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infection by vaginal microbes.

Introduction
Adverse pregnancy outcomes, including premature birth and still-
birth, are the leading causes of neonatal morbidity and mortality
(1, 2). Fifteen million babies are born prematurely each year (3),
and it is estimated that one and a half million pregnancies result
in stillbirth (4). A frequent cause of preterm birth and stillbirth is
intrauterine infection, which occurs when bacteria ascend from
the vagina into the uterus (5, 6) and invade the amniotic cavity,
leading to inflammation, tissue damage, and adverse pregnan-
cy outcomes (7). One such bacterium associated with ascending
infection and adverse pregnancy outcomes is group B streptococ-
cus (GBS), or Streptococcus agalactiae (8). The principal risk factor
for GBS-associated adverse pregnancy outcomes is vaginal col-
onization (9, 10), and 11%-22% of healthy women are colonized
with GBS during pregnancy (11). It is estimated that 3.5 million
preterm births are attributable to GBS (8). Despite the substantial
impact on pregnancy outcomes, the mechanisms by which bacte-
ria ascend from the vagina to the uterus remain unknown.

A fundamental question that has yet to be answered is why
some women experience ascending microbial infections during
pregnancy, while others do not. Although the answer to this ques-
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Thirteen percent of pregnancies result in preterm birth or stillbirth, accounting for fifteen million preterm births and three
and a half million deaths annually. A significant cause of these adverse pregnancy outcomes is in utero infection by vaginal
microorganisms. To establish an in utero infection, vaginal microbes enter the uterus by ascending infection; however, the
mechanisms by which this occurs are unknown. Using both in vitro and murine models of vaginal colonization and ascending
infection, we demonstrate how a vaginal microbe, group B streptococcus (GBS), which is frequently associated with adverse
pregnancy outcomes, uses vaginal exfoliation for ascending infection. GBS induces vaginal epithelial exfoliation by activation
of integrin and B-catenin signaling. However, exfoliation did not diminish GBS vaginal colonization as reported for other
vaginal microbes. Rather, vaginal exfoliation increased bacterial dissemination and ascending GBS infection, and abrogation
of exfoliation reduced ascending infection and improved pregnancy outcomes. Thus, for some vaginal bacteria, exfoliation
promotes ascending infection rather than preventing colonization. Our study provides insight into mechanisms of ascending

tion is complex, it must be the case that there is a breakdown in
host defenses that prevent ascending infection. Epithelial cells are
the primary defense against many invading pathogens. Epithelial
defense is multifaceted and includes the physical barrier created
by the epithelium, the ability of epithelial cells to recognize and
respond to pathogenic insult, and communication of epithelial
cells with cellular defense mechanisms upon pathogen recognition
(12). A key mechanism used by epithelial layers to defend against
pathogens is exfoliation (also known as shedding or sloughing) of
infected epithelial cells (13, 14). Upon pathogenic challenge, epi-
thelial cells lose their tight junctions and adhesive properties and
detach from their basement membrane, thus preventing further
pathogen colonization and dissemination (15). For example, vag-
inal epithelial cell exfoliation prevents colonization by Neisseria
gonorrheae deficient for the opacity-associated protein (Opa), but
Opa* strains prevent exfoliation and thus colonize more efficient-
ly (13). Similarly, E. coli strains that induce high levels of bladder
epithelial exfoliation through increased a-hemolysin expression
have lower bacterial loads in models of urinary tract infection (16).
Given that vaginal GBS colonization increases the risk of ascend-
ing infection and adverse pregnancy outcomes, we hypothesized
that vaginal epithelial exfoliation may regulate GBS colonization.
Here, we describe a mechanism by which GBS utilizes epi-
thelial exfoliation to establish an invasive perinatal infection. We
show that GBS stimulates vaginal epithelial exfoliation by activat-
ing integrin and B-catenin signaling, leading to the loss of barri-
er function and epithelial-to-mesenchymal transition (EMT) in
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Figure 1. GBS stimulates exfoliation and disrupts vaginal epithelial cell barrier function in vitro. (A) hVECs were infected with WT GBS for 0, 16, or 24
hours and stained with 10% crystal violet for 30 minutes. Loosely adherent cells were removed by centrifugation, and crystal violet staining intensity was
measured. Data were normalized to mock-infected controls (n = 3; **P < 0.005 and P = 0.08, by ANOVA followed by Sidak’s multiple comparisons test;
data represent the mean + SEM). (B) hVECs were infected with WT GBS for 24 hours and analyzed by scanning electron microscopy. Images show hVEC
detachment 24 hours after infection with control PBS (mock) or WT GBS. Scale bars: 10 um. (C) The barrier function of hVEC monolayers was monitored in
real time using ECIS. Infection with WT GBS led to a disruption in barrier function as determined by the decrease in resistance of the infected monolayers
compared with the uninfected control (n = 3; data represent the mean). (D) hVECs grown on Transwells were infected with WT GBS for 24 hours or treated
with 0.1% Triton X-100, which was used as a positive control. After 24 hours, fluorescein dye was added to the apical compartment of the Transwell, and
migration of the dye to the basal compartment was measured after 1 hour (n = 3; ****P < 0.00005, by ANOVA followed by Sidak's multiple comparisons
test; data represent the mean + SEM). (E) hVECs grown on Transwells were either mock infected or infected with WT GBS for 24 hours. At 0, 16, and 24
hours after infection, the basal compartment of each well was sampled and stained with SYTO9 nucleic acid to enumerate bacteria (n = 3; **P < 0.005, by
ANOVA followed by Sidak’s multiple comparisons test; data represent the mean + SEM). RFU, relative fluorescence units.

vaginal epithelial cells. Although epithelial exfoliation is thought
to prevent pathogen colonization of the vaginal tract (12, 17), we
found that GBS-induced epithelial exfoliation had no impact on
vaginal colonization, but rather permitted bacterial dissemina-
tion and ascending infection. Our study shows that preventing
GBS-induced exfoliation by blocking upstream integrin signaling
decreases ascending infection and improves pregnancy outcomes.
This work represents a shift in the current paradigm that vaginal
epithelial exfoliation prevents colonization of the vaginal tract.

Results

Epithelial exfoliation is a complex process that is characterized by
aloss of barrier function and cellular detachment (18). We hypoth-
esized that GBS may trigger the loss of barrier function and cellu-
lar detachment of vaginal epithelial cells, leading to exfoliation.
To test this hypothesis, we infected immortalized human vaginal
epithelial cells (hVECs) with the GBS WT strain COH1 (19). Inter-
estingly, we observed a significant amount of cellular detachment
(Figure 1A) and differences in cell shape and structure (Figure
1B) in response to GBS infection. To determine whether cellular
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detachment was due to a loss of barrier function, we used electric
cell-substrate impedance sensing (ECIS) (20) to measure transepi-
thelial resistance. Indeed, we observed a loss of barrier function in
WT GBS-infected hVECs (Figure 1C). Additionally, GBS induced
a significant increase in transepithelial permeability as measured
by fluorescein migration across GBS-infected hVEC monolayers
on Transwells (Figure 1D). These data indicate that GBS indeed
stimulates vaginal epithelial cell exfoliation; however, we wanted
to explore the physiological consequences of GBS-induced exfo-
liation. To this end, we measured the ability of GBS to migrate
across hVEC monolayers in the Transwell assay. A significant
amount of GBS crossed the epithelial barrier at time points associ-
ated with epithelial exfoliation (Figure 1E). Taken together, these
findings suggest that GBS induces vaginal epithelial exfoliation,
allowing for increased GBS migration across the vaginal epithelia.

To corroborate these findings in vivo, female mice were
vaginally inoculated with WT GBS or saline, and scanning elec-
tron microscopy was used to observe epithelial exfoliation as
described previously (13, 17). Interestingly, we observed exfolia-
tion in response to GBS inoculation, but not in response to con-
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Figure 2. GBS stimulates exfoliation and disrupts vaginal epithelial cell barrier function in vivo. (A) Female WT C57BL6/) mice were vaginally inoculated with
approximately 108 CFU of either WT GBS or an equal volume of control PBS (n = 3/group). Vaginal tissues were analyzed by scanning electron microscopy, and
bacterial burden was assessed in vaginal and uterine tissues. Images show significant vaginal epithelial exfoliation 72 and 96 hours after inoculation with WT
GBS and not with control saline. Scale bars: 100 um. (B) Exfoliated vaginal epithelial cells 24, 48, 72, and 96 hours after inoculation were quantified in a blinded
fashion (n = 3 images/2 tissues/group; **P < 0.005 and ****P < 0.00005, by ANOVA followed by Sidak’s multiple comparisons test; data represent the mean +
SEM). (C) High-magnification images of the vaginal epithelium show that GBS was associated with exfoliated epithelial cells. Scale bars: 10 um; Original magni-
fication, x1900 (enlarged inset). Images are from 1 of at least 3 experiments. (D) Nanoparticle penetration into mouse vaginal epithelia in control saline- or WT
GBS-treated animals 24 and 96 hours after vaginal inoculation, respectively. Nuclei were stained with DAPI and are shown in blue, PEGylated nanoparticles (120
nm diameter) are shown in white, and red arrows indicate intraepithelial nanoparticles. Images are from 1 of at least 2 experiments. Scale bars: 100 um. Quan-
titative measurements were calculated using the equation: ([mean area of intraepithelial nanoparticle coverage] /[mean epithelial area]) x 10,000 + SD. (E) GBS
penetration into mouse vaginal epithelia in control saline- or WT GBS-treated animals 24 and 96 hours after vaginal inoculation. Nuclei were stained with DAPI
and are shown in blue, GBS are shown in white, and yellow arrows indicate intraepithelial GBS. Images are from 1of at least 4 experiments. Scale bars: 10 um.

trol saline (Figure 2A). Blinded quantification and scoring of these ~ increase in epithelial exfoliation observed in saline controls 48 to
images revealed significantly higher levels of vaginal exfoliation ~ 72hours after inoculation (Figure 2, A and B) is consistent with the
in GBS-treated animals compared with levels in saline-treated  natural estrus cycle (21). Exfoliated cells appeared to be associ-
controls 72 and 96 hours after inoculation (Figure 2B). The slight  ated with bacteria reminiscent of GBS, which were not observed
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in the saline-treated control animals (Figure 2C). To confirm that
GBS-induced exfoliation leads to a loss of barrier function, we
used fluorescent nanoparticles to probe vaginal epithelial barrier
function in vivo. We found that more nanoparticles penetrated the
epithelial barrier in GBS-inoculated mice over time (Figure 2D),
but did not observe intraepithelial nanoparticles in the control ani-
mals (Figure 2D). This increase in epithelial permeability suggest-
ed that GBS may also be able to penetrate the vaginal epithelial
barrier. Indeed, intraepithelial GBS were observed in conjunction
with epithelial disruption (Figure 2E), indicating that GBS are
able to disseminate into epithelial tissues. Collectively, these data
indicate that GBS stimulates vaginal epithelial exfoliation in vivo
and that disruption of epithelial barrier function is associated with
increased bacterial dissemination.

We next aimed to define the mechanistic underpinnings of
GBS-induced vaginal epithelial exfoliation. We first sought to
determine whether stimulation of epithelial exfoliation differed
by GBS capsular serotypes or is dependent on known virulence
factors. To this end, we compared WT GBS strains such as COH1
(capsular serotype III), A909 (capsular serotype Ia), NEM316
(capsular serotype I1I), and NCTC10/84 (capsular serotype V) for
their ability to stimulate exfoliation and isogenic mutants defi-
cient for hemolytic pigment (AcylE), capsule biosynthesis (AcpsK),
pilus function (ApilB), or glycosyltransferase, which is known to
play a role in GBS virulence (AiagA). We observed no significant
differences in the levels of exfoliation among different GBS cap-
sular serotypes (Supplemental Figure 1, A and B; supplemental
material available online with this article; https://doi.org/10.1172/
JCI197043DS1) or among GBS mutants lacking hemolytic pigment
(Supplemental Figure 1, A and B), capsule (Supplemental Figure
1, A and B), or pilus function (Supplemental Figure 1, A and E).
Although not significant, the slight reduction in uterine bacteri-
al load for the pigment-deficient strain is probably attributable
to attenuated virulence in the uterus, as noted in other studies
(22-24), rather than a difference in ascending infection. Interest-
ingly, deletion of iagA resulted in significantly less vaginal epithe-
lial exfoliation (Supplemental Figure 1, A and H). These data sug-
gest that the exfoliation is independent of the capsular serotype,
hemolytic pigment, capsule, or pilus and is instead dependent on
expression of the glycosyltransferase IagA.

GBS lacking iagA shed lipoteichoic acid (LTA) as a result of the
loss of a diglucosyl-diacylglycerol membrane anchor, leading to
reduced virulence (25). Given that GBS lacking IagA were shown
to shed LTA, a TLR2 agonist that is an important regulator of the
host response to GBS (26) and a driver for loss of barrier function in
response to S. pneumoniae (27), we first examined the role of TLR2
in stimulating epithelial exfoliation by using TLR2-KO mice. We
found that vaginal epithelial exfoliation and ascending GBS infec-
tion were independent of TLR2, as we observed no differences in
either vaginal exfoliation or ascending infection (Supplemental Fig-
ure 2, A and B) between WT mice and TLR2-KO mice. These data
are consistent with previous findings that attenuated virulence of
GBSAiagA is independent of TLR2 (25). Also, mice deficient for the
critical TLR2 adaptor molecule MyD88 showed increased levels of
vaginal epithelial exfoliation in response to GBS colonization (Sup-
plemental Figure 2, A and E). These data indicate that GBS induc-
tion of epithelial exfoliation is independent of TLR2 signaling.
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We next explored cell death as a mechanism of GBS stimula-
tion of epithelial exfoliation, as induction of cell death is a criti-
cal component of the host response to genitourinary GBS (22) as
well as an important aspect of E. coli-induced bladder epithelial
exfoliation (16). We observed no differences in vaginal exfoliation
between WT mice and caspase 1-KO mice (Supplemental Figure 2,
A and B), indicating that caspase 1 does not control epithelial exfo-
liation. Also, vaginal exfoliation was independent of cell death, as
GBS infection of hVECs did not significantly increase cytotoxici-
ty (Supplemental Figure 3A). Exfoliated murine vaginal epithelial
cells (mVECs) (cells expressing CD326 or EpCAM, an epithelial
cell marker) collected from GBS- and saline-inoculated mice did
not show any differences in propidium iodide uptake (Supplemen-
tal Figure 3B). Moreover, exfoliated CD326* mVECs did not have
external phosphatidylserine, a marker of apoptosis, as determined
by annexin V staining (Supplemental Figure 3C). Together, these
data indicate that GBS induction of epithelial exfoliation is inde-
pendent of induction of cytotoxicity or cell death. It is likely that
the exfoliated cells eventually die, but cell death does not appear
to be the cause of exfoliation.

