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Abstract

Pathogenic bacterial extracellular vesicles (BEVs) can disrupt the blood—brain barrier (BBB),
leading to neuroinflammation. Prior in vitro studies of this process were performed in simple
models that may have lacked important physiological factors. We sought to determine if treatment
with Escherichia coli—derived BEVs could directly compromise the integrity of a BBB lab-on-chip
model or if an immune component was required. Our device featured isogenic human induced
pluripotent stem cell-derived brain microvascular endothelial-like cells (BMECs) and pericytes
separated by an ultrathin, porous silicon nitride membrane. BEVs and free lipopolysaccharide
(LPS) were capable of causing upregulation of intercellular adhesion molecule-1 on the BMEC
surfaces, which is important for immune cell recruitment. However, neither BEVs nor LPS at
physiologically-relevant doses caused pronounced loss of BMEC tight junction proteins, nor did
they increase barrier permeability to small dye molecules. In contrast, stimulating THP-1
macrophages with BEVs led to increased production of pro-inflammatory cytokines, and
conditioned media from the stimulated macrophages disrupted BMEC tight junctions and
increased barrier permeability. Our work demonstrates the importance of incorporating an

immune component in studies of BEV-mediated disruption of BBB models.

Introduction

Sepsis is a potentially fatal organ disruption stemming from a hyperactive inflammatory response
to infection,! and it is a leading cause of mortality in hospitals.? The invasion of bacteria or other
pathogens causes the immune system to increase production of pro-inflammatory signals, leading
to a cytokine storm that can initiate fever and cause host cell death.3# This dysregulated host

response can be more harmful than the invading pathogens due to self-injury of tissues and
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organs.'* Additionally, sepsis can cause widespread endothelial dysfunction, which is especially

dangerous in the brain vasculature.®

The interface between the vasculature and brain parenchyma is termed the blood—brain barrier
(BBB) and it defends the central nervous system by exerting size, chemical, and charge-based
selection to prevent entry of disruptive molecules and cells while still allowing the exchange of
oxygen and essential nutrients.® Brain microvascular endothelial cells are primarily responsible
for this neuroprotective role. Neighboring endothelial cells form tight junctions composed of zonula
occludens-1, claudin-5, and occludin that restrict paracellular diffusion across the BBB.®
Furthermore, brain microvascular endothelial cells possess efflux proteins that are embedded in
the cell plasma membranes and prevent transcellular transport of lipophilic molecules by pumping

them back into the blood.”

Other cell types support the specialized function of brain microvascular endothelial cells. Pericytes

are one of the mural cells that surround the vasculature. Their contractile nature helps regulate

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

blood flow,? and their communication with endothelial cells may strengthen barrier properties.®-3

Pericytes are embedded within the vascular basement membrane,’ a collection of extracellular

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

matrix proteins that surrounds the basolateral surface of blood vessels and supports the

(cc)

endothelium. The basement membrane is composed of collagen IV and laminin networks joined
together by smaller proteins.’ Production of the basement membrane is enhanced by the
presence of pericytes,’®%-19 and since evidence suggests that endothelial interactions with the
basement membrane strengthen expression of tight junction proteins,?® this may be one way in

which pericytes support the BBB.

During sepsis, pro-inflammatory cytokines cause breakdown of endothelial tight junctions and
promote barrier leakiness.?"?2 They also upregulate intercellular adhesion molecule-1 (ICAM-1)

on the surface of endothelial cells.?® This 80—-114 kDa transmembrane protein?* is likewise
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upregulated on leukocytes such as macrophages under pro-inflammatory conditions, where it is
believed to play a role in phagocytosis.?® In the context of endothelial ICAM-1, this protein serves
to recruit leukocytes from the circulation.?> Once leukocytes bind to the endothelium, they can
transmigrate into the brain to promote neuroinflammation by activating brain-resident
microglia.?62” Pericytes may help resist invasion by leukocytes,'® but the increased pro-
inflammatory signaling during sepsis can cause pericyte loss from the BBB which would reduce
this neuroprotective effect.?82° Neuroinflammation that arises during sepsis can result in
delirium.?” A major concern for patients is that the BBB can remain disrupted following clearance
of sepsis, and sepsis survivors consequently have a higher risk of developing neurological

disorders.®

Bacterial extracellular vesicles (BEVs) are bacterial lipid membrane—derived nanoparticles that
contribute to sepsis pathogenesis.’® Their cargo includes signaling factors, nucleic acids,
lipopolysaccharide (LPS), and other toxins incorporated from the source bacteria.3'-33 As such,
exposure to these 40-400 nm3* particles can upregulate ICAM-1 in endothelial cells®>-37 and
increase pro-inflammatory cytokine production by leukocytes.383% BEVs may compromise BBB
integrity by disrupting endothelial tight junctions and increasing paracellular permeability, which
has been observed both in vivo*®*' and in vitro.#243 This is one proposed mechanism that could
allow BEVs to enter the brain, where they could exacerbate neuroinflammation.** Prior work has
been useful for examining the direct impact of pathogenic BEVs on in vitro human BBB models,
but, to our knowledge, these direct impacts have not yet been compared to indirect impacts on
BBB integrity mediated by BEV interactions with leukocytes. We sought to explore this gap using

a lab-on-chip model of the human BBB.

Many prior in vitro studies of the BBB have involved culturing brain endothelial cells on porous
membranes to model the blood vessel wall.'".132045.46 Recent advances in the manufacturing of

porous membranes has led to development of the microphysiological system enabled by an
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ultrathin silicon membrane (uSiM) barrier modeling platform.4’-4°® This modular lab-on-chip device
incorporates a continuously nanoporous silicon nitride membrane that is ~100 nm thick, similar to
the physiological vascular basement membrane and orders of magnitude thinner than traditional
culture inserts.'>48 As a result, cells seeded on either side of the membrane are placed in close
proximity, reducing the distance required for the exchange of signaling factors and improving cell
communication and barrier integrity.>® The other benefit of this technology is the optical
transparency of the silicon nitride, which facilitates imaging directly in the uSiM device. Several

published studies have demonstrated the uSiM’s utility for modeling the BBB.18.19:49,51-53

In the present work, we used isogenic extended endothelial culture method brain microvascular
endothelial cell-like cells (BMECs)>* and brain pericyte-like cells (BPLCs)%® derived from the same
parent human induced pluripotent stem cell (hiPSC) line. Together, these cell co-cultures formed
a BMEC-pericyte barrier (BPB) that modeled the primary BBB at the post-capillary venule, which
serves as the inflammatory nexus of the brain microvasculature.56-5” While previous investigations

with the pSiM examined barrier disruption caused by exposure to pro-inflammatory

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cytokines'8194853 gnd LPS,5%8 this is the first time the uSiM has been used to study the effects of
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BEVs on a barrier model. Many models of BEV stimulation have been created in vivo.** However,
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animal models do not always predict human responses, motivating in vitro approaches using
human cells.%%-62 Qur work is one of the first to incorporate both pathogenic BEVs and immune
cell secretions in a lab-on-chip human BBB model. We found that BMECs were sensitive to BEVs.
However, direct stimulation with BEVs failed to disrupt tight junction proteins or permeability,
contradicting previous studies.*?*® Treatment with conditioned medium from unpolarized
macrophages also failed to compromise the barrier, but treating the BBB model with conditioned
medium from BEV-treated macrophages did lead to barrier disruption. These results suggest that
including immune components is essential for in vitro studies to accurately predict the effects of

BEV treatment on human BBB models.
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Materials and methods

uSiM assembly

Modular puSiM (microphysiological system enabled by a silicon membrane) devices were
assembled as previously described.*® Briefly, nanoporous silicon nitride chips with ~60 nm
diameter pores, 15% porosity, and 100 nm membrane thicknesses (SiMPore, NPSN100-1L) were
used as the basis for the model. Membranes were bonded to a custom acrylic component (ALine,
Inc., Signal Hill, California, USA) with pressure sensitive adhesive, and additional pressure
sensitive adhesive was used to attach an underlying microfluidic channel manufactured from
cyclic olefin. uSiM devices were sterilized under UV for at least 20 min following assembly, then
were flipped and exposed to UV for an additional 20 min. 150 mm petri dishes were used to hold
the devices, and overturned caps from 50 ml centrifuge tubes were placed in the petri dishes to

serve as water reservoirs to help maintain local humidity.

Cell culture

All cells were maintained in a 37 °C environment with 5% CO-.

BMECs were differentiated from IMR90-4 hiPSCs (WiCell, Madison, Wisconsin, USA) following
the method developed by Nishihara et al.>* Briefly, the hiPSCs were differentiated into endothelial
progenitor cells over 3 days after seeding at approximately 30,000 cells cm=2 in mTeSR1 media
(STEMCELL Technologies, 85850). Media was then switched to Advanced DMEM/F12 (Gibco,
12634010) with GlutaMAX Supplement (Gibco, 35050061) and L-ascorbic acid for 5 days with
the addition of 8 yM CHIR99021 (Sigma-Aldrich, SML1046) during the first 2 days. CD31* cells

were isolated via magnetic-activated cell sorting and were seeded in 6-well plates coated with
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100 ug type IV collagen (Sigma-Aldrich, C5533-5MG) per well. These cells were maintained in
hECSR medium, which consisted of Human Endothelial-SFM (Gibco, 11111044) supplemented
with 1X B-27 Supplement (Gibco, 17504044) and 20 ng mI"' human fibroblast growth factor 2
(R&D Systems, 233-FB). Media was exchanged every 1-2 days. BMECs were obtained through

selective passaging up to passage 3 and used for experiments up to passage 7.

BPLCs were derived from the same progenitor hiPSCs as the BMECs and were therefore isogenic
to the endothelial cells. The differentiation method was developed by Gastfriend et al.>® Briefly,
the hiPSCs were differentiated into neural crest stem cells through maintenance in E6 medium
(Gibco, A1516401) + CHIR99021, SB431542 (Tocris, 1614), human fibroblast growth factor 2,
dorsomorphin (Sigma-Aldrich, P5499), and heparin (Sigma-Aldrich) for 15 days. p75-NGFR* cells
were isolated via magnetic-activated cell sorting and plated with E6 medium + 10% fetal bovine
serum (FBS) (Peak Serum, PS-FB1) for the remaining culture period, and were considered

BPLCs between days 22—45 of culture. Media was exchanged every 1-2 days.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Human leukemia monocytic type 1 (THP-1) cells (ATCC) were obtained from the lab of Dr. Karin

Wuertz-Kozak. Cells were maintained in suspension in RPMI 1640 (Cytiva, SH30255.01)

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

supplemented with 10% FBS (Cytiva, SH30070.03), 1% anti-anti (Gibco, SV30079.01), and 1%
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sodium pyruvate (Gibco, 11360-070). Media was exchanged every 2-3 days. For differentiation
into MO macrophages, the THP-1 media was supplemented with 100 ng ml-' phorbol 24-myristate

13-acetate (Cayman Chemical, 16561-29-8) for approximately 48 h prior to experimentation.

Seeding uSiM co-culture

Each uSiM device was washed twice with sterile water (100 pl in the top well, 20 ul in the lower
channel) prior to the addition of coating solutions. 20 yl of 800 ug ml-' collagen IV was used to

coat the lower channel while the top well was coated with 100 ul of 400 ug ml* collagen IV + 100
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ug ml fibronectin (Sigma-Aldrich, F1141-1MG) at 37 °C for at least 30 min before cell seeding.
The top well and lower channel were washed with E6 medium + 10% FBS before adding BPLCs
to the lower channel at a density of 14,000 cells cm. Devices were then inverted for at least 2 h
to allow the BPLCs to adhere to the underside of the chip. Media remains in the top well during
the inversion step due to surface tension. Following this incubation period, devices were turned
upright and the top well and lower channel were washed with E6 medium + 10% FBS to remove
any dead or unattached cells. 1 day later, the media in the top well and lower channel was
replaced with hECSR medium, and BMECs were seeded in the top well at a density of 40,000—
50,000 cells cm2. After at least 2 h, media in the top well was exchanged to remove any dead or
unattached BMECs. hECSR medium was exchanged every day until the cells were ready for

experimentation, which was 6-7 days after BMEC seeding.

BEYV isolation

Escherichia coli (E. coli) from strain CFT073 [WAM2267] were cultured overnight on Lysogeny
Broth (LB) agar at 37 °C. Colonies were taken from this plate and added to 50 ml LB and cultured
overnight at 37 °C, shaking at 160 rpm. The overnight culture was used to inoculate two larger
200 ml cultures. After their optical density reached ~0.8 at 600 nm, the two 200 ml cultures were
combined before splitting into 8 sterile flasks, which were incubated at 37 °C for another 3 hours,
shaking at 180 rpm. They were then centrifuged at 5,000xg for 15 min to pellet the E. coli. The
supernatant was passed through a 0.22 um syringe filter and 30 ml of the filtrate was then
ultracentrifuged at 100,000xg for 1 h. After removing the supernatant, BEV pellets were
resuspended in 400 ul PBS so that they were brought to 75 times their original LB concentration.
To confirm that no E. coli were co-isolated with the BEVs, aliquots of the BEV preparations were

incubated on LB agar overnight, and no visible colonies formed.
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Nanoparticle tracking analysis (NTA)

Nanoparticle sizes and concentrations were measured using a NanoSight NS300 (Malvern
Panalytical, Malvern, UK) equipped with a sCMOS camera, 532 nm green laser, and a 565 nm
long pass filter. For each sample, three 30 s videos were recorded in clear scattering mode with
a camera level of 15 and a detection threshold of 5. The instrument software calculated particle
diameters based on the diffusion coefficients determined from the particle tracks in the videos.
Samples were further diluted in PBS to ensure that they fell within the instrument’s accurate
concentration detection range of 1x108-1x10° particles ml-'. The average particle concentrations

reported in the present study take the dilution factors into account.

Transmission electron microscopy (TEM)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

A PELCO Easiglow was used to discharge 200 mesh copper grids coated with formvar/carbon

film for 30 s at 30 mA before adding 3 ul of the liquid BEV sample for 30 s. After wicking away

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

excess sample, the grids were washed three times with 15 yl molecular grade water. Negative

(cc)

staining was performed with two applications of 10 pl filtered 0.75% uranyl formate and excess
fluid was wicked away using hardened Whatman 50 filter paper between steps. Following a drying
step, the grids were examined on a Talos 120C transmission electron microscope with a CETA

16 megapixel camera (Thermo Fisher) for image capture using TIA (Thermo Fisher).

Western blot
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To obtain E. coli whole cell lysates, E. coli were cultured on LB agar at 37 °C overnight. Cells
were transferred to a microtube containing 50% PBS + 50% RIPA lysis buffer. BEVs were also
transferred to a 50% PBS + 50% RIPA solution. Both suspensions were sonicated for 2 min. The
tubes were then spun down at 5000xg for 5 min to pellet larger debris, and the supernatants were
transferred to fresh tubes and stored at -20 °C until ready. The Micro BCA Protein Assay Kit
(Thermo Fisher, 23235) was used to determine protein concentrations in the lysate samples.
Following the manufacturer’s protocol, bovine serum albumin standards and the samples were
diluted in 50% PBS + 50% RIPA buffer and loaded into a multiwell plate along with the assay
working reagent. Following 2 h incubation at 37 °C, the plate’s absorbance was measured at 562
nm. After subtracting the absorbance value measured from blank wells, a polynomial fit was
applied to the standards to generate a curve from which the sample protein concentrations were

calculated.

The concentrations obtained from BCA were used to determine the volumes required to run 1 pg
protein per sample for western blot. Samples were mixed with Laemmli buffer + 10% B-
mercaptoethanol and heated at 95 °C for 5 min. After loading the samples in a 4-20% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad, 4561093), 150V was applied for 30 min.
Proteins were transferred to a 0.2 um nitrocellulose membrane using a Trans-Blot® Turbo™
Transfer System (Bio-Rad, 1704150). 5% BSA mixed in tris-buffered saline (TBS) was used to
block the membrane for 1 h before three subsequent washes with TBS. To label peptidoglycan-
associated lipoprotein (Pal), the membrane was incubated with anti-Pal antisera from mice
inoculated with purified recombinant non-lipidated Pal (~21 kDa; contains a 6xHis-tag for
purification; Rochester General Hospital)®® diluted 1:7,000 in TBS + 0.1% Tween-20 (TBS-T) on
a shaker overnight at 4 °C. After three washes with TBS-T, the membrane was incubated with
IRDye® 800CW Goat anti-Mouse 1gG1-Specific Secondary Antibody (LICORbio, 926-32350)

diluted 1:20,000 in 5% BSA in TBS-T on a shaker for 1 h at room temperature. The membrane

10
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was washed 3 more times with TBS-T and then imaged using a LICOR Odyssey XF Imager with

a 30 s exposure in the 800 nm channel.

Endotoxin quantification

The Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher, A39552) was used to measure
the amount of LPS in our BEVs. Briefly, the kit's endotoxin standard was vortexed for 15 min in
water. A series of comparison standards was generated by serial dilution. Endotoxin-free water
was also used to serially dilute the BEV sample. After pre-heating a multiwell plate for 10 min at
37 °C, we added 50 pl of the standards and samples. Amebocyte lysate reagent was then
reconstituted in water and 50 pl was added to the wells. The solutions were mixed by tapping the
plate, and the reaction ran for 11 min at 37 °C. 100 pl of reconstituted chromogenic substrate was
added to the plate and gentle tapping was used to mix the solutions before returning the plate to

37 °C for 6 min. 50 pl of the stop reagent, 25% acetic acid, was added and the plate was mixed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

again by gentle tapping. We measured optical density at 405 nm. The average absorbance of

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

blank wells containing endotoxin-free water was subtracted from the other measurements. We

plotted the optical density at 405 nm as a function of endotoxin units (EU) per ml based on the

(cc)

standards, and the LPS concentration in the BEV sample was calculated from the resulting curve.
The specification sheet for our purified LPS reported a conversion factor of 3,000,000 EU mg-',

which we used to express the measured concentration in terms of LPS mass per BEV.

Pro-inflammatory stimulation

To test the direct effects of bacterial products on barrier integrity, cells were treated with LPS

(Sigma-Aldrich, L3012-5MG) or BEVs diluted in hECSR medium + 2% FBS added to the ySiM

11
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top well or a multiwell plate. As a positive control for barrier disruption, cells were treated with an
equal parts mixture of tumor necrosis factor alpha (TNF-a) (R&D Systems, 210TA), interleukin-1
beta (IL-1B) (R&D Systems, 201-LB), and interferon-gamma (IFN-y) (R&D Systems, 285IF)
referred to as cytomix. To examine the effects of macrophage—derived conditioned media on
barrier integrity, THP-1 MO macrophages were first treated with LPS or BEVs in serum-free RPMI
1640 + 1% anti-anti + 1% sodium pyruvate overnight. The collected conditioned media was twice
centrifuged at 3,000%g for 15 min at 4 °C to pellet out cells and cell debris and then stored at -80
°C until experimentation. For device treatment, the THP-1 conditioned media was diluted 1:2 with
hECSR and added to the ySiM top well. Devices were incubated with the stimulants for 16-18 h

prior to assessments of endothelial activation and barrier integrity.

Fluorescent staining

For extracellular basement membrane staining, live cells were incubated with Collagen IV
Monoclonal Antibody (1042), Alexa Fluor™ 647 (diluted 1:100, Invitrogen, 51-9871-82),
Fibronectin Monoclonal Antibody (FN-3), Alexa Fluor™ 488 (diluted 1:200, Invitrogen, 53-9869-
82), and Laminin Polyclonal Antibody (diluted 1:100, Invitrogen, PA1-16730) for 2 h. For ICAM-1
staining, live cells were incubated with purified anti-human CD54 Antibody (diluted 1:100,
BioLegend, 353102) for 15 min. Cells were then washed with PBS and fixed with 4%
formaldehyde for 15 min at room temperature. After three PBS washes, cells were blocked with
10% normal goat serum (Thermo Scientific, 50062Z) for 10—-30 min at room temperature and then
treated with secondary antibodies. Goat Anti-Rabbit IgG Alexa Fluor™ 568 (diluted 1:200,
Invitrogen, A-11011) was used to label laminin and Goat Anti-Mouse IgG Alexa Fluor™ 488

(diluted 1:200, Invitrogen, A-11001) was used to label ICAM-1.
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For claudin-5 and platelet—derived growth factor receptor § (PDGFR) labeling, cells were fixed
in ice cold methanol for 20 s prior to washing three times with PBS. 5% normal goat serum + 0.4%
Triton X-100 was used to block for 20 min at room temperature. The cells were stained with Mouse
Anti-Human Claudin-5 IgG1 Alexa Fluor™ 488 (diluted 1:200, Invitrogen, 352588) and Rabbit
Anti-Human PDGFR@ IgG (diluted 1:100, Cell Signaling Technology, 3169) for 1 h. After washing
three times with PBS, the cells were treated with Goat Anti-Rabbit IgG, Alexa Fluor™ 568 (diluted

1:200, Invitrogen, A-11011) for 1 h to label PDGFRB.

Nuclei were labeled with DAPI (Thermo Fisher, D1306) diluted 1:400 in deionized water for 3 min
at room temperature or Hoechst 33342 diluted 1:10,000 in PBS for 1 h at room temperature prior

to three final washes with PBS.

For live/dead staining, 0.7 pl calcein AM and 2.5 pl ethidium homodimer-1 (both from LIVE/DEAD
Viability/Cytotoxicity Kit, Invitrogen, L3224) were mixed with 2 ml hECSR medium and 30 pl of

this solution was added to live cells in a 96-well plate following a PBS wash. After 15 minutes of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

incubation in the dark at room temperature, the wells were flooded with 150 pl hECSR medium

and imaged.
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Standard epifluorescence images were captured on a Leica DMI6000B microscope equipped with

(cc)

a Rolera EM-C2™ EMCCD Camera (Qlmaging) using MetaMorph software (Molecular Devices,
San Jose, California). 10x or 20x objective lenses were used for image acquisition. Confocal
images were captured using an Andor Spinning Disk Confocal microscope stage (Abingdon, UK)
attached to a Nikon TiE microscope (Nikon Corporation, Tokyo, Japan) equipped with a SONA
sCMOS camera (Andor Technology, Belfast, UK). A 40x objective lens was used to acquire image

stacks with a 0.2 uym step between images.

To analyze ICAM-1 expression in fluorescence images, the average fluorescence intensity in the

ICAM-1 channel was measured and divided by the number of nuclei counted in corresponding
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DAPI images to yield the ICAM-1 intensity per cell. To determine the number of BEVs per BMEC,
the number of nuclei was counted in each image and used to calculate the total number of cells

per well. The number of BEVs added to each well was then divided by this value.

Lucifer yellow permeability assay

Fresh hECSR medium was exchanged in the top well and lower channel of the uSiM. 150 ug ml-
" lucifer yellow (Invitrogen, L453) diluted in hECSR medium was added to the top well and the
MSIM was incubated at 37 °C, 5% CO.. After 1 h, media was aspirated from the top well to stop
diffusion. A pipette tip containing 50 yl hECSR medium was inserted into one of the open ports
leading to the uSiM’s lower channel, and 50 pl of solution was sampled from the opposite port.
The sample was added to a flat-bottomed black 96-well plate along with a reference ladder
prepared by serially diluting the lucifer yellow solution. Samples were excited at 428 nm, and
fluorescence intensity at 536 nm was measured on an Infinite 200 plate reader (TECAN,
Mannedorf, Switzerland). The concentration of lucifer yellow dye in the sample was determined
by comparing to the linear region of the reference ladder. The system permeability P was

calculated from equation 1:

[ClLxV

Equation 1: P, = CT <X

Where [C], is the dye concentration in the lower channel, V is the sample volume, [C]r is the dye
concentration added to the top well, t is the incubation time, and A is the surface area of the

nanoporous membrane.

Cytokine analysis
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The concentrations of pro-inflammatory cytokines in conditioned media derived from THP-1
macrophages treated with BEVs or LPS were analyzed by Eve Technologies (Calgary, Alberta,
Canada) using the Luminex® 200™ system (Luminex Corporation/DiaSorin, Saluggia, Italy) and
Bio-Plex Manager™ software (Bio-Rad Laboratories Inc., Hercules, California, USA). Conditioned
media samples were diluted 1:2 with PBS before shipping on dry ice. After arrival, the samples
were run through the Human Cytokine Proinflammatory Focused 15-Plex Discovery Assay®
Array (HDF15), which was designed to detect granulocyte-macrophage colony-stimulating factor
(GM-CSF), IFN-y, IL-1B, interleukin-1 receptor antagonist (IL-1RA), interleukin-2 (IL-2),
interleukin-4, interleukin-5, interleukin-6 (IL-6), interleukin-8 (IL-8/CXCLS8), interleukin-10,
interleukin-12 p40, interleukin-12 p70, interleukin-13, monocyte chemoattractant protein-1 (MCP-
1/CCL2), and TNF-a by capturing them with color-coded polystyrene beads conjugated to specific
antibodies. A biotinylated detection antibody then bound to the captured cytokines as well as
streptavidin-phycoerythrin. The beads were flowed through a dual-laser system that identified the

type of cytokine based on the bead color and the amount of bound cytokine based on the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

phycoerythrin signal. To determine the concentration, the samples were compared to prepared

standards of known concentrations. Our analysis excluded cytokines that fell below the assay’s

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

detection range.
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Statistical analysis

Analysis was performed using GraphPad Prism software (GraphPad, La Jolla, California, USA).
Data are presented as mean + s.d. unless otherwise specified. For comparison between two
conditions with a single independent variable, normally-distributed data, and no assumption of
equal variance, Welch'’s two-tailed t-test was used. For comparison between two conditions with

a single independent variable, normally-distributed data, and equal variance, an unpaired two-
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tailed t-test was used. For comparisons between groups with a single independent variable and
normally distributed data, one-way ANOVA with Dunnett’s test for multiple comparisons was used.

p < 0.05 was considered significant.

Results

The pSiM supports a physiological BPB co-culture model

The BBB consists of several different cell types including brain microvascular endothelial cells
and pericytes as well as a vascular basement membrane surrounding the blood vessels (Fig. 1a).
To model the BBB, we used the uSiM platform. This 18 mm by 9 mm lab-on-chip device was
previously developed by our group and validated for studies of the BBB (Fig. 1b).18.19.4951-53 The
central component of the uSiM is a porous silicon nitride membrane approximately 100 nm thick
with abundant (10" per cm?) ~60 nm pores. This membrane was placed within an acrylic
component above two layers of pressure sensitive adhesive and an underlying layer of cyclic
olefin (Fig. 1c¢). The acrylic component formed an open top well above the membrane and
provided ports to access a microfluidic channel located below the membrane. This enabled the
introduction of cells and culture media to both sides of the porous membrane. The cyclic olefin
layer provided a transparent window for high-quality imaging through the assembled puSiM device

with inverted microscopes.

To confirm that our co-culture model was consistent with previous uSiM work,'® we
immunostained BPLCs on the underside of the membrane and BMECs on top of the membrane.
BMEC monocultures demonstrated expression of claudin-5 tight junctions, while co-cultures
possessed claudin-5 as well as PDGFRB-positive BPLCs (Fig. 1d). Confocal microscopy yielded

an x-axis projection which demonstrated that the claudin-5-positive BMECs were located above

16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lc00067c

Page 17 of 46 Lab on a Chip

View Article Online
DOI: 10.1039/D6LC00067C

the PDGFR-positive BPLCs (Fig. 1e), which appropriately matched the seeding orientation that
was selected to model the wall of brain blood vessels (Fig. 1f). This co-culture was termed the

uSiM-BPB.

To examine whether the cells were able to manufacture their own basement membrane, we
immunostained collagen IV, laminin, and fibronectin (Fig. 1g). Collagen IV and fibronectin were
also utilized to coat the membranes prior to cell seeding. Cell-free coated membranes were
immunostained, demonstrating punctate collagen IV that did not resemble the collagen IV
deposited by cells, nor was there substantial labeling of fibronectin (See Fig. S1). Compared to
BMEC monocultures, co-cultures had higher deposition of collagen IV and fibronectin (Fig. 1h).
There was also a small increase in laminin deposition. It appeared that BPLCs contributed to

basement membrane production, corroborating previous studies.'®1°

LPS and BEVs upregulate BMEC expression of ICAM-1

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

BEVs were isolated from E. coli strain CFT073 [WAM2267] by ultracentrifugation. Our BEV

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

preparations were unable to form new bacterial colonies, confirming that all live E. coli were

(cc)

successfully removed. NTA was used to measure the concentration of recovered BEVs as well
as their size distribution (Fig. 2a). We obtained a BEV concentration of (mean + s.e.m.) 7.41x10""
+ 2.53%x10'° particles ml"' in our sample preparation, which corresponded to 9.88x10° £ 3.37x108
particles ml-' in the E. coli-conditioned media prior to our isolation. The mean BEV diameters were
164.0 £ 1.1 nm. TEM demonstrated recovery of particles with morphologies typical of BEVs (Fig.
2b).84 Fluorescent western blot of equal amounts of total protein demonstrated that 18 kDa Pal
was enriched in BEV lysates compared to E. coli whole cell lysates (Fig. 2c,d), which was
expected since Pal is an outer membrane component that is typically packaged in E. coli—derived

BEVs.8365 An additional Pal band was observed at 50 kDa in BEV lysates but not E. coli lysates
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(Fig. 2c), which may correspond to complexes formed between Pal and outer membrane protein
A.%8 Previous work has demonstrated that E. coli-derived BEVs contain LPS that can initiate
inflammation-associated processes.32:3335-37.67 Endotoxin quantification demonstrated that our E.

coli—derived BEVs contained 0.69 + 0.01 fg LPS per particle.

To confirm that pure LPS and E. coli~derived BEVs could stimulate BMECs to upregulate ICAM-
1, we seeded BMECs in multiwell plates and subjected them to treatment for 16—17 h. This
treatment time was selected after determining that BMEC ICAM-1 expression increased over 10
h and remained elevated for up to 24 h after initial exposure to LPS (See Fig. S3). Immunostaining
revealed increases in ICAM-1 on the BMEC surfaces in response to both LPS and BEV treatment
(Fig. 3). 10 ng mlI'' LPS was able to significantly increase the ICAM-1 fluorescence signal,
whereas 0.5 ng ml-' LPS induced a non-significant increase (Fig. 3b). BEV treatment upregulated
ICAM-1 expression at concentrations of both 1x10% and 1x108 particles ml' (Fig. 3d). This
corresponded to (mean +s.d.) 5.55 + 0.73 BEVs per BMEC and 531.56 + 47.15 BEVs per BMEC,
respectively. Based on our measurements of the amount of LPS per particle, these treatments
equated to 0.69 ng ml-" and 69 ng mI' LPS, which were within the same order of magnitude as
our LPS-only experiments. These experiments were conducted in media supplemented with 2%
FBS to provide a source of LPS-binding protein (LBP) to aid BMEC sensing of LPS. In previous
work, our lab and others have demonstrated that LPS mediates interactions between E. coli—
derived BEVs and endothelial cells.®-3767 Removal of FBS eliminated BMEC ICAM-1

upregulation in response to the BEVs (See Fig. S4).

Neither LPS nor BEVs disrupt the BMEC barrier at the assayed treatment times and

concentrations
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To examine the effects of LPS and BEVs on barrier integrity, we established BMEC and BPLC
co-cultures in uSiM devices and stained them for tight junction protein claudin-5 following 16-17
h treatment with each stimulant. At the concentrations and time points that we tested, there was
no pronounced change in the fluorescence signal of claudin-5 (Fig. 4a,b). We also tested a pro-
inflammatory “cytomix” consisting of equal parts TNF-q, IL-1B, and IFN-y as a positive control for
barrier disruption. This mixture mimics part of the cytokine storm that occurs during sepsis.* At a
concentration of 0.5 ng ml' (approximately 0.17 ng ml' of each individual cytokine), cytomix
treatment caused substantial reduction of claudin-5 staining, indicating a loss of tight junction

integrity (Fig. 4c).

Permeability of the uSiM to lucifer yellow, a 457 Da dye molecule, was assessed by adding the
dye to the uSiM top well and sampling from the lower channel after 1 h (Fig. 4d). Without
treatment, the uSiM co-culture model had a system permeability of 5.64x104 £ 1.69%10-* cm min-
. There was no significant increase in the average system permeability after LPS or BEV

treatment compared to the untreated condition (6.59%104 + 1.97%10 cm min-! for 0.5 ng ml-*

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

LPS, 5.51x10* £ 1.66x10* cm min-' for 10 ng mI"' LPS, 7.43x10* + 2.0x10 cm min-' for 1x108

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

BEVs ml', and 7.05x10 £ 1.34x10* cm min-" for 1x108 BEVs ml'). Cytomix treatment resulted

(cc)

in a system permeability of 1.64x10-3 + 8.93%10-4 cm min-!, which was the only condition that was

significantly higher than the baseline permeability value (Fig. 4e).

THP-1 macrophages are responsive to BEVs

To examine immune system interactions with BEVs, we used the THP-1 human monocyte cell
line. Following 48 h treatment with 100 ng mI' phorbol 24-myristate 13-acetate, the THP-1s took
on the phenotype of unpolarized macrophages. These cells were treated with 1x108 BEVs ml-

for 1, 2, 4, 8, 16, and 24 h. They showed a marked upregulation of ICAM-1 after 8 h, and this
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remained elevated through the 24 h timepoint (See Fig. S5). A dose-dependent relationship was
also established after 16 h treatment, with increases in ICAM-1 signal starting at a concentration

of 1x10¢ BEVs ml-' (See Fig. S6).

We intended to evaluate the response of the BMECs to conditioned media derived from THP-1
macrophages treated with BEVs, but first needed to establish whether the BMECs could tolerate
mixtures of the THP-1 conditioned media for 16-18 h (See Fig. S7a). Live/dead staining
demonstrated that BMEC monolayers tended to remain intact when the media mixture included
up to 50% of conditioned media from untreated THP-1s mixed with hECSR. However, small gaps
appeared when the THP-1 conditioned media concentration was increased to 75%, and with
100% conditioned media large gaps appeared in the BMEC monolayer. Despite these gaps,
viability remained between 97.1-98.4% across the various conditions, though it is possible that
some dead cells were washed away prior to imaging. Since the BMEC monolayer remained intact
with a 50% mix of the THP-1 media, the baseline levels of ICAM-1 were examined under these
conditions. No prominent difference in ICAM-1 upregulation was observed between the 50%
mixture and 100% hECSR, though the 10 ng ml-' LPS positive control did successfully cause

increased ICAM-1 expression (See Fig. S7b).

Conditioned medium from BEV-treated THP-1 macrophages disrupts the BMEC barrier

Finally, we modeled sepsis-like activation by treating BMECs with conditioned medium from
cultures of THP-1 macrophages dosed for 24 h with 1x108 BEVs ml-'. Following 16—17 h exposure
to a 50% mixture of the conditioned medium, we immunostained BMEC monocultures for ICAM-
1. ICAM-1 fluorescence intensity per cell was significantly increased when the conditioned
medium was derived from THP-1s that were treated with BEVs compared to THP-1s that received

no treatment (Fig. 5a,b). When the same conditioned medium was added to BMEC and BPLC
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co-cultures in uSiM devices for 16—17 h, we observed gaps in claudin-5 expression of the BMEC
monolayer (Fig. 5¢). These gaps appeared larger and more numerous in devices that received
conditioned medium from THP-1s that were treated with BEVs. In addition, the lucifer yellow
assay demonstrated that the co-cultures had significantly increased permeability when exposed
to conditioned medium from BEV-treated THP-1s (9.59%104 + 2.71x10* cm min-') compared to

untreated THP-1s (5.68x104 £ 2.01%10* cm min-") (Fig. 5d).

Concentrations of pro-inflammatory cytokines released by THP-1s into conditioned medium were
quantified by Eve Technologies (Calgary, Alberta, Canada) (Fig. 5e—k). We examined two
concentrations of BEVs, 1x108 BEVs ml-' and 1x108 BEVs ml', as well as 10 ng mI-' LPS. TNF-
a demonstrated a significant increase from 20.47 + 9.49 pg ml' to 128.2 + 41.93 pg ml' after
treatment with 1x108 BEVs ml', and also trended upward after treatment with 1x10%® BEVs ml-
and 10 ng ml' LPS, which yielded concentrations of 34.10 + 7.15 pg ml-" and 52.39 + 18.21 pg
ml', respectively (Fig. 5e). IL-1B, which had a concentration of 2.44 + 0.12 pg ml" at baseline,

demonstrated significant increases to 37.08 + 9.77 pg ml-' with 1x108 BEVs ml-' and 15.11 £ 3.04

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

pg ml* with 10 ng ml-' LPS, as well as a non-significant increase to 7.92 + 1.29 pg ml-" with 1x108
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BEVs ml" treatment (Fig. 5f). While there were no significant differences between conditions for
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the other analyzed cytokines, the average concentration following treatment with 1x108 BEVs ml-
" was consistently higher than the baseline (7.85 pg ml-! higher for IL-1RA, 0.20 pg mlI-* higher for
IL-2, 695.8 pg mI' higher for IL-8, and 7.31 pg mlI-! higher for GM-CSF). The only exception was
MCP-1, though the higher average for the baseline was mainly driven by one datapoint. In addition
to the cytokines displayed in Fig. 5, the analysis also included IL-6. IL-6 was generally too low to
detect in our samples, but did appear following treatment with 1x108 BEVs ml-' (0.54 + 0.36 pg
ml-' IL-6) and in a single replicate for the 10 ng ml-' LPS condition (0.11 pg ml-! IL-6). In summary,

24 h treatment of THP-1 macrophages with 1x108 BEVs ml-' enhanced the release of various pro-
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inflammatory cytokines. This increase could explain the changes in BMEC ICAM-1 expression

and increased permeability to lucifer yellow dye.

Discussion

BEVs are increasingly recognized as active contributors to both the initiation and persistence of
sepsis. