p < 0.0001, and p < 0.0001, respectively) and L.

crispatus (p < 0.0001, p < 0.0001, and p < 0.0001 respectively)

(Figure 4B). We observed no significant difference between

wells containing neutrophils and two different Lactobacillus
species (p= 0.9904).
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FIGURE 3 | Effects of vaginal bacteria on neutrophil frequency and phenotype. (A) Neutrophils as a percentage of total CD45+ leukocytes measured by flow

cytometry. Higher frequency of neutrophils in co-cultures with G. vaginalis, P. bivia, and A. vaginae compared to samples cultured with L. crispatus (respectively p <

0.0001, represented as **** in the figure; p < 0.0001, represented as **** in the figure; and p = 0.0018, represented as ** in the figure). No significant difference

between samples co-cultured with L. iners and L. crispatus (p = 0.9321 represented as ns in the figure). (B) Active Caspase-3low as a percentage of total neutrophils

measured by flow cytometry. Higher percentage of non-apoptotic neutrophils in samples co-cultured with G. vaginalis compared to samples cultured with L. crispatus

(p = 0.0021, represented as ** in the figure), P. bivia compared to samples cultured with L. crispatus (p = 0.0126, represented as * in the figure) and A. vaginae

compared to samples cultured with L. crispatus (p = 0.0452, represented as * in the figure). No significant difference between samples cultured with L. crispatus and

L. iners (p > 0.9999, represented as ns in the figure) (C) CD16high, CD62Llow neutrophils as a percentage of total neutrophils measured by flow cytometry. Increase

in CD16highCD62Llow neutrophils in samples co-cultured with G.vaginalis compared to samples cultured with L. crispatus (p < 0.0001, represented as **** in figure),

in samples co-cultured with P. bivia compared to samples cultured with L. crispatus (p < 0.0001 represented as **** in figure) and in samples co-cultured with A.

vaginae compared to samples cultured with L. crispatus (p = 0.0004, represented as *** in figure). No significant difference between the co-cultures with L. crispatus

and L. iners (p = 0.7876 represented as ns in the figure). (D) CD16high, CD62Lhigh neutrophils as a percentage of total neutrophils measured by flow cytometry.

Higher frequency of this neutrophils subset in samples co-cultured with L. crispatus compared to samples co-cultured with G. vaginalis (p < 0.0001), in L. crispatus

compared to samples co-cultured with P. bivia (p < 0.0001) and in samples co-cultured with L. crispatus compared to samples co-cultured with A. vaginae (p <

0.0001). All p-values < 0.0001 in (D) are represented as ****. No significant difference between the co-cultures with L. crispatus and L. iners (p = 0.9996 represented

as ns in the figure). Each symbol represents a biological replicate. Statistical differences in neutrophil frequencies between experimental conditions were determined by

ANOVA with a p-value < 0.05 considered significant. Lines represent mean and SD.

DISCUSSION

This study provides a detailed characterization of the impact

of the vaginal microbiome on neutrophils in the female

reproductive tract and the potential role of neutrophils in

barrier damage. Using ex-vivo cytobrushes and vaginal swabs,
we confirmed that neutrophil phenotype is altered in women

with dysbiosis and the mechanisms by which this occurs. We
found that increased neutrophil frequency is associated with

decreased apoptosis and altered functionality. Furthermore, we
identified via co-culture systems that the mechanism underlying
the alterations in neutrophils is microbial dysbiosis, as we show
that dysbiotic bacteria can directly induce equivalent alterations
in neutrophils.

Neutrophils are important for pathogen protection, however
recent studies have summarized the importance of balance within
neutrophil function (24–30). For example, studies have linked
increased neutrophil proteases with inflammatory cytokines and
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FIGURE 4 | Effects of vaginal bacteria and neutrophils on HeLa cells using a TEER breakdown assay. (A) Fold change from baseline of TEER breakdown assay in the

presence of neutrophils or vaginal bacteria. No significant differences in TEER values in wells containing neutrophils and wells containing L. crispatus (p = 0.2773,

represented as ns in figure) nor in wells containing L. iners and L. crispatus (p = 0. 9993, represented as ns in figure). Significant decrease in fold change in wells

containing the BV associated bacteria: G. vaginalis, P. bivia, and A. vaginae when compared to wells containing L. crispatus (p = 0.0001, p = 0.0001, and p =

