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Abstract

Background: A dominance of non-iners Lactobacillus species in the vaginal microbiome is optimal and strongly
associated with gynecological and obstetric health, while the presence of diverse obligate or facultative anaerobic
bacteria and a paucity in Lactobacillus species, similar to communities found in bacterial vaginosis (BV), is considered
non-optimal and associated with adverse health outcomes. Various therapeutic strategies are being explored to
modulate the composition of the vaginal microbiome; however, there is no human model that faithfully reproduces
the vaginal epithelial microenvironment for preclinical validation of potential therapeutics or testing hypotheses
about vaginal epithelium-microbiome interactions.

Results: Here, we describe an organ-on-a-chip (organ chip) microfluidic culture model of the human vaginal mucosa
(vagina chip) that is lined by hormone-sensitive, primary vaginal epithelium interfaced with underlying stromal
fibroblasts, which sustains a low physiological oxygen concentration in the epithelial lumen. We show that the Vagina
Chip can be used to assess colonization by optimal L. crispatus consortia as well as non-optimal Gardnerella vaginalis-
containing consortia, and to measure associated host innate immune responses. Co-culture and growth of the L.
crispatus consortia on-chip was accompanied by maintenance of epithelial cell viability, accumulation of D- and
L-lactic acid, maintenance of a physiologically relevant low pH, and down regulation of proinflammatory cytokines. In
contrast, co-culture of G. vaginalis-containing consortia in the vagina chip resulted in epithelial cell injury, a rise in pH,
and upregulation of proinflammatory cytokines.

Conclusion: This study demonstrates the potential of applying human organ chip technology to create a preclinical

model of the human vaginal mucosa that can be used to better understand interactions between the vaginal micro-
biome and host tissues, as well as to evaluate the safety and efficacy of live biotherapeutics products.

Introduction

There is growing recognition of the pivotal role the
microbiome plays in regulation of vaginal health and
disease [1]. Vaginal microbiota dominated by Lactobacil-
lus species such as L. crispatus, L. gasseri, and L, jensenii
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are considered to be a hallmark of an optimal microbi-
ome found within the female reproductive tract and are
associated with positive health outcomes [2]. These lacto-
bacilli modulate the vaginal microenvironment through
their metabolic actions and by production of bioactive
compounds (e.g., D- and L-lactate [3, 4] and bacterioc-
ins [5, 6]), which collectively contribute to protect the
vagina against pathogenic bacteria. In particular, lactoba-
cilli produce copious amount of lactic acid acidifying the
vagina to pH < 4.5. At the concentrations it is found in the
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vaginal microenvironment, lactic acid has been shown to
have antimicrobial, antiviral and anti-inflammatory prop-
erties [4]. In contrast, non-optimal vaginal microbiota are
characterized by a paucity of lactobacilli and the presence
of a wide array of strict and facultative anaerobes, often
including Gardnerella vaginalis [7-9]. These non-opti-
mal vaginal microbiota composed of diverse anaerobe-
dominant consortia are reminiscent of those associated
with the disease condition called bacterial vaginosis (BV)
[9] and have been associated with increased susceptibil-
ity to and transmission of sexually transmitted infections
[10], as well as increased risk of pelvic inflammatory dis-
ease [11], maternal infections [12], and preterm birth [7,
13] which is the second major cause of neonatal death
across the world [14].

Given the key role that the microbiome appears to
play in regulating vaginal health and disease, there is
renewed interest in exploring the use of live biotherapeu-
tic products to modulate the composition and function
of the vaginal microbiome and thereby treat or prevent
BV and its associated sequelae [15, 16]. Recently, prom-
ising results were obtained in a phase 2b clinical trial in
which a live biotherapeutic product containing a single L.
crispatus strain (LACTIN-V) was shown to decrease risk
of recurrent BV when administered after standard of care
metronidazole treatment [15]. However, the development
of new therapeutic strategies to treat diseases and disor-
ders of the female reproductive tract has been hampered
by the lack of relevant human vaginal epithelium models.
This is a critical need as animal models are of limited use
in research done to study host-microbiota interactions
in the vaginal space, because of the major physiological,
anatomical, and microbial differences present in these
models compared compared to the human vagina [17].

Most of our knowledge of the composition and func-
tion of the vaginal microbiome comes from genomic and
metagenomic analysis of clinical samples. However, it is
difficult to study how vaginal microbiomes interact with
human vaginal epithelium under controlled conditions
in a physiologically relevant microenvironment because
co-culture of mammalian cells with living microbes
commonly leads to bacteria overgrowth and cell death
[18-21]. More importantly, most in vitro models fail to
recapitulate physiologically relevant tissue-tissue inter-
faces and other microenviromental cues (e.g., epithelial-
stromal interactions, dynamic fluid flow) that are critical
for recapitulation of organ-level physiology and patho-
physiology [21]. A similar challenge has been success-
fully overcome in context of the human gut microbiome
using organ-on-a-chip (organ chip) microfluidic culture
technology [22, 23], which has been shown to enable
sustained culture of complex living microbiota in con-
tact with human intestinal epithelium for at least 5 days
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in vitro [19]. Thus, in the present study, we set out to
leverage organ chip technology to create a microfluidic
culture device lined by human vaginal epithelium inter-
faced with stromal fibroblasts, and to explore whether
it can be used to study host tissue interactions micro-
bial consortia dominated by L. crispatus versus strains
containing G. vaginalis. Here, we show that L. crispa-
tus consortia engraft and proliferate in the vagina chip,
maintain an acid pH, produce both D- and L-lactate, and
down-regulate proinflammatory cytokines. Moreover,
culture of G. vaginalis-containing microbial consortia
or G. vaginalis alone on-chip increased pH and secre-
tion of inflammatory cytokines, and resulted in epithelial
cell injury. Thus, the vagina chip may represent a human
in vitro preclinical model that can be used to advance
host-microbiome research and accelerate development
of microbiome-targeted therapeutics including live bio-
therapeutic products.

Methods

Human vagina chip culture

Microfluidic two-channel co-culture organ chip devices
were obtained from Emulate Inc. (Boston, MA). The api-
cal channel (1 mm wide x 1 mm high) and basal channel
(1 mm wide x 0.2 mm high) are separated by the porous
membrane (7 um diameter pores) along their length (16.7
mm). For activation, both channels were filled with 0.5
mg/mL ER1 solution in ER2 buffer (Emulate Inc.) and
placed under UV light for 20 min followed by washing
with ER2 buffer and phosphate-buffered saline (PBS).
This chemical activation improves the surface hydro-
philicity of the PDMS membrane and increases the
efficiency of anchoring of extracellular matrix (ECM)
proteins to the chip membrane. Before cell seeding, the
apical channel was incubated with collagen IV (30 pg/
mL) from human placenta (Sigma, cat. no. C7521) and
collagen I (200 pg/mL) from rat tail (Corning, cat. no.
354236) in DMEM (ThermoFisher, cat. no. 12320-032) at
37 °C with 5% CO, for 2—3 h. The basal channel was incu-
bated with collagen I (200 pg/mL) from rat tail (Corning,
cat. No. 354236) and poly-L-lysine (15 pg/mL) (ScienCell
Research Laboratories, cat. no. 2301) in DMEM (Ther-
moFisher, cat. no. 12320-032) at 37 °C with 5% CO, for
2-3 h.

Primary human vaginal epithelial cells (Lifeline Cell
Technology, cat. no. FC-0083; donors 05328 and 04033)
were expanded in 75-cm? tissue-culture flasks using vagi-
nal epithelium growth medium (Lifeline Cell Technology,
cat. no. LL-0068) to 60-70% confluency. Primary human
uterine fibroblasts (ScienCell Research Laboratories, cat.
no. 7040) were expanded in 75-cm? tissue-culture flasks
coated with poly-L-lysine (15 pg/mL, ScienCell Research
Laboratories, cat. no. 2301) using fibroblast growth
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medium (ScienCell Research Laboratories, cat. no. 7040)
to 60-70% confluency. In the current configuration, we
utilized commercially available uterine fibroblasts due
to limited availability of the primary human vaginal
fibroblasts.

To create the human vagina chip, fibroblasts (1 x 10°
cells/mL) were seeded first in the basal channel by invert-
ing the chip for 1 h in human fibroblast growth medium.
Chips were inverted again, and human vaginal epithelial
cells (3 x 10° cells/mL) were seeded in the apical channel
for 4 h in human vaginal growth medium. The chips were
incubated at 37 °C with 5% CO, overnight under static
aerobic conditions. The basal channel was continuously
perfused with fibroblast growth medium using the Zoe
culture module (Emulate) at a volumetric flow rate of 40
pL/h. The apical channel was intermittently perfused with
vaginal epithelium growth medium by changing the flow
rate in the apical channel from O to 40 pL/h for 4 h per
day by using the Zoe culture module to mimic episodic
flow. Various organ models developed using commercial
Emulate chips utilize 30 to 60 uL/h flow rate and 40 pL/h
was selected empirically based on the effective epithelial
differentiation we observed in the human vagina chip.
After 5-6 days, the apical medium was replaced with
Hank’s Balanced Salt Solution (HBSS; ThermoFisher,
cat. no. 14025092) and the basal medium was replaced
with in-house differentiation medium (see below) for 8
days following same intermittent and continuous perfu-
sion regime, respectively. The HBSS was further replaced
with customized HBSS Low Buffer/+Glucose (HBSS
(LB/4Q)) for 2 days followed by 3 days with microbial
co-culture as described below.

Customized HBSS (LB/4+G) medium is composed
of 1.26 mM calcium chloride (Sigma, cat. no. 499609),
0.49 mM magnesium chloride hexahydrate (Sigma, cat.
no. M2393), 0.41 mM magnesium sulfate heptahydrate
(Sigma, cat. no. M2773), 5.33 mM potassium chloride
(Sigma, cat. no. P5405), 0.44 mM potassium phosphate
monobasic (Sigma, cat. no. P5655), 137.93 mM sodium
chloride (Sigma, cat. no. S5886), and 5.56 mM D-glucose
(Sigma, cat. no. G7021).

In-house differentiation medium is composed of
DMEM (ThermoFisher, cat. no. 12320-032), Ham’s F12
(ThermoFisher, cat. no. 11765-054), 4 mM L-glutamine
(ThermoFisher, cat. no. 25030081), 1 uM hydrocortisone
(ThermoFisher, cat. no. H0396), 1x Insulin-Transferrin-
Ethanolamine-Selenium (ITES; Lonza, cat. no. 17-839Z7),
20 nM triiodothyronine (Sigma, cat. no. T6397), 100
uM O-phosphorylethanolamine (Sigma, cat. no. P0503),
180 puM adenine (Sigma, cat. no. T6397), 3.2 mM cal-
cium chloride (Sigma, cat. no. 499609), 2% heat inacti-
vated fetal bovine serum (FBS; ThermoFisher, cat. no.
A3840001), 1% penicillin-streptomycin (ThermoFisher,
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cat. no. 15070063), and 4 nM B-Estradiol (Sigma, cat. no.
E2257). This medium is adapted from a previously pub-
lished medium composition used for engineered human
skin [24].

Immunofluorescence microscopy

The vagina chips were fixed with 4% paraformaldehyde
(Alfa Aesar, stock no. J61899) for 30 min at room temper-
ature and washed with phosphate buffered saline (PBS).
The channels were filled with 2% agarose (Lonza, cat. no.
50302) and the whole chip was embedded in O.C.T. com-
pound (Fisher Scientific, cat. no. 23-730-571) and stored
at — 80 °C until sectioning. Chips were cryosectioned at a
thickness of 50 pm on a cryostat (Leica CM3050 S). The
cryosections were then permeabilized using 0.1% Triton-
X (Sigma-Aldrich, SKU no. X100) in PBS, blocked with
5% goat serum (Life Technologies, cat no. 16210072) in
0.01% Triton-X in PBS for 1 h at room temperature, and
then incubated at 4 °C overnight with primary antibod-
ies against CK13 (Abcam, cat. no. ab92551 at 1:200 dilu-
tion), CK14 (Abcam, cat. no. ab119695 at 1:200 dilution),
E-cadherin (Abcam, cat. no. ab40772 at 1:200 dilution),
Z0-1 (Abcam, cat. no. ab276131 at 1:40 dilution), Invo-
lucrin (Abcam, cat. no. ab68 at 1:200 dilution), DSG1
(Abcam, cat. no. ab12077 at 1:400 dilution), and DSG3
(Abcam, cat. no. ab231309 at 1:400 dilution). The sections
were washed 3 times with PBS, and then incubated with
secondary antibody (Abcam, cat. no. ab150077) at a dilu-
tion of 1:500 for 1 h at room temperature. Some sections
also were incubated with directly labeled fluorescent with
Alexa Fluor® antibodies against CK5 (Abcam, cat. no.
ab193894) or CK15 (Abcam, cat. no. ab194065) or phal-
loidin (Invitrogen, cat. no. A22287) in the dark at 4 °C.
Vagina chip sections were stained with as-received Eosin
Y solution (Abcam, cat. no. ab246824), which fluoresces
under blue-green excitation, for 30 s at room tempera-
ture to obtain pseudo-H&E staining. All stained sections
were counterstained with 4/,6-diamidino-2-phenylindole
(DAPI; Invitrogen, cat. no. D1306) at a concentration of
1 pg/mL for 15 min at room temperature and mounted
using ProLong Glass Antifade Mountant (ThermoFisher,
cat. no. P36980). Images were acquired with an inverted
laser-scanning confocal microscope (Leica SP5 X MP
DMI-6000) and processed using Image]/Fiji. Pseudo H&E
images were processed using Image]/Fiji and MATLAB
(Mathworks) using a previously published method [25].

Barrier permeability

Cascade blue (Invitrogen, cat. no. OC3239) was added
to apical channel media at a concentration of 50 pg/mL.
Effluent from the apical and basal channels were collected
and measured for fluorescence intensity at an excitation
wavelength of 380 nm and an emission wavelength of 420
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nm using a multi-mode plate reader (BioTek NEO). The
apparent permeability (Papp) was calculated using the
equation as previously reported [26]: Papp = (V, * C,)/A
¥ (Cgon * Vg + C.* V) Vq+ V), where V, is the vol-
ume of the receiving channel, V; is the volume of the dos-
ing channel, A is the area of the co-culture membrane, t
is the total time of effluent flow, C, is the measured con-
centration of Cascade Blue in the receiving channel efflu-
ent, and Cg ., is the measured concentration of Cascade
Blue in the dosing channel effluent.