Given that neither immune signaling nor cell death pathways
were involved in the stimulation of vaginal epithelial exfoliation,
we examined whether EMT is the mechanism by which GBS trig-
gers epithelial exfoliation. Loss of barrier function and increased
mobility of epithelial cells are frequently linked to EMT (28), the
process whereby nonmotile epithelial cells convert to mobile met-
astatic cells. EMT is characterized by a loss of the epithelial mark-
er E-cadherin and a gain in expression of the mesenchymal mark-
er N-cadherin (28). To determine whether GBS-infected hVECs
display this characteristic cadherin switch, we used flow cytome-
try to measure surface marker expression (see the gating strategy
in Supplemental Figure 4A). Consistent with this hypothesis, WT
GBS-infected hVECs had decreased surface expression of E-cad-
herin (Figure 3A and Supplemental Figure 4B) and increased sur-
face expression of N-cadherin (Figure 3B and Supplemental Fig-
ure 4C). These effects were found to be independent of capsular
serotype (Supplemental Figure 4, B and C) or bacterial invasion
(Supplemental Figure 5). Additionally, hVECs infected with WT
GBS showed changes in the transcription of genes such as SNAILI,
ZEBI, and ZEB2 that are well-characterized markers of EMT
(28). We detected decreased MIR200C expression and increased
SNAIL1, ZEBI, and ZEB2 expression in GBS-infected hVECs com-
pared with expression in controls (Figure 3C). To validate these
findings in vivo, we analyzed E-cadherin levels in murine vaginal
tracts by immunohistochemistry. We detected decreased levels of
E-cadherin in WT GBS-inoculated mice, but not in control ani-
mals (Figure 3D). Flow cytometric analysis of primary vaginal epi-
thelial cells isolated from GBS-infected mice (see Supplemental
Figure 6 for cellular isolation and gating strategy) had significantly
lower E-cadherin expression levels compared with levels in those
isolated from control animals (Figure 3E). Interestingly, we did not
observe N-cadherin staining in murine vaginal tissue. This finding
is not without precedence, as other studies have reported char-
acteristic hallmarks of EMT, specifically the loss of E-cadherin
without a gain of N-cadherin (29), due to the variable expression
of N-cadherin in different tissues (30, 31). Finally, infection of
hVECs with the common vaginal commensal Lactobacillus crispa-
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tus failed to induce barrier disruption or EMT (Supplemental Fig-
ure 7), suggesting that EMT induction does not occur in response
to common vaginal commensals. Together, these data show that
GBS are able to induce EMT in vaginal epithelial cells, which is the
likely cause of epithelial exfoliation.

We next sought to determine whether GBS can trigger the
B-catenin signaling pathway, which can regulate EMT (28). f-Cat-
enin is sequestered at the membrane by E-cadherin and, when
released, is either degraded or translocated to the nucleus. There,
it binds the transcription factors T cell factor 1 (TCF1) and lym-
phoid enhancer factor 1 (LEF1), resulting in the transcription of
genes associated with cell-cycle progression, EMT, and oncogene-
sis (32). Intriguingly, B-catenin-regulated genes were significantly
upregulated in WT GBS-infected hVECs (Figure 4A). Visualiza-
tion of B-catenin in GBS-infected hVECs showed relocalization
to the cytoplasm and nucleus (Figure 4B). Additionally, many
B-catenin-regulated genes were significantly upregulated in vag-
inal tissues from GBS-inoculated mice compared with that seen
in tissues from controls (Figure 4C), and we observed increased
levels of the B-catenin target c-Myc in GBS-inoculated vaginal tis-
sues compared with levels in control animal tissues (Figure 4D).
Quantification of these images revealed a significant increase in
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Figure 3. GBS induces EMT. Flow cytometric
analysis of surface E-cadherin (A) or N-cadherin
(B) expression on GBS-infected hVECs compared
with the mock (PBS) control (n = 3; **P < 0.005
and ***P < 0.0005, by 2-sided, unpaired t test;
data represent the mean + SEM). (C) Quantita-
tive reverse transcription PCR analysis of EMT
markers in GBS-infected hVECs compared with
mock-treated controls (n = 3; **P < 0.005 and
***¥%¥P < 0.00005, by 1-way ANOVA followed by
Sidak’s multiple comparisons test; data repre-
sent the mean + SEM). (D) E-cadherin immunos-

Mock ~ WT GBS taining in murine vaginal tracts 24 and 96 hours
after vaginal inoculation with PBS or WT GBS,
respectively. Images are from 1 of 3 experiments.

* Scale bars: 100 um. (E) Flow cytometric analysis
of surface E-cadherin on CD326* mVECs 96 hours
after vaginal inoculation with WT GBS or control

.~ PBS (n = 6 mice/group; *P < 0.05, by 2-sided,
= unpaired t test; data represent the mean).
]

%

. m
]
-l
PBS WT GBS

the amount of c-Myc expression across GBS-inoculated vaginal
tissues (Figure 4E). B-Catenin signaling is facilitated by deactiva-
tion of glycogen synthase kinase-3 p (GSK3p), which occurs when
GSK3p is phosphorylated at Ser9 (33). Deactivation of GSK3 pre-
vents cytoplasmic degradation of B-catenin, leading to its nuclear
translocation (34). Consistent with the above, GBS infection of
hVECs induced the phosphorylation of GSK3p (p-GSK3p) (Figure
4, F and G). Finally, inhibition of p-catenin signaling by the chem-
ical inhibitor FH535 (35) blocked cell detachment (Figure 4H) and
loss of the EMT phenotype in response to WT GBS infection (Fig-
ure 4, I and J). These data show that B-catenin signaling controls
EMT in vaginal epithelial cells and that GBS exploits this signaling
mechanism to induce epithelial exfoliation.

We next sought to identify the extracellular signal that GBS
uses to stimulate B-catenin signaling. To this end, we explored the
integrin signaling pathway. Integrins are a widely expressed fami-
ly of proteins that control various cellular processes, ranging from
proliferation to migration to organogenesis (36). Activation of
integrins through clustering at the cell surface stimulates a signal-
ing cascade that begins with focal adhesion kinase (FAK), which s
autophosphorylated at Tyr397 (37). FAK activates protein kinase
B (also known as AKT) by phosphorylation at Ser473 (38), which
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Figure 4. GBS induces p-catenin signaling. (A) Expression of B-catenin target genes in GBS-infected hVECs compared with expression in mock-treated
controls 24 hours after infection (n = 3; **P < 0.005 and ****P < 0.00005, by 1-way ANOVA followed by Sidak’s multiple comparisons test; data rep-
resent the mean + SEM). (B) Localization of B-catenin (white) in GBS-infected hVECs compared with mock-treated controls 24 hours after infection
(nuclei are stained with DAPI [blue]; overlap is shown in yellow). Images are from 1 of 3 experiments. Original magnification, x100. (C) Expression of
B-catenin target genes in murine vaginal tissues 96 hours after vaginal inoculation with WT GBS compared with expression in control PBS-treated
tissues (n = 4/group; *P < 0.05, ***P < 0.0005, ****P < 0.00005, and P = 0.1, by 1-way ANOVA followed by Sidak’s multiple comparisons test; data
represent the mean + SEM). (D) c-Myc immunostaining in murine vaginal tracts 96 hours after vaginal inoculation with PBS or WT GBS. Images are
from 1 of 3 experiments. Scale bars: 100 um. (E) Quantification of c-Myc immunostaining in murine vaginal tracts 96 hours after vaginal inoculation
with WT GBS or control PBS (6 mice/group; *P < 0.05, by 2-sided, unpaired t test; data represent the mean). (F) Western blot (WB) for p-GSK3B in
GBS-infected hVECs compared with mock-treated controls, 0 and 4 hours after infection. GAPDH was used as a loading control. Blots are from 1 of
4 experiments. (G) Quantification of p-GSK3pB band intensity. The band intensity was first normalized to GAPDH and then to t0 of the correspond-
ing treatment (n = 4/group; *P < 0.05, **P < 0.005, and P = 0.98, by 1-way ANOVA followed by Sidak's multiple comparisons test; data represent
the mean + SEM). (H) hVECs were left untreated or were treated for 16 or 24 hours with the B-catenin signaling inhibitor FH535 (15 uM) prior to WT
GBS infection, and cell detachment was measured. Data were normalized to the uninfected controls (n = 3; *P < 0.05 and ***P < 0.0005, by ANOVA
followed by Sidak’'s multiple comparisons test; data represent the mean + SEM). (1 and J) Flow cytometric analysis of surface E-cadherin (1) and
N-cadherin (J) on mock-treated or WT GBS-infected hVECs, with or without FH535 pretreatment (n = 3; *P < 0.05, **P < 0.005, and P = 0.06; data
represent the mean + SEM by ANOVA followed by Sidak’s multiple comparisons test.
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Figure 5. GBS activates integrin signaling. (A) Flow cytometric plot of active B, integrin (3EG7 antibody) on the surface of GBS-infected hVECs com-
pared with mock-infected controls after 24 hours. Data are from 1 of 3 experiments. (B) Colorimetric assay of active integrin on the surface of mock-
infected or WT GBS-infected hVECs (n = 3/group; ***P < 0.0005, by 2-sided, unpaired t test; data represent the mean + SEM). (C) Western blots for
p-FAK and p-AKT in GBS-infected hVECs compared with mock-treated controls, 0 and 4 hours after infection. GAPDH was used as a loading control.
Blots are from 1 of 4 experiments. (D and E) Band intensity quantification for p-FAK (D) and p-AKT (E). Band intensity was first normalized to GAPDH
as a loading control and then to t0 of the corresponding treatment (n = 4/group; *P < 0.05 and **P < 0.005, by 1-way ANOVA followed by Sidak’s multi-
ple comparisons test; data represent the mean # SEM). (F) Active B, integrin immunostaining in murine vaginal tracts 96 hours after vaginal inocula-
tion with PBS, WT GBS, WT GBS with recombinant murine o f, integrin, or WT GBS with vehicle control. Images are from 1 of 3 experiments. Scale bars:
100 um. (G) E-cadherin immunostaining in murine vaginal tracts 96 hours after vaginal inoculation of GBS with recombinant murine a.f, integrin or
vehicle control. Images are from 1 of 3 experiments. Scale bars: 100 um. (H) Vaginal epithelial exfoliation in mice 96 hours after vaginal inoculation with
WT GBS and treatment with vehicle control or recombinant murine o,B, integrin. Scale bars: 100 um. (1) Blinded quantification of exfoliated vaginal
epithelial cells 96 hours after inoculation (n = 3 tissues/group; *P < 0.05, by 2-sided, unpaired t test; data represent the mean + SEM).

proceeds to phosphorylate GSK3p at Ser9, leading to its deacti-
vation (Figure 4, F and G). To test whether integrin signaling is
induced by GBS in vaginal epithelial cells, we used the 9EG7 B,
integrin antibody, which specifically recognizes the active con-
formation of B, integrin (39). Interestingly, GBS-infected vag-
inal epithelial cells had significantly more active integrin than
did mock-infected cells (Figure 5, A and B). Also, GBS infection
induced anincrease in phosphorylation of FAK and AKT (Figure 5,
C-E). We did not observe this trend of increased phosphorylation
of FAK and AKT in GBS-treated cells in the mock-infected con-
trols (Figure 5, C-E). Furthermore, vaginal tissues from GBS-in-
oculated animals had substantially higher levels of active inte-
grin at the epithelial layer near the vaginal lumen in contrast to
control tissues, in which active integrin staining was localized to
the basement membrane (Figure 5F). These findings are similar
to those observed in carcinoma biology, in which active integrins
are normally expressed at the basement membrane of healthy
stratified squamous epithelia; in contrast, expression above the
basement membrane is typical in cancerous tissues or tissues
undergoing EMT (40). To fully define the mechanistic connec-

tion between integrin signaling activation and epithelial exfolia-
tion, we used recombinant a B, integrin as a competitive inhibitor
of GBS integrin activation. To this end, recombinant murine a 3,
integrin was administered intravaginally 24 hours prior to vag-
inal GBS inoculation, in conjunction with GBS inoculation, and
then every 24 hours following inoculation. Intravaginal admin-
istration of o B, integrin during GBS colonization reduced active
integrin staining, whereas treatment with a vehicle control had
no effect (Figure 5F). To mechanistically link integrin signaling
and EMT, vaginal tissues from GBS-inoculated animals admin-
istered intravaginal o,f, integrin or vehicle control were stained
for E-cadherin. Animals treated with o B, integrin showed high
levels of E-cadherin, whereas the vehicle controls did not (Fig-
ure 5G), indicating that the blockade of integrin signaling also
prevents EMT progression. Next, we observed that intravaginal
administration of o, integrin significantly diminished epitheli-
al exfoliation (Figure 5, H and I). Together, these data indicate
that GBS are able to stimulate integrin signaling, which permits
nuclear translocation of B-catenin, potentially leading to EMT,
barrier disruption, and vaginal epithelial exfoliation.
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Figure 6. Integrin-mediated epithelial exfoliation promotes ascending GBS infection. (A) Bacterial burden in the vagina (n = 8; data represent the median).
(B) Bacterial burden in the uterus (n = 8; *P < 0.05, by ANOVA followed by Sidak’s multiple comparisons test; data represent the median). (C) Bacterial bur-
den in vaginal tissue from mice that were intravaginally treated with recombinant murine a.f, integrin or control vehicle 96 hours after vaginal inoculation
with WT GBS (n = 7-8; P = 0.629, by Mann-Whitney U test; data represent the median). (D) Bacterial burden in uterine tissue from mice that were intravagi-
nally treated with recombinant murine o,B, integrin or control vehicle 96 hours after vaginal inoculation with WT GBS (n = 8; **P < 0.05, by Mann-Whitney U
test; data represent the median). (E) Pregnant female mice were vaginally inoculated with approximately 108 CFU of WT GBS and intravaginally treated with
recombinant murine o,B, integrin or vehicle control. Seventy-two hours after inoculation or at the first sign of preterm birth (vaginal bleeding and/or pups

in cage), mice were euthanized, and the bacterial burden in vaginal tissue, uterine tissue, placental tissue, or fetal tissue was enumerated (n = 10-11; **P <
0.005, ***P < 0.0005, P = 0.605, and P = 0.052, by Mann-Whitney U test; data represent the median). (F) Pups with adverse birth outcomes (either in utero
fetal demise or premature birth) from pregnant female mice that were vaginally inoculated with WT GBS and either intravaginally treated with recombinant

1992

murine o,B, integrin (5 of 92 pups) or not (15 of 92 pups). Data represent the percentage of pups that had an adverse birth outcome (*P < 0.05, by 2-sided
Fisher's exact test. Bars represent % of pups with an adverse outcome out of total pups (indicated by n).

Next, we attempted to determine the role of vaginal epithelial
exfoliation in GBS pathogenesis. Heavy vaginal colonization with
GBS is the primary risk factor for GBS-associated adverse pregnan-
cy outcomes (9, 10, 41). Prior studies with E. coli and N. gonorrhoeae
have demonstrated a role for epithelial exfoliation in decreasing
bacterial colonization of the urinary tract (16, 17) and vagina (13,
15). Given that GBS stimulate epithelial exfoliation and are asso-
ciated with exfoliating cells (Figure 2C), we hypothesized that this
response would diminish GBS vaginal colonization and reduce
adverse pregnancy outcomes. Despite GBS being present on exfo-
liating vaginal epithelial cells, we found that epithelial exfoliation
did not correlate with significantly decreased bacterial burden in
the vagina (Figure 6A). Rather, we observed a significant increase
in GBS CFU in the uterus (Figure 6B), suggesting a potential asso-
ciation between increased epithelial exfoliation and GBS ascend-
ing infection. Notably, GBS strains with similar levels of epithelial
exfoliation (Supplemental Figure 1, A, B, and E) had similar bacte-
rial loads in the vagina and uterus (Supplemental Figure 1, C, D, F,
and G), whereas iagA-deficient GBS strains that displayed reduced
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exfoliation (Supplemental Figure 1, A and H) had reduced bacterial
loads in the uterus (Supplemental Figure 1]) but not in the vagina
(Supplemental Figure 1I). Also, TLR2-KO, MyD88-KO, and caspase
1-KO mice, which showed levels of exfoliation similar to those seen
in WT mice (Supplemental Figure 2, A, B, and E), showed no sig-
nificant differences in uterine bacterial CFU (Supplemental Figure
2, D and G; vaginal loads are shown in Supplemental Figure 2, C
and F). To determine the statistical relationship between epithelial
exfoliation and uterine bacterial load, we performed linear regres-
sion analysis on bacterial loads and exfoliation scores for all WT
GBS-infected animals. Indeed, we found a positive correlation
between uterine bacterial loads and the exfoliation score (Supple-
mental Figure 8), indicating that epithelial exfoliation and GBS
ascending infection may be mechanistically linked.

To determine whether bacteria in the uterus primarily repre-
sented those ascending from the vagina or those arising by replica-
tion of the initially ascended bacteria, we vaginally inoculated mice
with WT GBS expressing a plasmid-encoded GFP (42). Retention
of this plasmid requires the presence of erythromycin, and in the
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Figure 7. Model of GBS-induced epithelial exfoliation and ascending infection. Upon GBS colonization, integrins are either directly or indirectly activat-
ed by GBS. Integrin activation induces phosphorylation of FAK, which in turn phosphorylates AKT, which phosphorylates GSK3p. As adherens junctions
break down, B-catenin is released into the cytoplasm. In its dephosphorylated form, GSK3p marks B-catenin for degradation, thus preventing -catenin
stabilization, nuclear translocation, and signaling; however, when it is phosphorylated, it cannot mark B-catenin for degradation, leading to p-catenin
stabilization and nuclear translocation. Once in the nucleus, B-catenin stimulates the expression of a variety of genes, including those that drive EMT and
epithelial exfoliation. Rather than eliminating colonized GBS, epithelial exfoliation permits bacterial dissemination through the loss of barrier function.
This leads to increased ascending infection, which increases the rates of adverse pregnancy outcomes and preterm birth.

absence of antibiotic pressure, daughter cells do not inherit the
plasmid (Supplemental Figure 9A), and GFP* (mother) and GFP-
(daughter) cell populations are generated (Supplemental Figure
9B). We confirmed GFP fluorescence under microaerobic and
anaerobic conditions that represented genitourinary oxygen levels
(43) (Supplemental Figure 9C). These data indicate that any poten-
tial differences in GFP expression observed in vivo are not solely
due to differences in environmental conditions. Flow cytometric
analysis of GFP* GBS in vaginal and uterine tissues (Supplemen-
tal Figure 9, D and E) revealed a modest decrease in GFP* GBS in
the vagina (Supplemental Figure 9F) over a 96-hour period; in con-
trast, we observed a significant increase in GFP* GBS in the uter-
us (Supplemental Figure 9G). As the plasmid (GFP signal) is lost
during replication in the absence of antibiotic selection pressure
(Supplemental Figure 9, A and B), it is plausible that any GFP* GBS
in the uterus originated in the vagina rather than through bacterial
replication in the uterus. Although the growth dynamics that occur
in vivo are difficult to recapitulate in vitro, our results suggest that
GBS in the uterus probably ascended from the vagina and indicate
an association between epithelial exfoliation and GBS trafficking.

Finally, we hypothesized that abrogation of epithelial exfolia-
tion by blocking integrin signaling may lead to decreased ascend-
ing infection. To this end, recombinant murine o,f, integrin was
administered intravaginally before and after GBS infection (see
Methods for details). As expected, we noted that intravaginal
administration of recombinant murine a,, integrin significantly
diminished ascending infection without affecting vaginal colo-
nization (Figure 6, C and D). Given the importance of ascending
GBS infection for preterm birth (7) and to further verify the effects
of decreased GBS-mediated integrin signaling and vaginal epi-
thelial exfoliation, we used a pregnant model of GBS ascending
infection (44). Like the observations in nonpregnant mice (Figure
6, C and D), administration of recombinant murine «,p, integrin
diminished GBS ascension, leading to decreased CFU in the uter-
us, placenta, and fetal tissues (Figure 6E; see Supplemental Figure
10 for a diagram of the murine female reproductive tract). Finally,
the number of pups affected by an adverse birth outcome (pre-
mature birth or death utero) was significantly reduced for mice
that were administered recombinant murine o,f, integrin (Figure
6F). We also explored the role of iagA in ascending infection, as

1993

jci.org  Volume128 Number5  May 2018


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd
https://www.jci.org/articles/view/97043#sd

1994

RESEARCH ARTICLE

this GBS strain showed a diminished ability to induce exfoliation
(Supplemental Figure 1, A and H) as well as reduced ascending
infection (Supplemental Figure 1J). Although GBS deficient for
iagA (GBSAiagA) are less able to invade human brain microvas-
cular endothelial cells and are less virulent than WT GBS (25),
we confirmed that both WT GBS and GBSAiagA invaded vaginal
epithelial cells to a similar degree both in vitro (Supplemental
Figure 11A) and in vivo (Supplemental Figure 11, B and C). Inter-
estingly, hVECs infected with GBSAiagA showed less active f,
integrin (Supplemental Figure 12A), had reduced p-catenin signal-
ing (Supplemental Figure 12B), and did not exhibit EMT (Supple-
mental Figure 12, C and D), or displayed loss of barrier function
(Supplemental Figure 12E). Finally, pregnant mice inoculated
with GBSAiagA had substantially fewer CFU in the uterus, placen-
ta, and fetal tissues (Supplemental Figure 12F) and fewer adverse
birth outcomes (premature birth or death in utero) (Supplemental
Figure 12G), similar to what was observed in mice administered
recombinant murine a,f, integrin (Figure 6, E and F). Together,
these data are the first to our knowledge to indicate that GBS stim-
ulate epithelial exfoliation via integrin signaling and EMT and, as
a result, are able to cause ascending infection and adverse preg-
nancy outcomes.

Discussion

The research presented here identifies a mechanism of ascending
bacterial infection. We show that GBS induces epithelial exfolia-
tion, which is associated with bacterial ascension from a commen-
sal to an invasive niche. Epithelial exfoliation is driven by a loss of
barrier function and cellular detachment through EMT, which is
stimulated by integrin signaling and controlled by p-catenin sig-
naling. Finally, we observed that interruption of these signaling
processes decreases epithelial exfoliation, ascending infection,
and adverse pregnancy outcomes (Figure 7). This work suggests
a shift in the current paradigm of vaginal epithelial exfoliation in
response to pathogen colonization. Previous studies on pathogen-
ic Neisseria have revealed a role for exfoliation in the prevention of
bacterial colonization (13, 15), as have some studies on uropatho-
genic E. coli (14, 16, 17), whereas, we have found the opposite to
be true for GBS. While some studies have shown beneficial effects
of E. coli-induced bladder epithelial exfoliation for urinary tract
infections (45-47), we believe ours is the first to show that vaginal
epithelial exfoliation can confer a benefit to some invading patho-
gens that lead to adverse birth outcomes.

One potential explanation for the difference between GBS and
other bacteria that prevent vaginal epithelial exfoliation lies at the
host-pathogen interface. Both N. gonorrhoeae and uropathogenic
E. coli express proteins that target a family of host epithelial cell
glycoproteins known as CEACAMs, and for these bacteria, CEA-
CAM engagement prevents vaginal epithelial exfoliation (15, 17).
We have not found CEACAM-binding proteins in GBS, indicating
differences in the interactions between vaginal microbes and host
epithelial cells. These differences in host-microbe interactions
explain the functional consequences for epithelial exfoliation. It
is intriguing that GBS and bacteria that prevent epithelial exfoli-
ation such as N. gonorrhoeae and E. coli all target integrin signal-
ing (13,17). It is logical that pathogens would target these proteins
as a means of controlling cellular behaviors and circumventing
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host defenses and that different pathogens would subvert integ-
rin signaling in different ways for their benefit. CEACAM binding
leads to integrin activation and increased epithelial adhesion (13,
17), whereas integrin activation without CEACAM binding leads
to decreased epithelial adhesion. This suggests that activation of
integrin signaling is a conserved strategy for pathogen interaction
with vaginal epithelial cells, but that the host target is an import-
ant determinant of cell behavior. Although N. gonorrhoeae and
E. coli target integrin signaling to prevent exfoliation (13, 17), the
downstream signaling components of this process are currently
unknown and may explain the divergent strategies used by these
bacteria and GBS. Modification of integrin signaling may be a
common mechanism for pathogenic manipulation of host cells, as
it has been shown to play a role in viral infection (48), fungal infec-
tion (49), Gram-negative bacterial infection (13, 17, 50), and now,
Gram-positive bacterial infection. Interestingly, N. gonorrhoeae
also targets o,B, integrins during urethral mucosa infection (51).
The ubiquitous occurrence of integrin signaling during host-patho-
gen interactions, as well as the increasingly limited availability of
antibiotics, makes integrin signaling an attractive target for thera-
peutic intervention and thus warrants further research.

GBSinduction of epithelial exfoliation and loss of barrier func-
tion are a result of integrin activation and induction of B-catenin
signaling and EMT. While the present study identifies the role of
EMT, B-catenin signaling, and integrin activation in response to
GBS, their role during infection by other bacterial pathogens still
remains poorly understood. Bacterial induction of EMT is largely
thought to be TLR mediated (52) rather than integrin mediated;
however, we have found EMT to be TLR2 independent for GBS.
Recent studies have focused on the induction of EMT by bacte-
rial pathogens that are either associated with or causal agents of
cancer (53-55); however, EMT induction by bacterial pathogens
not associated with cancer has received little attention. p-Cat-
enin is a master regulator of many different processes, including
organogenesis, cell adhesion, and cancer development (56). As
with EMT, the role of B-catenin in bacterial infection is not known.
Interestingly, direct and indirect inhibition of the Wnt/B-catenin
signaling pathway is an active area of research in cancer progres-
sion and metastasis (57-59). Insights from this field may reveal
novel mechanisms that are applicable to bacterial disruption of
the epithelial barrier and useful for the development of therapeu-
tic compounds that will prevent bacterial epithelial colonization
and dissemination. Given the importance of EMT and B-catenin
signaling in maintaining the vaginal epithelial barrier, which is the
primary defense against many pathogens, further insight is nec-
essary to fully understand how bacterial pathogens colonize and
disrupt epithelial surfaces.

Additionally, the mechanisms by which bacteria ascend from
the vagina to the uterus remain a black box (7). This is especially
true for bacteria that cause ascending infection despite being non-
motile organisms (e.g., GBS). Previous studies have suggested that
factors not specific to the pathogen, such as viral coinfection (60)
or changes in microbial ecology (61), are at the root of ascending
infection. While these factors may play a role, they do not solely
explain why ascending infection occurs in some cases and not in
others. Previously, we have identified multiple bacterial virulence
factors that promote ascending infection and adverse pregnancy
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outcomes (22, 44), and in this study, we have identified a host
mechanism that inadvertently promotes ascending GBS infec-
tion. GBS strains that are more proficient in their ability to induce
integrin signaling, EMT, and epithelial exfoliation are better at
establishing ascending infection. In conjunction with host factors,
there may be a subset of bacteria that are more likely to establish
an ascending infection in some pregnant women. Identifying both
the pathogen and host factors that predispose certain individuals
to ascending infection and preterm birth is critical for the develop-
ment of effective interventions and merits further study.

Despite our findings, the present study has some limitations.
First, our findings stem from experiments performed with immor-
talized cells and animal models. As performing these studies in
humans is not possible, these models are extensively used to pro-
vide insight into mechanisms of disease processes (13, 15, 17). How-
ever, there are significant biological differences between humans
and animal and cell culture models. To fully confirm the impor-
tance of EMT and epithelial exfoliation during ascending bacterial
infection, these processes should be explored in humans. Second,
we were unable to attribute vaginal epithelial exfoliation to a single
microbial factor, as we aimed to understand how the host vaginal
epithelium responds to GBS colonization. In this study, GBS lack-
ing iagA led to reduced epithelial exfoliation in ascending infection;
however, IagA is a cytoplasmic glycosyltransferase (25) that prob-
ably does not directly interact with B, integrin. It is possible that
multiple GBS factors are directly or indirectly involved in these pro-
cesses, and this merits further exploration. The identification of a
microbial factor responsible for integrin activation warrants further
investigation, as the virulence factor that controls GBS induction
of integrin signaling and EMT may be an attractive vaccine target
for the prevention of GBS-associated preterm birth. It is also pos-
sible that multiple GBS factors are directly or indirectly involved in
these processes. Finally, this study shows a correlation between a
cellular process occurring in the vagina (epithelial exfoliation) and a
phenotypic result of this process (ascending bacterial infection), but
does not comprehensively identify the mechanism of bacterial traf-
ficking. We speculate that (a) the loss of epithelial barrier function
may permit pathogen entry into the microvasculature and dissem-
ination into uterine tissues; (b) increases in cellular mobility may
inadvertently enable bacterial trafficking to new locations; and/or
(c) changes in the cellular architecture may prevent the clearance of
disseminated bacteria and thereby permit persistence, resulting in
increased bacterial trafficking. While these findings represent a sig-
nificant advancement in our understanding of ascending infection,
they are not exhaustive. It is our expectation that more nuanced
mechanisms of ascending bacterial infection will be revealed as the
importance of this field is fully realized.

The importance of preterm birth and stillbirth as leading caus-
es of neonatal morbidity and mortality cannot be overstated. Pre-
mature neonates are at higher risk for many severe disorders and
death (62), and both stillbirth and preterm birth can have severe
health consequences for the mother (7, 63). Unfortunately, our
knowledge of the causes of preterm birth and stillbirth is incom-
plete, and available interventions are therefore limited. A signif-
icant portion of this disease burden is attributable to ascending
bacterial infection (7). For successful infection, pathogen-specific
factors must be involved in circumventing host defenses. Multiple
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bacterial virulence factors that promote ascending infection and
adverse pregnancy outcomes have been previously identified (22,
23, 44), and in this study, we have suggested a host mechanism
that inadvertently promotes entry of GBS into the uterus. To fully
confirm the importance of EMT and vaginal epithelial exfoliation
during infections occurring in pregnancy, clinical studies should
be designed to explore these processes in humans, with the ulti-
mate aim of developing interventions that reduce the global bur-
den of preterm birth.

Methods

Materials, bacterial strains, and cell lines

All chemicals were purchased from Sigma-Aldrich, unless stated other-
wise. WT GBS COH1 s a capsular serotype I1I, hypervirulent ST-17 clone
obtained from an infected newborn (64) and is referred to herein as WT
GBS. The following other WT GBS strains were also used: A909 (capsu-
lar serotype la), NEM316 (capsular serotype I1I), and NCTC10/84 (cap-
sular serotype V). The AcylE, AcpsK, and AiagA mutants were derived
from COHI, and the ApilB mutant was derived from NCTC10/84 (25,
65). GBS were grown in tryptic soy broth or agar (TSB/TSA; Difco Labo-
ratories) at 30°C or 37°C in 5% CO,. Erythromycin (5 ug/ml) was used to
retain the plasmid expressing GFP. L. crispatus was a gift of Michael Fis-
chbach (UCSF, San Francisco, California, USA) and was cultured in De
Man, Rogosa, and Sharpe (MRS) broth at 37°C under anaerobic condi-
tions. hVECs were obtained from the American Type Culture Collection
(ATCC) (CRL-2616). Cells were maintained in keratinocyte serum-free
medium (KSFM) (Invitrogen, Thermo Fisher Scientific), supplement-
ed with 65 pg/ml bovine pituitary extract (Invitrogen, Thermo Fisher
Scientific), 67.419 pg/ml human recombinant EGF (Invitrogen, Ther-
mo Fisher Scientific), and 50-100 IU/ml penicillin and 50-100 pg/ml
streptomycin (Corning). Cells were split every 3 to 4 days and passaged
at a 1:10 dilution. All assays were performed at passages 14 through 30,
and prior to infection, antibiotic-containing media were aspirated, cells
were washed with sterile PBS, and media were replaced with antibiotic-
free supplemented KSFM. Cells were determined to be mycoplasma
free using the Universal Mycoplasma Detection Kit (ATCC).

Cell detachment assay

hVEC monolayers were infected with GBS at an MOI of approximately
1.0. At 0, 16, or 24 hours, 100% crystal violet was added to each well to
a concentration of 10% and incubated at 37° C for 30 minutes. Excess
crystal violet and loosely adherent cells were removed by centrifuge at
1,000 g for 10 minutes. Following centrifugation, the remaining crys-
tal violet was measured with a Spectramax i3x Plate Reader (Molecular
Devices) at 585 nm. For FH535 experiments, 1 hour before infection,
hVEC culture media were replaced with FH535-containing media (1.5
ulof50 mM FH535in DMSO in 5 ml KFSM; Tocris Biosciences). Follow-
ing preincubation, GBS infection and cell detachment assay were per-
formed as described above. Data are represented as the percentage of
cell detachment, which is calculated as follows: (OD,,, mock-infected
cells- OD,,, GBS-infected cells)/(OD,,, mock-infected cells).

Scanning electron microscopy

Vaginal GBS colonization was performed as described below. Excised
vaginal tissues were split vertically to expose the entire vaginal lumen.
Tissues were pinned onto 3.5% agarose pads, immediately fixed with

jci.org  Volume128 Number5 May 2018

1995


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5

1996

RESEARCH ARTICLE

approximately 3 ml half-strength Karnovsky’s fixative for 5 to 10 min-
utes, transferred to approximately 10 ml fixative, and stored at 4°C
until imaging was performed. For hVEC imaging, hVEC monolayers
on glass coverslips were infected with GBS at an MOI of approximately
1.0. At 24 hours, media were replaced with 1 ml of half-strength Kar-
novsky’s fixative and stored at 4°C until imaging was performed. Sam-
ples were prepared for scanning electron microscopy by the Electron
Microscopy Core of the Fred Hutch Cancer Research Center. Fixed
tissues were washed in 0.1 M cacodylate buffer and dehydrated by an
ethanol wash (50%,70%, 95%, 2 x 100%; 30 min each). Samples were
dried using a Critical Point Dryer (Tousimis), mounted, and sputter
coated with Au/Pd. Images were captured using a JEOL 5800 Scan-
ning Electron Microscope equipped with a JEOL Orion Digital Acqui-
sition System. For quantification, at least 3 images of equal surface
area from at least 2 tissues were deidentified, and individual exfoli-
ated cells were counted in a blinded manner. An exfoliation score was
assigned to each image on the basis of the number of exfoliated cells
perimage (1: 20 and <100, 1.5: 2100 and <200, 2: 2200 and <300, 2.5:
>300 and <400, 3: 2400 and <500, 3.5: 2500 and <600, 4: 2600 and
<700, 4.5: 2700 and <800, and 5: =800).

Barrier function analysis

ECIS was used to measure changes in hVEC barrier function in real
time. hVEC monolayers were grown to confluence on polyethylene
8WI10E* arrays (Applied BioPhysics). Cells were infected with approxi-
mately 10° CFU GBS or L. crispatus and monitored for changes in resis-
tance at 1,000 Hz using an ECIS Z0 Instrument (Applied BioPhysics).
Data were normalized to resistance values at the point of infection and
subtracted from the mock-infected resistance values. For permeabili-
ty assays, hVECs were grown to confluence on tissue culture-treated
polycarbonate 0.4-pum or 8.0-um Transwells (Corning). For fluoresce-
in permeability assays, cells on 0.4-pm Transwells were infected with
5x10° CFU GBS or mock controls for 24 hours. One hour before analy-
sis, an untreated well was treated with 0.1% (v/v) Triton X-100, which
served as a positive control. After 24 hours, the media from both the
apical and basal compartments were replaced with either HBSS (Corn-
ing) alone (basal) or HBSS containing 50 pg/ml FITC (apical). After 1
hour, 300 ul media from each basal compartment was removed, and
fluorescence was measured in triplicate with a Spectramax i3x Plate
Reader with excitation at 485 nm and emission at 535 nm. For bacte-
rial penetration assays, cells on 8.0-um Transwells were infected with
5 x 10° CFU GBS or mock controls for 24 hours. At specified times,
100 ul basal compartment contents was removed, stained with 50 uM
SYTO 9 Dye (Molecular Probes) for 15 minutes at room temperature
(RT), and fluorescence was measured with a Spectramax i3x Plate
Reader with excitation at 485 nm and emission at 535 nm.

Murine model of GBS vaginal colonization and ascending infection
To determine sample size, power calculations (a level of 0.05) were per-
formed to detect a predetermined effect size for adverse birth outcomes
or changes in bacterial load in genital tissue to obtain 80% power.
Vaginal colonization. Six- to eight-week-old female C57BL/6],
B6.129-Tlr2m1Ki /] (TLR2-KO), B6.129P2(SJL)-Myd88mmt-10<tt /] (MyD88-
KO), and B6N.129S82-Casp1"™™/] (caspase 1-KO) mice obtained from
The Jackson Laboratory were used for colonization studies at eight to
sixteen weeks as described previously (66). One day before GBS col-
onization, mice were i.p. injected with 500 pg 17B-estradiol in 100 pl
Volume 128  Number 5
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sterile canola oil as described previously (67) and randomly assigned
to an experimental group. No blinding was performed during group
assignment. Mice were anesthetized using 4% isoflurane, and 10 pl
(~108 CFU) GBS was administered into the vaginal tract using a micro-
pipette. Mice were left inverted for 5 minutes under anesthesia and then
returned to their cages and monitored until ambulatory. After inocula-
tion, mice were monitored daily for signs of distress and euthanized at
specified times, and vaginal and uterine tissues were excised for fur-
ther analysis. For inhibitor studies, 300 ng recombinant murine o,,
integrin (R&D Systems) resuspended in 10 pl PBS or PBS alone was
administered 1 day prior to GBS inoculation, 2 hours prior to inocu-
lation, and every 24 hours following inoculation. To obtain lavage
fluids, mice were euthanized, and the vaginal lumen of each mouse
was lavaged twice with 20 pl sterile PBS. For fluorescent nanoparticle
experiments, following euthanasia, fluorescent nanoparticles (10 pl in
PBS) were administered intravaginally by micropipette, and then vag-
inal tracts were excised, embedded and frozen in OCT (Tissue-Tek),
and stored at -80° C until sectioning.

Ascending infection. Six-to-eight week old female C57BL/6] mice
were mated, randomly assigned to an experimental group, and inocu-
lated with GBS as described previously (44). No blinding was performed
for the group assignments. GBS was inoculated as described above, and
mice were monitored twice a day for signs of preterm labor (vaginal
bleeding and/or pups in the cage). Seventy-two hours after infection, or
earlier if preterm labor was observed, mice were euthanized, and a mid-
line laparotomy was performed to identify fetal injury or loss of preg-
nancy. For CFU enumeration, maternal (vagina, uterus), placenta (2
proximal, 2 distal), and fetal tissues (2 proximal, 2 distal pups; see Sup-
plemental Figure 10 for the diagram) were excised, homogenized in 1
ml PBS, serially diluted, and plated on TSA and confirmed as GBS using
Granada media (Hardy Diagnostics) or CHROMAgar StrepB (CHRO-
Magar). For inhibitor studies, either 300 ng recombinant murine
a,B, integrin dissolved in 10 ul PBS or PBS alone was administered as
described above. Pregnant mice infected with WT GBS that were corre-
sponding controls for AiagA (Supplemental Figure 12) were described in
aprevious publication (44). All other mouse work was conducted as part
of this study and was not previously reported.

Histology

Vaginal GBS colonization was performed as described above. At 24
or 96 hours, mice were euthanized, and vaginal tracts were excised,
mounted onto cardboard, and immediately fixed in formalin over-
night at 4°C or embedded in OCT. Following fixation, formalin was
replaced with 70% ethanol and stored at 4°C. Tissues were sectioned,
baked, and deparaffinized for 30 minutes at 60°C. Antigens were
revived in EDTA buffer (pH 9.0; Leica Bond Epitope Retrieval Solu-
tion 2) at 100°C for 20 minutes, blocked for 20 minutes in 10% normal
goat serum at RT, and stained with one of the following primary anti-
bodies: anti-E-cadherin (1:400; clone 24E10; Cell Signaling Technol-
ogy); anti-c-Myc (1:2,500; clone D84C12; Cell Signaling Technology);
anti-p, integrin (1:250; clone 9EG7; BD Biosciences); or anti-rabbit
IgG (1:1,000) for 30 minutes at RT. Subsequently, slides were treat-
ed with Bond Polymer Refine DAB Reagent (Leica) for 8 minutes at
RT, blocked with peroxide block (Leica) for 5 minutes at RT, treated
twice with Bond Mixed Refine DAB Detection Reagent for 10 minutes
at RT, and counterstained with hematoxylin (Leica) for 4 minutes. For
OCT-embedded tissues, slides were stained with 2 pg/ml DAPI (Life
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Technologies, Thermo Fisher Scientific) for 10 minutes, washed with
PBS, and stored in SlowFade Gold Anti-fade Reagent (Life Technol-
ogies, Thermo Fisher Scientific) until imaging. Following antigen
revival, slides were blocked with 5% BSA (Sigma-Aldrich) in PBS for
1 hour at RT and then stained with anti-GBS antibody (1:1,000, gen-
erated in-house; ref. 68) in 5% BSA in PBS for 2 hours at RT. Slides
were washed in PBS plus 0.025% Tween-80 (PBST) (Thermo Fisher
Scientific) and then stained with Cy3-conjugated secondary antibody
(1:5,000; affinity-purified polyclonal, catalog ab6939; Abcam) and 2
pg/ml DAPI in PBS for 30 minutes at RT. Slides were washed in PBST
and PBS and then stored in SlowFade Gold Anti-fade Reagent until
imaging. Images were collected with a Leica DMI600OB inverted
microscope equipped with a Leica DFC310FX camera (Leica Appli-
cation Suite, version 4.0.0, was used for image acquisition) or a Key-
ence BZ-X710 fluorescence microscope. Images were quantified using
Image], version 1.6.0_24 (NIH).

Flow cytometric analysis

hVEC monolayers were infected with GBS at an MOI of approximately
1.0. After 24 hours, K was replaced with 1 ml FACS buffer 1 mM EDTA,
25 mM HEPES, and 0.1% BSA [w/v] in PBS). Cells were collected by
cell scraper, pelleted at 300 g for 5 minutes, washed in FACS buffer,
resuspended in FACS buffer containing human Fc block (1:200; catalog
564219; BD Biosciences), and incubated at RT for 15 minutes. Approxi-
mately 10° cells were then pelleted, washed in FACS buffer, and stained
with either PE-conjugated anti-E-cadherin (1:20; clone 36; BD Biosci-
ences) or Alexa Fluor 488-conjugated anti-N-cadherin (1:20; catalog
FAB6426G; R&D Systems) for 30 minutes at RT, and then washed and
resuspended in FACS buffer. For FH535 experiments, 1 hour prior to
infection, culture media were replaced with FH535-containing media
(1.5 pl of 50 mM FH535 in DMSO in 5 ml KFSM). Following preincuba-
tion with FH535, GBS infection and flow cytometry were performed as
described above. For B, integrin staining, cells were prepared as above
and stained with anti~p, integrin primary antibody (1:200; clone 9EG7;
BD Biosciences) for 1 hour at 4°C. Cells were then pelleted, washed in
FACS buffer, and stained with Cy3-conjugated secondary antibody
(1:200; affinity-purified polyclonal, catalog ab6953; Abcam). For
flow cytometric analysis of isolated murine epithelial cells, cells were
stained with PE-conjugated anti-E-cadherin (1:200; clone DECMA-1;
BioLegend) and APC-conjugated anti-CD326 (1:100; clone G8.8;
BioLegend) as described above. PE- and APC-stained beads (BD Bio-
sciences) were used for flow cytometric compensation. All data were
collected using an LSRII Instrument (BD Biosciences). Surface marker
expression was analyzed using FlowJo software, version 10 (TreeStar).

Quantitative reverse transcription PCR analysis

hVEC monolayers were infected with GBS at an MOI of approximately
1.0. After 24 hours, KFSM was aspirated, and total RNA was isolated
using the RNeasy Miniprep Kit (QIAGEN) according to the manufac-
ture’s protocol. cDNA was generated from whole RNA using the iScript
cDNA Synthesis Kit (Bio-Rad). Equal amounts of cDNA were used to
determine gene expression as previously described (69). The primers
are listed in Supplemental Table 1.

Immunofluorescence
hVEC monolayers on glass coverslips were infected with GBS at an
MOI of approximately 1.0. After 24 hours, media were replaced with
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1ml 10% formalin and fixed at 4°C overnight. Following fixation, cells
were washed in PBS and permeabilized for 20 minutes in 1.0% Tri-
ton X-100. Coverslips were washed with PBS and then blocked for at
least 1 hour in 1 ml SuperBlock PBS Blocking Buffer (Life Technolo-
gies, Thermo Fisher Scientific). Next, coverslips were incubated over-
night with anti- catenin antibody (1 pg/ml; catalog ab16051; Abcam),
washed in PBS, and then incubated with Alexa Fluor 594-conjugated
anti-rabbit IgG antibody (1:1,000; catalog A-11037; Invitrogen, Ther-
mo Fisher Scientific) for 2 hours. Coverslips were washed in PBS and
mounted in DAPI-containing VectaShield Anti-fade Mounting Media
(Vector Laboratories) and imaged using a Leica DMI6000B inverted
microscope equipped with a Leica DFC310FX camera. Leica Applica-
tion Suite, version 4.0.0, was used for image acquisition.

Western blot analysis

All primary antibodies used for Western blotting were obtained
from Cell Signaling Technology (1:1,000; anti-p-AKT, catalog
9271; anti-p-FAK, clone D20B1; anti-p-GSK3p, clone D3A4; anti-
AKT, catalog 9272; anti-FAK, catalog 3285; anti-GSK3p, clone
D5C5Z), except anti-GAPDH (1:40; catalog sc20357; Santa Cruz
Biotechnology). hVEC monolayers were infected with GBS at an
MOI of approximately 100 for 4 hours. Cells were lysed in 500 ul
lysis buffer (150 mM NacCl, 15 mM Tris, 1 mM MgCl,, 1 mM CaCl,,
1% Triton X-100) with protease inhibitor plus phosphatase inhibi-
tor (1 tablet per 5 ml; PhosphoSTOP; Roche). The cell lysate protein
concentration was measured by Bradford assay. Equal amounts of
protein were added to Laemmli buffer (6x), boiled at 95°C for 5
minutes, loaded onto precast 4%-20% acrylamide Mini-PROTEAN
TGX Protein Gels (Bio-Rad), and run at 200 V for 40 minutes.
Proteins were transferred onto PVDF membranes at 100 V for 75
minutes or at 30 V overnight. Membranes were blocked for at least
1 hour in 1:1 Odyssey Blocking Buffer (Li-Cor Biosciences) in TBS
and then incubated with a primary antibody. Membranes were
washed in TBS with 1.0% Tween-20 (Thermo Fisher Scientific)
and incubated with Alexa Fluor 680-conjugated anti-rabbit IgG
antibody (1:5,000; catalog A-21076; Invitrogen, Thermo Fisher
Scientific) or Alexa Fluor 680-conjugated anti-goat IgG antibody
(1:5,000; catalog A-21084; Invitrogen, Thermo Fisher Scientific).
Membranes were washed in TBS with 1.0% Tween-20, rinsed sev-
eral times in TBS, and visualized with the Odyssey Li-Cor Infrared
Imager (Li-Cor Biosciences). Western blot images were quantified
using Image]J, version 1.6.0_24.

Integrin activity assay

For integrin activity assays, hVEC monolayers were infected with
GBS at an MOI of approximately 100. After 1 hour, cells were scraped,
counted, washed with PBS, centrifuged at 300 g for 5 minutes, and
fixed with 4% paraformaldehyde. Cells (2.5 x 10%) from each group
were plated onto a 96-well plate, washed once with PBS, and blocked
in 2% BSA-PBS for 30 minutes prior to staining with a primary anti-
body (1:1,000; clone 9EG7; BD Biosciences). After 1 hour, cells were
washed with PBS and incubated for 20 minutes with a secondary
reagent (1:20,000; recombinant protein A/G, peroxidase conjugated;
Thermo Fisher Scientific). Cells were washed with PBS and developed
with the TMB Microwell Peroxidase Substrate Kit (KPL). Samples
were read at 620 nm before the reaction was stopped with 2 M H,SO,
and then read at 450 nm.
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Statistics

All experimental replicates represent biological replicates. A 2-sided
Student’s ¢ test, 2-sided Mann-Whitney U test, 2-sided Fisher’s
exact test, or ANOVA followed by Sidak’s multiple comparisons
test was used to estimate differences as appropriate. A P value of
less than 0.05 was considered statistically significant. These tests
were performed using GraphPad Prism, version 5.0, for Windows,
(GraphPad Software).

Study approval

All animal experiments were approved by the Seattle Children’s
Research Institutional Animal Care and Use Committee (protocol
13907) and performed in strict accordance with the recommendations
set forth in the NIH Guide for the Care and Use of Laboratory Animals
(National Academies Press, 8th ed., 2011).
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