0.0104, respectively, represented as ****, ***, and * in figure). (B) Fold change from baseline of TEER breakdown assay in the presence of neutrophils and vaginal

bacteria. No significant difference between wells containing neutrophils and two different Lactobacillus species (p = 0.9904, represented as ns in figure). Significant

decrease in fold change in TEER value in wells containing neutrophils and G. vaginalis or P. bivia or A. vaginae compared to co-cultures containing neutrophils and L.

crispatus (p < 0.0001, p < 0.0001, and p < 0.0001, all represented in figure as ****). Statistical differences in TEER values between experimental conditions were

determined by ANOVA with a p-value < 0.05 considered significant. Lines represent mean and SD.

with barrier function and integrity (23, 31–34). Furthermore,
studies have even identified specific immune signatures from
vaginal epithelial cells elicited from specific BV-associated
bacteria species, including Prevotella bivia and Atopobium
vaginae (45–47). Our data allude to specific host responses
to pathogenic bacteria, such as neutrophil accumulation, as
a mechanism for increased HIV susceptibility during BV.
This study expands on previous work identifying CD16
downregulation consistent with prolonged neutrophil survival
and activity within the vagina of women with vaginitis (48).
When uncontrolled, neutrophils may cause tissue damage
through the release of reactive oxygen species and neutrophil
proteases, both of which may damage the mucosal barrier and
contribute to increased susceptibility to HIV and other STIs.

Our study also highlights the impact that vaginal dysbiosis can
have on neutrophil lifespan and accumulation. Maintaining the
sensitive balance of neutrophils requires controlled neutrophil
clearance. Typically, neutrophils have a relatively short half-
life ranging from 8 h to 5 days (49). To prevent unintended
tissue damage, neutrophils undergo apoptosis to control their
accumulation (50). Caspase-3 mediates the final steps of
apoptosis (50), and the decreased frequency of neutrophils
expressing active caspase-3 in the tissue in women with nLD
vaginal microbiota highlights the impact vaginal dysbiosis can
have on neutrophil lifespan. Additionally, we observed increases

in total neutrophils in in vitro cultures with G. vaginalis and in
cell population isolated in cytobrushes collected from women
with vaginal dysbiosis. Therefore, these data and the supporting
in vitro evidences demonstrate that pathogenic bacteria are one of
the mechanism underlying neutrophil accumulation in the FGT.

Recent evidence has shown that neutrophils can act as
myeloid-derived suppressor cells (MDSCs) with the ability to
suppress the adaptive immune response (51). These suppressive
neutrophils are associated with T cell exhaustion (52) and
may contribute to diseases such as HIV infection, and may
be important in promoting the latent HIV-1 reservoir (53,
54). MDSCs have shown decreased T cell function (55) and
that MDSC expansion contributes to immune suppression
through cytokine and cellular responses (56). Here, we
confirmed that nLD communities are associated with an increase
frequency of neutrophils with a suppressive phenotype using
primary cervicovaginal cytobrushes. Our in vitro experiments
demonstrated that specific taxa, such as G. vaginalis, P. bivia, and
A. vaginae, could also drive this phenotype, and our 16S analysis
and in vitro experiments indicated that healthy commensal
Lactobacillus spp. are less likely to induce a suppressive
phenotype. Of note, we did not evaluate the effect of heat killed
bacteria, but we suspect that these experiments would behave
similar to that of our positive controls (LPS/PGN). Together,
these data provide evidence that BV-associated bacteria may be
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contributing to an altered neutrophil response that may weaken
the local immune system, further contributing to increased
susceptibility to infection.

Of note, the similar neutrophil phenotypes observed in
response to culture with L. iners and L. crispatuswere particularly
interesting given that L. iners has been previously demonstrated
to be more inflammatory (11), and mechanisms which underlie
the differences in vivo that we did not observe here with
neutrophils should be investigated. Maintaining the balance
between anti-microbial function while preventing uncontrolled
inflammation is critical, particularly in the context of HIV
transmission in women with BV. These data allude to the
activation of neutrophils and the favoring of a suppressive
phenotype as a potential mechanism for how BV-associated
bacteria increase HIV and STI transmissions through the
role of neutrophils within the FRT. Further studies are
needed to elucidate the exact mechanisms by which these
BV associated bacteria delay apoptosis and induce phenotypic
changes in neutrophils.

Importantly, this study is the first to directly demonstrate
the ability of specific vaginal bacteria to reduce epithelial barrier
integrity through neutrophils. Epithelial cells form dense layers
with tight cell to cell junctions when cultured in-vitro (57). Using
our TEER system, we identified decreased barrier function in the
presence of neutrophils and G. vaginalis, P. bivia, and A. vaginae.
Typically, pathogens invade and traverse the mucosal epithelium
resulting in damaging intercellular junctions. The decrease
observed in wells with these BV associated bacteria provides
evidence for specific pathogenic vaginal bacteria contributing to
the invasion of the mucosal epithelium. While the combination
of neutrophils and BV associated bacteria induce the most
significant damage to the barrier (Figure 4B), it is noteworthy
that the presence of BV bacteria alone does induce mild changes
in TEER values (Figure 4A). Due to this, we cannot estimate
the contribution of bacteria themselves and neutrophils in
inducing the additional damage observed when co-cultured
together vs. when cultured individually. Future studies to dissect
the cause of the increased damage could include measuring
neutrophil protease activity in the presence and absence of
BV associated bacteria and whether these neutrophil proteases
alone could induce TEER changes. A previous study from
our lab similarly identified G. vaginalis’ impact on wounds
healing and how toxins produced from G. vaginalis significantly
reduce wound healing after 24 h (58). Our study complements
the observation that neutrophil proteases cause damage (23),
and these data, taken together, show that BV increases HIV
and STI susceptibility through promoting damage to the tight
epithelial barrier.

Lastly, our study provides additional evidence for the need
to improve diagnostic tools for BV. Among our 22 samples,
we identified four women diagnosed with BV by Nugent
score yet had Lactobacillus dominant communities by 16S
sequencing. Similarly, we identified four women that were not
diagnosed with BV by Nugent score but had highly diverse, non-
Lactobacillus dominant communities that represent molecular
BV and contribute to increased STI and HIV infections. Further
studies are needed to elucidate the observed difference between

current BV diagnosis methods and 16S rRNA sequencing and
how these differ in resulting BV symptoms, inflammation, and
HIV/STI risk (59).

Limitations of this study include the use of ex vivo samples
from women that were not screened for STIs. STIs are known
to cause increased inflammation (60) and could contribute to
alterations in neutrophil phenotypes. Furthermore, the clinical
study only gathered Nugent positive or negative information
and did not differentiate between BV-intermediate (Nugent
score 4–6) and BV-positive (Nugent score 7–10); The reason
we used Nugent score was exclusively to collect swabs from
women with or without BV without identifying women in state
of transition, according to the clinical protocol, and then we
utilized our 16S rRNA sequencing to better characterize the
vaginal microbiome to define molecular BV. We acknowledge
that the Nugent score has different function, including the one to
identify women in state of transition (Nugent score intermediate)
that we cannot account for in this study but that should be
taken in consideration in the future. However, previous studies
have demonstrated that molecular BV defined using molecular
sequencing is a better indication of BV status than Nugent score
via clinical observation (i.e., “Nugent-BV”) (12, 61). Additionally,
we focused on representative bacteria in our in vitro experiments,
and further studies investigating the effect of other bacteria
associated with BV or clinically derived bacterial stocks, and
potentially mixed microbial populations, on neutrophils and
barrier damage would further increase our understanding of
how the complex vaginal microbiome and neutrophils together
contribute to mucosal barrier damage and transmission risk.
Future studies may also include cytokine/chemokine responses
or transcriptome in the vaginal cells or fluid to tie together
functional signaling responses with the neutrophils. Finally,
understanding the importance of direct neutrophil response
to bacteria vs. the response of neutrophils in the milieu of
other leukocytes would further confirm these results as these
experiments were conducted in whole blood. These additional
studies would further elucidate the mechanisms by which BV
alters female health.

Overall, this study provides an increased understanding
of relationships between neutrophils, vaginal dysbiosis, and
the mucosal barrier and elucidates potential mechanisms of
increased HIV and STI susceptibility in women with BV.
Women’s health is vastly understudied and understanding the
role of BV in HIV and STI acquisition is critical.
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