RT-qPCR
Total RNA was extracted from vaginal epithelial cells
from pre-differentiated (day 5 of expansion) and dif-
ferentiated (day 10 of differentiation; exposed to 0.4 nM
and 4 nM of B-estradiol for 10 days) vagina chips using
QIAzol lysis reagent (Qiagen, cat. no. 79306). Compli-
mentary DNA was synthesized using a SuperScript VILO
MasterMix (Invitrogen, cat. no. 11755-500). The cellular
gene-expression levels were determined using RT-qPCR,
according to the TagMan fast advanced master mix
(ThermoFisher, cat. no. 4444964) with 20 pL of a reaction
mixture containing gene-specific primers (ThermoFisher)
for estrogen receptor (ESR1, Hs01046816), progesterone
receptor (PGR, Hs01556702), phosphoenolpyruvate car-
boxykinase 1 (PCK1, Hs00159918), claudin 17 (CLDN17,
Hs01043467), glucagon receptor (GCGR, Hs00164710),
keratin15 (KRT15, Hs00951967), and zonula occludens-1
(ZO-1, Hs01551871). The expression levels of the target
genes were normalized to GAPDH (Hs04420632).

Computational simulations

Using COMSOL Multiphysics 5.5 (COMSOL, Inc.) a
two-dimensional model of two-channel microfluidic
device was developed. The co-culture window was used
to model the oxygen gradient with 80 pm epithelium and
50 um stroma in the apical and basal channel, respec-
tively. The apical and basal PDMS blocks are 3.5 mm and
1 mm thick respectively, and the PDMS membrane is 50
um thick. The 2D oxygen distribution was simulated by
coupling laminar flow with dilute species transport. The
oxygen-saturated medium was fed through the inlet at
the flow rate of 40 pl/h and goes out of the outlet after
being partially consumed by the cells via aerobic respira-
tion. Oxygen consumption by the epithelium and stroma
was simulated using Michaelis-Menten-type kinetics.
Navier-Stokes equations for incompressible flow were
used to simulate fluid flow, and Fick’s second law was
used to simulate oxygen transport through the PDMS,
culture medium, epithelium, and stroma. Steady-state
and time-dependent simulations were performed at 37
°C and with 145 mmHg atmospheric pO2 to simulate the
conditions in the cell culture incubator. The entire vagina
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chip contained 145 mmHg atmospheric pO2 at ¢ = 0 min
and the time-dependent model was simulated for 200
min of continuous flow.

Isolation and selection of L. crispatus strains (CO006A1,
0C1, 0C2, and OC3)

As recently reported, vaginal microbiota dominated by
Lactobacillus spp. comprise of multiple strains of the
same species [27]. Consequently to mimic the ecology
of these optimal vaginal microbiota, three L. crispatus
multi-strain consortia were reconstructed that contain L.
crispatus isolates cultivated from women with stable L.
crispatus dominated microbiota who participated in the
UMB-HMP study [28]. One optimal consortium (OC1)
contained four L. crispatus strains (C0175A1, C0124A1,
C0112A1, and C0059A1), while two of the optimal con-
sortia (OC2 and OC3) contained three L. crispatus
strains (OC2: C0175A1, C0124A1, and CO0059A1 and
OC3: C0175A1, CO0112A1, and CO006A1l); CO006A1
contains a single strain that is also found within OC3
consortium.

Isolation and selection of Gardnerella strains and consortia
(BVC1 and BVC2)

In non-optimal vaginal microbiota, Gardnerella species
are typically found as dominant bacteria [7-9] accom-
panied by other frequent taxa such as Prevotella spe-
cies and Atopobium species [2]. To mimic the ecology of
non-optimal vaginal microbiota, two dysbiotic consor-
tia (BVC1 and BVC2) were reconstructed from isolates
cultivated from women with asymptomatic BV. The first
contained complex consortia of taxa (BVC1: G. vaginalis
E2, G. vaginalis E4, P. bivia BHKS, and A. vaginae) and
second contained two strains of G. vaginalis (BVC2: G.
vaginalis E2 and E4). Recent studies have highlighted
genomic diversity among Gardnerella spp. and the co-
existence of multiple strains and species within an indi-
vidual. The Gardnerella isolates used in this study were
selected because they represent distinct genomic groups
(CO011E2 and CO0011E4), exhibit phenotypic diversity
in vitro, and were co-resident, meaning that they were
co-isolated from a single participant in the UMB-HMP
study [28]. P bivia (strain 0795_578_1_1_BHKS) and A.

vaginae (strain 0795_578_1_1_BHK4) are prevalent spe-
cies in Lactobacillus-deficient vaginal microbiota. The
two strains used in this study were co-resident, isolated
from a single participant in the Females Rising Through

Education Support and Health study [29].

Construction of the multi-strain L. crispatus consortia

and inoculation in the vagina chip

Each unique L. crispatus strain was grown overnight at 37
°C in De Man, Rogosa, and Sharpe (MRS) broth (Fisher
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Scientific, cat. no. 288210) under complete anaerobic
conditions (83% N,, 10% CO,, 7% H,) in an anaerobic
chamber. Subcultures were made from overnight cul-
tures and once mid-logarithmic phase was reached, ali-
quot stocks were made and frozen at -— 80 °C with 16%
sterile glycerol (MP Biomedicals, cat. no. 76019-966). To
enumerate colony forming units (CFU)/mL in stocks, a
single aliquot was thawed and spread plated on MRS agar
(Hardy, cat. no. G117) under anaerobic conditions. Colo-
nies were counted after 48 h of incubation at 37 °C and
CFU/mL was calculated for stocks of each strain.

To generate consortia inoculum, required volumes
from stocks of each strain were calculated in order to cre-
ate equal L. crispatus strain cell density per 1 mL of inoc-
ulum. Cells were washed, spun, and resuspended in 1 mL
of HBSS (LB/+G) and kept on ice. The apical channel of
the vagina chip was inoculated with prepared L. crispatus
consortia (~ 10° CFU in 35 pL) on day 11 of differentia-
tion and cultured for 72 h. The chips were incubated stat-
ically at 37 °C and 5% CO, for first 20 h of culture before
starting the flow using the Zoe culture module. The basal
channel was continuously perfused with in-house differ-
entiation medium and apical channel was perfused for 4
h per day with customized HBSS (LB/4+G) medium at a
volumetric flow rate of 40 puL/h. Non-adherent bacterial
CFU were quantified by measuring their presence in chip
effluents (160 pL) collected at 24-, 48-, and 72-h post-
inoculation and adherent bacteria were measured within
epithelial tissue digests at 72 h.

Culture of a non-optimal Gardnerella vaginalis containing
consortium in the vagina chip

Two G. vaginalis strains (G. vaginalis E2 and G. vaginalis
E4) and two other anaerobic bacteria found in non-opti-
mal microbiota of patients with BV (2 bivia BHK8 and
A. vaginae) were grown individually in peptone, yeast,
and tryptone (with hemin and vitamin K;) broth at 37 °C
under complete anaerobic conditions (83% N,, 10% CO,,
7% H,) in an anaerobic chamber. Subcultures were made
from overnight cultures and once mid-logarithmic phase
was reached, aliquot stocks were made and frozen at —
80 °C with 16% sterile glycerol (MP Biomedicals, cat. no.
76019-966). To enumerate CFU/mL in stocks, a single
aliquot was thawed, serial diluted, and spread plated on
Brucella blood agar (with hemin and vitamin K;) (Hardy,
cat. no. W23) under anaerobic conditions. Colonies were
counted after 72 h of incubation at 37 °C and CFU/mL
was calculated for stocks of each strain.

We then generated two consortia: one containing two
G. vaginalis strains along with P. bivia BHK8 and A. vagi-
nae species (BV Consortium 1, BVC1) and the other con-
taining only G. vaginalis E2 and G. vaginalis E4 (BVC2).
To generate these consortia, required volumes from
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stocks of each of the four bacterial strains were calculated
in order to create equal strain cell density per 1 mL of
inoculum. Cells were washed, spun, and resuspended in 1
mL of HBSS (LB/4+G) and kept on ice. The apical channel
was inoculated with the prepared BVC1 or BVC2 consor-
tia (~ 10° CFU in 35 uL) and then chips were incubated
statically at 37 °C and 5% CO, for 20 h before starting the
flow using the Zoe culture module. The basal channel
was continuously perfused with in-house differentiation
medium and apical channel was perfused for 4 h per day
with customized HBSS (LB/4+G) medium at a volumetric
flow rate of 40 uL/h.

Bacterial enumeration from vagina chip co-culture

To enumerate all cultivable bacteria in the effluents, efflu-
ent samples (50 pL out of total 160 uL collected after 4
h of flow at 40 uL/h) were collected at 24, 48, and 72 h,
diluted with glycerol to a final concentration of 16%, and
frozen at — 80 °C. L. crispatus samples were spread plated
on MRS agar under complete anaerobic conditions. After
48 h of incubation, colonies were counted, and CFU/mL
was calculated for each sample. Effluent samples from
the vagina chips containing BVC2 and BVC1 consortia
were plated on Brucella blood agar (with hemin and vita-
min K1) (Hardy, cat. no. W23) at 37 °C under complete
anaerobic conditions. After 72 h of incubation, colonies
were counted, and CFU/mL was calculated for each sam-
ple. To enumerate all cultivable bacteria adhered in the
vagina chip, the whole cell layer was digested for 3 h with
digestion solution containing 1 mg/mL of collagenase
IV (Gibco, cat. no. 17104019) in TrypLE (ThermoFisher,
cat. no. 12605010). Cell layer digest was then diluted with
glycerol to a final concentration of 16% and frozen at —
80 °C. Digestion samples were processed in the same way
as effluent samples and CFU/mL was calculated for each
chip digest. CFU/chip was calculated from CFU/mL by
taking into account the volume collected for effluent (at
24, 48, and 72 h) and digest (at 72 h). Percent adherence
of OC1, OC2, OC3, and C0006A1 in vagina chip was cal-
culated as the number of viable bacteria recovered from
the chip epithelium digest at 72-h post-inoculation com-
pared to the TO inoculum.

Strain ratio analysis

DNA was extracted using the Qiagen AllPrep PowerVi-
ral DNA/RNA extraction kit (Qiagen; Hilden, Germany;
Cat. 28000-50) from a 200-pL aliquot of the L. crispa-
tus consortia inocula and from 200 pL of vaginal epi-
thelial tissue digests after 72 h of co-culture with each
of the L. crispatus consortia. Four co-culture replicates
were performed for each L. crispatus consortia. Follow-
ing DNA extraction Illumina shotgun sequence libraries
were prepared using the Kapa HyperPrep kit according
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to manufacturer specifications (Roche; Basen, Switzer-
land). Libraries were sequenced on an Illumina NovaSeq
S4 flow cell (Illumina; San Diego, CA) yielding on aver-
age 45 million (range 37.6—67.6 million) pairs of 150 bp
reads. Human reads were identified and removed using
BMtagger [30]. Sequence datasets contained on average,
97.4% human reads (range 96.3—98.3%). No human reads
were identified in the inocula. Ribosomal RNA sequence
reads were removed using sortmeRNA [31] (version 2.1)
and the remaining reads were subjected to quality filter-
ing and trimming using fastp [32] (version: 0.21, sliding
window size: 4 bp, minimum average g-score: 20). The
relative abundance of each L. crispatus strain in the sam-
ples was estimated by mapping the sequence reads to a
database containing strain-specific marker genes. To
build this database, single-copy genes uniquely present in
the genomes of individual L. crispatus strains used in the
experiments were identified using OrthoMCL [33] (all-
versus-all BLAST e value threshold 107°, 70% percent
identity, 70% overlap). Reads were mapped to the marker
gene database using Bowtie2 [34] and per gene coverage
was estimated using SAMtools [35]. L. crispatus strain
composition was determined using the median coverage
of each strain’s marker genes relative to sum of median
coverage values for all strains in the consortia.

Lactate and pH

For lactate analysis, samples from apical effluent were
collected at every 24-h timepoint of the experiment and
briefly equilibrated under anaerobic conditions (83% N,,
10% CO,, 7% H,) in an anaerobic chamber. Cells in each
sample were pelleted and supernatant was collected then
stored at 4 °C. D-lactate and L-lactate concentrations
were measured separately in each sample using BioAssay
Systems EnzyChrom Lactate Assay Kits (cat. no. EDLC-
100 and ECLC-100 respectively) according to the manu-
facturer’s protocol. During effluent collection, pH was
measured using pH paper (Micro Essential, Hydrion 325)
for all chips.

Cytokines and chemokines analysis

Samples (100 pL) of the apical effluents from vagina chips
were collected and analyzed for a panel of cytokines and
chemokines, including TNF-a, INF-y, IL-1q, IL-1p, IL-10,
IL-8, IL-6, MIP-1a, MIP-1pB, IP-10, TGF-f, and RANTES
using custom ProcartaPlex assay kits (ThermoFisher Sci-
entific). The analyte concentrations were determined
using a Luminex 100/200 Flexmap3D instrument cou-
pled with the Luminex XPONENT software.

Statistical analysis
All of the results presented are from at least three inde-
pendent experiments and all of the data points shown
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indicate the mean =+ standard deviation (s.d.) from n >
3 organ chips unless otherwise mentioned. Tests for sta-
tistically significant differences between groups were
performed using one-way ANOVA followed by Tukey
multiple comparison, statistical analyses were performed
using GraphPad Prism 9.0.2.

Results

Human vagina chip

We engineered a human vagina chip by co-culturing pri-
mary human vaginal epithelium on the top surface of an
extracellular matrix-coated porous membrane within
the top channel of a two-channel microfluidic chip with
primary human uterine fibroblasts on the lower surface
of the same membrane in the bottom parallel channel to
recreate the vaginal epithelial-stromal interface in vitro
(Fig. 1A), which has been shown to be important for
development of the vaginal epithelium [36, 37]. The top
and bottom channels of the vagina chip were respectively
perfused with epithelial and stromal growth medium for
5 days to expand cell populations before replacing the
epithelium medium with HBSS (LB/4G) [pH ~ 4.7] and
the stromal medium with a differentiation medium that
supports optimal viability and epithelial stratification
(see “Methods” section). The medium was continuously
perfused through the lower channel and intermittently
through the upper epithelial channel to mimic episodic
flow of mucus through the vagina. These culture condi-
tions resulted in spontaneous differentiation of a multi-
layered, stratified, squamous vaginal epithelium with a
thickness of ~ 75-90 um when cryosectioned along the
vertical axis and stained with eosin and DAPI (Fig. 1A).
Immunofluorescence microscopic imaging of vaginal epi-
thelium for various tissue-specific basal, suprabasal, and
superficial markers, including cytokeratin 5 (CK5), CK14,
CK13, CK15, and involucrin, confirmed the presence of
a differentiated vaginal epithelium on-chip (Fig. 1B). The
engineered vaginal epithelium also expressed cell-cell
adhesion molecules that contribute to epithelial junc-
tional complex formation, including E-cadherin, zonula
occludens-1 (ZO-1), desmoglein-1, and -3 (DSG1 and
DSG3) (Fig. 1B). The presence and absence of these pro-
teins in different layers of vaginal epithelium on-chip
recapitulated their locations observed human vagina
in vivo (Table 1).

Co-culture of the vaginal epithelial cells and fibroblasts
on-chip also resulted in establishment of a strong and sta-
ble epithelial permeability barrier, as measured by quan-
tifying the apparent permeability (P,,,) using the small
fluorescent biomarker, Cascade Blue (550 Da), which was
sustained at 107 to 1077 cm/s for up to 15 days of cul-
ture (Fig. 1C). Moreover, similar differentiation-induced
decreases in permeability and maintenance of this high
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Fig. 1 Characterization of a microfluidic human vagina-on-a-chip model. A A diagram of a two-channel organ chip viewed from above (left) and

a higher magnification micrograph through a cross section of a vagina chip showing a stratified human vaginal epithelial cells cultured in the top
channel atop a 50-um thick porous membrane (dashed lines indicate top and bottom surface) with human uterine fibroblasts cultured on the
opposed side of the membrane in the lower channel (right). B Representative cross-sectional immunofluorescence micrographs of human vagina
chips showing squamous stratified vaginal epithelium immunostained for CK14, CK15, CK5, CK13, Involucrin, ZO-1, E-cadherin, DSG-3, DSG-1, and
F-actin (to show all cells). Dashed line, upper boundary of the porous membrane; yellow, different markers; magenta, DAPI-stained nuclei. C A graph
showing the changes in apparent permeability (P,,) of the vaginal tissue barrier measured on-chip for two human donors 05328 (Hispanic) and
04033 (Caucasian) measured by quantifying Cascade Blue transport. Data are presented as mean =+ s.d.; n = 4. D RT-gPCR results showing relative
mMRNA expression of ESRT, PGR, PCK1, GCGR, KRT15, CLDN17, and ZO-1 in the vagina chip before (D0) and after differentiation on day 10 in the
presence or absence of 0.4 nM (blue) or 4 nM (green) 3-estradiol (D10)

permeability barrier for at least 2 weeks of culture was  But it is interesting that chips lined with vaginal epithelial
observed using vagina chips lined with vaginal epithelial  cells from the Hispanic donor appeared to form a slightly
cells obtained from two donors with different ethnicity  stronger barrier compared to those created with Cauca-
(Caucasian and Hispanic) (Fig. 1C). In contrast to the L. sian donor cells.

crispatus consortia studies, these are only the results of This differentiation protocol was carried out in a basal
one donor each and we do not know their health status. growth medium containing the female sex hormone
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Table 1 Expression of various differentiation markers in different layers of vaginal epithelium on-chip

Marker Type Expression On-Chip | Expression in vivo Reference

CK13 Suprabasal Suprabasal g2
CK14 Basal Basal 47,48, 53
Stratified K15 Basal T 5,51
Differcatiation Involucrin Multiple cell layers  Multiple cell layers 50,52
E-Cadherin Multiple cell layers  Multiple cell layers REE
Z0-1 Superficial Superficial 51,55,56
Cell-Cell Adhesion Desmoglein 3 (DSG3) Basal Basal 54

Desmoglein 1 (DSG1)

Multiple cell layers

Greater- Superficial

Multiple cell layers

Greater-Superficial

50

[B-estradiol at a high concentration (4 nM) that mim-
ics its peak level in blood during the human menstrual
cycle in vivo [38]. Under these conditions, we observed
down-regulation of expression of genes encoding estro-
gen receptor 1 (ESR1), progesterone receptor (PGR),
and claudin 17 (CLDN17), while Phosphoenolpyruvate
Carboxykinase 1 (PCK1), glucagon receptor (GCGR),
keratin 15 (KRT15), and ZO-1 were significantly upreg-
ulated when measured using RT-qPCR on day 10 of
culture compared to the pre-differentiation state (day
0) (Fig. 1D). Importantly, when we perfused chips with
medium containing a low level of B-estradiol (0.4 nM)
that mimics its nadir levels in the blood during the
menstrual cycle [38], we found that the vaginal epithe-
lium in these chips failed to significantly downregulate
the PGR and ESR1 genes, as observed with the higher
peak level (Fig. 1D). Exposure to the lower B-estradiol
level was equally effective at suppressing expression
of CLDN17 and inducing expression of GCGR and
KRT15; however, ZO-1 expression levels appeared
to be even more highly sensitive to the lower dose of
estradiol (Fig. 1D). Thus, the vagina chip is able to

recapitulate human vaginal epithelium responsiveness
to variations in sex hormone levels in vitro.

Co-culture of the vagina chip with optimal L.
crispatus-containing consortia

Because oxygen concentrations in the human vagina are
low [39, 40] and most of the bacteria comprising the vagi-
nal microbiota are strict or facultative anaerobes, we first
simulated the O, gradient generated within the vagina
chip under the aerobic culture conditions we utilized to
ensure that the environment is appropriate for microbial
co-culture using a COMSOL-based two-dimensional
model (Supplementary Figure S1A). The oxygen-satu-
rated medium and diffusion of oxygen into the chip from
the incubator were modeled as the main sources of O,
influx whereas cellular oxygen consumption was the
sole source of loss. This analysis revealed that the oxygen
concentration on top of the epithelial layer in the upper
channel is ~ 0.11 mol/m? (approximately 10% O,) (Sup-
plementary Figure S1B, C), which is sufficiently low to
support the growth of vaginal bacteria.
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We tested the ability of each of the three L. crispatus
multi-strain (OC1, OC2, and OC3) consortia to grow
in the vagina chip and assessed their effects on host
responses. These studies revealed that total live cultur-
able bacteria could be isolated from the chip effluents
daily throughout a 72-h experiment and digested vagi-
nal epithelial tissue after 72 h to determine whether the
vagina chips were co-cultured with a single L. crispa-
tus strain (CO006A1) or any of the OC1, OC2, and OC3
L. crispatus multi-strain consortia (Fig. 2A and Figure
S2A). Some of the bacteria within these optimal con-
sortia also remained adherent to the epithelium in the
chip as demonstrated by quantifying the percent of
inoculated bacteria that were culturable in the digested
vaginal epithelial tissue on day 3 (Fig. 2B). Also, similar
results were obtained with chips made with cells from
both donors.

We then carried out metagenomics-based strain ratio
analyses of the bacteria from L. crispatus consortia
that remained adherent to the epithelium to assess the
degree of cooperativity among the component bacte-
rial strains. For all 3 multi-strain consortia, we detected
the presence of all strains on chips after 72 h of direct
contact with the vaginal epithelium (Fig. 2C). A similar
ratio of different strains of adhered OC1 and OC2 con-
sortia was observed when compared with their respec-
tive inoculums, but the C0006A1 strain became more
predominant in the OC3 consortia (from ~ 25 to ~
70%). This is interesting given that the CO006A1 strain
did not remain adherent to the epithelium in the chip
when cultured alone (i.e., not as part of a multi-strain
consortium) (Fig. 2B). The strain-level stability of dif-
ferent L. crispatus consortia also appeared to remain
relatively constant in the vagina chips when four differ-
ent replicates were compared (Fig. 2C).

Maintenance of physiological pH

The epithelium of the vagina chip was cultured in an
HBSS solution (pH ~ 4.7) to mimic the physiological
pH experienced by vaginal epithelium in vivo, and the
chip was able to maintain this pH (Fig. 2D) as well as
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epithelial cell viability (Fig. 2E), when cultured in the
presence and absence of L. crispatus bacteria, either
as a single strain (C0006A1) or within the OC1, OC2,
or OC3 consortia. There was no significant difference
in either pH or viability values between any of these
experimental conditions

Lactate production in the vagina chip

The D- and L- enantiomers of lactic acid both have anti-
microbial effects [3, 4]; however, while vaginal epithe-
lium can only produce L-lactic acid, L. crispatus has the
ability to produce both isomers, making D-lactic acid a
biomarker for metabolically active L. crispatus bacte-
ria [41]. As expected, we detected L-lactate in all vagina
chips containing human vaginal epithelial cells, and
this was the only isomer present in control chips and in
those inoculated with L. crispatus strain C0006A1 which
failed to adhere to the vaginal epithelium in our experi-
ments (Fig. 3A). In contrast, both L- and D-lactate were
detected in vagina chips containing OC1, OC2 and OC3
microbial consortia after 72 h, although only the chips
containing the OC2 and OC3 consortia exhibited levels
(0.33 mM and 0.29 mM, respectively) similar to those
observed in vivo (0.32 mM) [42] (Fig. 3B).

Modulation of innate immune responses by optimal
vaginal consortia

In the vagina, Lactobacillus species are believed to pro-
vide benefit by suppressing inflammation [3, 43, 44].
Consistent with this observation, we found that when
the vaginal epithelial cells were grown on-chip with or
without the OC1, OC2, or OC3 consortia, or L. crispa-
tus strain CO006A1, we observed a statistically significant
downregulation of multiple proinflammatory cytokines,
including interleukin-6 (IL-6), IL-8, IL-la, IL-1B, and
interferon-y inducible protein-10 (IP-10) after 72 h of co-
culture compared to controls vagina chips (Fig. 4). These
results with the vagina chip demonstrate that L-crispatus
containing consortia can directly influence the epithe-
lium to dampen production of inflammatory cytokines,
even in the absence of immune cells.

(See figure on next page.)

Fig. 2 Culture of L. crispatus consortia in the vagina chip. A Total CFU/chip determined by quantifying non-adherent bacteria in effluents from the
apical epithelial channel combined with counts of adherent bacteria measured within epithelial digests at 72 h compared to the original inoculum
(TO). B Percent of OC1, OC2, OC3, and CO006AT consortia bacteria adherent to the epithelium in vagina chips calculated by quantifying the bacteria
recovered from the chip (digest) 72 h post-inoculation compared to the TO inoculum. Significance was calculated by one-way ANOVA; *, P < 0.05

vs. CO006A1, ¥, P < 0.05 vs. OC1. C The pH values measured in the medium within the apical channel of the vagina chip cultured in the absence or
presence of the OC1, 0C2, 0C3, and CO006A1 consortia at 72 h post-inoculation compared to pH measured in the basal channel. D Percent viability
of vaginal epithelial cells assessed by calculating the number of live cells relative to control using trypan blue exclusion assay. In A-D, each data
point indicates one chip; different colored points indicate chips from different donors; data are presented as mean =+ s.d. In the lower graphs, results
of metagenomics-based strain ratio analyses of the adherent bacteria from the L. crispatus OC1 (E), OC2 (F), and OC3 (G) consortia present within
epithelial digests relative to the original inoculum are shown after 72 h of direct culture with the vaginal epithelium on-chip. 1-4 indicate results
from 4 different chips
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Fig. 3 D-lactate production in vagina chip. A D-lactate and L-lactate levels measured in the effluent of the epithelial channel of vagina chip
cultured in the absence (control) or presence single strain (CO006A1) or multi-strain (OC1, OC2, OC3) L. crispatus consortia at 72 h post-inoculation.
Each data point indicates one chip; data are presented as median with 95% Cl. Significance was calculated by one-way ANOVA; *, P < 0.05 vs.
control, ¥, P < 0.05 vs. OC1, ¥, P < 0.05 vs. CO006A1. B Table showing median D-lactate concentrations (mM) measured in the vagina of women with
Lactobacillus-dominated communities compared to concentrations measured in vagina chips cultured with different L. crispatus consortia (OCT,

Culture of non-optimal G. vaginalis containing vaginal
consortia in the vagina chip

We also studied the effects of co-culturing non-optimal
vaginal bacterial consortia in the vagina chip by inoculat-
ing the chips (~ 10° CFU/chip) with consortia contain-
ing either G. vaginalis E2 and E4 combined with P. bivia
BHKS and A. vaginae (BVC1) or only the two G. vaginalis
strains(BVC2) on day 11 of differentiation. Quantification
of total bacterial count by cultivation indicated that mem-
bers of both BVC1 and BVC2 consortia remained present
and viable on-chip throughout this 3-day study (Fig. 5A
and Figure S2B). Based on the CFU/chip of digested

epithelium, we observed that both consortia were able to
adhere to the vaginal tissue and thrive on the vagina chip,
as the total CFU/chip measured in the epithelial digests
plus the effluents increased over the 3-day culture from
10° to ~ 10® CFU/chip (Fig. 5A). Co-culture of the BVC1
consortium on-chip resulted in a physiologically relevant
and statistically significant increase in pH to ~ 5.1, while
no pH change (~ 4.7) was observed in presence of BVC2
(Fig. 5B). We also observed a reduction in vaginal epithe-
lial cell viability when cultured in the presence of either
the BVC1 or BVC2 consortium (Fig. 5C). As expected, no
D-lactate was detected in vagina chips containing BVC1
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Fig. 4 Suppression of the innate immune response by L. crispatus containing consortia in the vagina chip. The levels of cytokines (IL-6, IL-8, IL-1q,
IL-1(, and IP-10) measured in effluents of vagina chips cultured with OC1, OC2, OC3, and CO006A1 consortia are show relative to control chips
without bacteria. Each data point indicates one chip; different colored points indicate chips from different donors. Data are presented as mean +
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or BVC2 consortia (not shown). Importantly, in contrast
to the L. crispatus containing consortium both G. vagi-
nalis containing consortia induced statistically significant
increases in the production of multiple proinflammatory
cytokines (IL-6, IL-8, IL-1B, and IP-10) after 72 h of co-
culture (Fig. 5D versus Fig. 4), similar to in vivo observa-
tions [45, 46].

Discussion

In this study, we set out to explore whether organ chip
technology can be used to develop a preclinical model
of human vagina-microbiome interactions, which
could potentially be used for discovery and assess-
ment of potential microbiome-based therapeutics. The

microfluidic vagina chip lined by primary human vaginal
epithelial cells interfaced with uterine fibroblasts that we
engineered forms a squamous stratified vaginal epithe-
lium expressing various differentiation markers in correct
locations that closely mimic those observed of human
vaginal epithelium in vivo [47-56]. The vagina chip also
exhibits a tight tissue permeability barrier, responds to
estrogen hormone, and creates an oxygen gradient that
enables stable co-culture with microbial communities
including both optimal L. crispatus strain containing
consortia and non-optimal G. vaginalis strain contain-
ing consortia while maintaining a physiologically relevant
low pH. The vagina chip was used to study host-micro-
biome interactions using a single strain of L. crispatus
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Fig.5 Culture of non-optimal G. vaginalis containing consortia in the vagina chip. A Total CFU/Chip of BVC1 and BVC2 consortia bacteria measured
in effluents from the vaginal epithelium-lined channel at 24, 48, and 72 h and epithelial tissue digest at 72 h relative to the starting inoculum (T0).
Total, total CFUs measured in effluents + digest; Digest, CFU in the tissue digest. B pH measured in medium in the epithelial channel of vagina
chips cultured in the presence or absence of G. vaginalis containing and BVC1 and BVC2 consortia for 72 h. C Percent viability of vaginal epithelial
cells cultured on-chip in the presence of BVC1 or BVC2 consortia assessed by calculating the number of live cells relative to control using a trypan
blue exclusion assay. D The levels of cytokines (IL-6, IL-8, IL-1q, IL-1(3, and IP-10) measured in effluents of vagina chips cultured with BVC1 and BVC2
consortia are shown relative to control chips. Each data point indicates one chip; data are presented as mean = sem; significance was calculated by
one-way ANOVA; *, P < 0.01,**, P < 0.001

as well as three different multi-strain L. crispatus con-
sortia, which resulted in D-lactate accumulation and
suppression of inflammatory cytokine production on-
chip, thus mimicking their beneficial effects on vaginal
health observed in vivo. In contrast, when G. vaginalis
or mixed consortia containing pathogen G. vaginalis
and other anaerobes commonly found in non-optimal
vaginal microbiota were cultured on-chip, secretion of
inflammatory cytokines and chemokines increased and
this was accompanied by vaginal cell injury. Interestingly,
we also observed a single L. crispatus strain (CO006A1)
failed to remain adherent to the epithelium in the vagina

chip even though the same strain thrived on-chip in both
adherent and non-adherent forms when it was co-cul-
tured as part of the multi-strain OC3 consortium. These
findings are consistent with past work which suggests
that colonization of L. crispatus consortia in the vagina
may result in enduring changes to the total microbiome
composition and consequently helping to prevent recur-
rent vaginal dysbiosis [57].

Past studies have shown short-term adhesion of lac-
tobacilli (especially L. crispatus) to cell monolayer cul-
tures, although live bacterial cell numbers (CFU) were
not quantified [58, 59]. Monolayer cultures lack key
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structural and functional features of living three-dimen-
sional tissues that are important to mimic host-microbi-
ome interactions, such as the presence of a multi-layered
epithelium, as we observed in the human vagina chip.
The immunomodulatory properties of L. crispatus bac-
teria have been demonstrated previously using cervicov-
aginal monolayer cultures or transwell insert models [43,
58] or 3D aggregrates [60] however, some of these studies
used immortalized cells [43, 58] or human cells derived
from ectocervical tissue or vulval epidermoid carcinoma
[47, 61] rather than healthy vaginal epithelium as we did
in the present study. Rotating wall vessel based 3D aggre-
gates require 28 days for full differentiation and further
seeding into multi-well plates for infection, which again
fails to recreate physiologically relevant host-microbiome
interactions that occur in the dynamic in vivo microen-
vironment [60]. In addition, our ability to reconstitute
the vaginal epithelial-stromal interface and expose both
compartments to dynamic fluid flow independently ena-
bled longer term (> 3 day) co-culture of microbiome in
direct contact with living human vaginal epithelium.

The vagina chip also expresses multiple structural and
functional markers that mimic those observed in vivo,
which are critical for support of a living microbiome
and maintenance of vaginal health [47-56]. For exam-
ple, PCK1 is a component of the molecular machinery
involved in production of glycogen, which is thought to
be the key nutrient for vaginal lactobacilli [62, 63]. Accu-
mulation of glycogen and thickening of the vaginal epi-
thelium are also induced by increased estrogen levels in
humans [64] as well as animal studies [65, 66], and this is
consistent with our observation that high levels of estro-
gen upregulated genes involved in gluconeogenesis and
glycogen synthesis and downregulate estrogen recep-
tor genes in the vagina chip [66, 67]. In agreement with
past in vitro studies using cells from various species and
tissues, we observed a decrease in expression of the tight
junction protein ZO1 at high levels of estrogen [68-70],
although the mechanism responsible for this response is
unclear. In contrast, other female reproductive hormones,
such as progestrone, have been shown to increase epithe-
lial tissue barrier function in vitro by upregulating tight
junction protein expression, such as occludins [71]. More-
over, the O, partial pressure in the human vagina is within
the hypoxic range which supports vaginal lactobacilli pro-
duction of D-lactate [40, 72] and we experimentally con-
firmed that this occurs on-chip as well. Thus, the human
vagina chip offers a more physiologically relevant and
versatile experimental system for in vitro studies on host-
microbiome interactions than existing in vitro models.

L. crispatus produce D- and L-lactate, which have
antimicrobial and immunomodulatory properties that
help to maintain an optimal Lactobacillus-dominant
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community [4, 64]. For example, D-lactate blocks chla-
mydia infection in vitro [73, 74], and inhibits Toll-like
receptor (TLR) agonist-elicited production of inflamma-
tory mediators in study using an epithelial cell line [75].
Lactic acid decreases production of pro-inflammatory
mediators (IL-6 and IL-8) in cultured cervical epithelium
[75] and lactate production by L. crispatus and L. gasseri
has been shown to prevent infection by Chlamydia tra-
chomatis (73], suppress growth of Escherichia coli [76],
and Neisseria gonorrhoeae bacteria [77]. Importantly, we
observed physiological levels of D-lactate on-chip [42]
when the vaginal epithelium was co-cultured with multi-
strain OC2 and OC3 consortia, whereas levels were
much lower with the OC1 consortium. In agreement
with our observation, a recent study of clinical Lactoba-
cillus isolates co-cultured with VK2 cells showed accu-
mulation of D-lactate with no L-lactate production after
24 h [58]. Thus, the human vagina chip may be useful for
assessing relative efficacy of different live biotherapeutic
product formulations in terms of their ability to produce
D-lactate at the surface of the vaginal epithelium, and
hence, suppress pathogen infection and inflammation.

In addition to acting as a physical barrier to infec-
tions, vaginal epithelial cells generate an innate immune
response to non-optimal bacteria associated with BV by
producing inflammatory cytokines and anti-microbial
products, such as defensins and lysozymes [44, 78], while
a microbiome dominated by L. crispatus that is consid-
ered optimal reduces the pro-inflammatory response as
shown, for example, in cervicovaginal cell cultures stimu-
lated with various TLR agonists [3, 43]. Vaginal epithelial
cells co-cultured with Lactobacillus isolates from women
with optimal microbiome communities also produce lower
levels of pro-inflammatory cytokines than isolates from
non-optimal microbial communities [58]. Downregulation
of multiple pro-inflammatory cytokines and chemokines
was observed in the present study when vaginal epithe-
lial cells were co-cultured with multi-strain L. crispatus
consortia in the vagina chip. Conversely, several of these
cytokines are upregulated in clinical samples with non-
optimal microbiota associated with preterm birth [14].
In contrast, when we cultured vagina chips with either G.
vaginalis strains alone or as part of consortia containing
these potentially pathogenic strains, we observed epithe-
lial cell injury and significant upregulation of these same
proinflammatory molecules. As expected, we observed
no D-lactate production when we cultured vagina chips
with non-optimal consortia, which is in contrast to in vitro
monolayer cultures that shows similar levels of D-lactate
produced when cultured with optimal versus non-optimal
bacterial species [58]. These findings highlight the ability
of the vagina chip to recapitulate host-vaginal microbiome
interactions that are observed in vivo which play a central
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role in vaginal health and to discriminate between probi-
otic and dysbiotic bacterial consortia in vitro.

BV, which is the most common vaginal condition in
reproductive-aged women, is characterized by increased
vaginal discharge and changes in the vaginal microbiota.
During BV, beneficial Lactobacilli are displaced by an
array of strict and facultative anaerobes, including Gard-
nerella, Prevotella, Mobiluncus, and Atopobium species
[79]. Given the unsatisfactory efficacy of the current treat-
ment regime to prevent recurrent dysbiosis [80], the use of
L. crispatus-based therapeutic strategies is gaining interest.
For example, the first living L. crispatus probiotic therapeu-
tic product that was derived from a human vaginal micro-
biome sample (LACTIN-V) showed promising adherence
in the clinical trial with 79% of participants showing qPCR
detection of LACTIN-V bacteria after 12 weeks [80]. How-
ever, the development of new and even more effective BV
therapeutics, including live probiotic therapies, would ben-
efit from the availability of human relevant preclinical mod-
els that also enable assessment of the effects of dynamic
host-microbiome interactions. Current approaches that are
used to study of interactions between human vagina and
healthy or dysbiotic microbiome, as well as to develop live
biotherapeutics, utilize animal or in vitro models for pre-
clinical analysis. But different species have distinct microbi-
omes and some existing in vitro human cell culture models
are also limited in terms of their ability to support extended
co-culture studies with living bacteria, and most fail to
faithfully recapitulate organ-level structures and physical
properties (e.g., fluid flow) of the in vivo microenvironment.

Most importantly, our demonstration that the human
vagina chip can be used to investigate human vagina-
microbiome interactions using single- and multi-strain
consortia containing L. crispatus strains as well as dysbiotic
Gardnerella-containing bacterial strains, suggests that it
could be used as a new preclinical model to advance thera-
peutic development in the future as there is no other way to
assess these activities in vitro. Various species and strains of
Lactobacillus (e.g., L. crispatus, L. gasseri, L. acidophilus, L.
Sfermentum, L. rhamnosus) have been assessed as potential
probiotics for the treatment of vaginal dysbiosis and spe-
cifically BV [81, 82]. We chose to explore the effects of L.
crispatus strains on vaginal tissue in our organ chip model
because they are highly associated with positive gyneco-
logical outcomes and it is the dominant Lactobacillus spe-
cies in healthy vaginal microbiomes [81]. Consistent with
these observations, our vagina chip results clearly show
that vaginal epithelial cells remain healthy and viable when
in direct contact with either a single L. crispatus strain or
a multi-strain consortium, although the single strain failed
to successfully adhereon-chip. In contrast, culture with a
potential vaginal pathogen, G. vaginalis (either alone or as
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part of a more complex microbial consortium) resulted in
epithelial injury and enhanced inflammation.

In summary, the human vagina chip supports spontane-
ous differentiation of squamous stratified vaginal epithe-
lium, forms a strong barrier, responds to hormones, and
generates a microbiome supporting oxygen-gradient. In
addition, we demonstrated that multi-strain L. crispatus
consortia outperform single-strain L. crispatus in terms
of adherence to the epithelium, D-lactate production and
suppression of an innate immune response. In contrast,
when dysbiosis associated G. vaginalis containing micro-
biota were cultured in the vagina chip, epithelial injury
and enhanced inflammation resulted. Taken together,
these data indicate that the human vagina chip offers a
new model to study host-vaginal microbiome interactions
in both optimal and non-optimal states, as well as pro-
viding a human relevant preclinical model for develop-
ment and testing of reproductive therapeutics, including
live bio-therapeutics products for BV. Our microfluidic
human vagina chip that enables flow through an open
epithelial lumen also offers a unique advantage for studies
on the effect of cervicovaginal mucus on vaginal health as
clinical mucus samples or commercially available mucins
can be flowed through this channel. The role of resident
and circulating immune cells in host-microbiome inter-
actions also can be explored by incorporating these cells
into the vagina chip in the future, as this has been success-
fully done in various other organ chip models [23].
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Additional file 1: Supplementary Figure S1. Computational Model of
Oxygen Gradient Generated by Vagina Chip. COMSOL 2D model with
geometry adapted from the commercial Organ Chip (from Emulate Inc.)
used in these studies. The chip contains two parallel channels under
continuous flow with thick epithelial and fibroblast cell layers cultured
respectively on the top and bottom of a 50 um thick porous membrane
that separates the two channels. Dotted arrows show sources of oxygen
inflow and consumption in the chip. B) Surface plot demonstrating O,
distribution in the Vagina Chip. The lower graphs show results of O, con-
centration simulations over time in apical epithelial channel (C) and basal
fibroblast channel (D).

Additional file 2: Supplementary Figure S2. Culture of L. crispatus and
non-optimal G. vaginalis containing consortia in the Vagina Chip. A) CFU/
Chip for L. crispatus is determined by quantifying non-adherent bacteria
in effluents (total of 24, 48- and 72-hours) from the apical epithelial
channel and viable bacteria adherent to the epithelium measured within
tissue digests at 72-hours. B) CFU/Chip of BVC1 and BVC2 consortia
bacteria measured in effluents (total of 24, 48- and 72-hours) from the
vaginal epithelium-lined channel and epithelial tissue digest at 72-hours.
C) D-lactate Production in Vagina Chips. D-lactate concentrations meas-
ured in effluents from the apical epithelial channel of chips cultured in
the absence (Control) or presence of the OC1, OC2, or OC3 L. crispatus
consortia collected at 24 hours post inoculation are shown; each data
point indicates one chip.
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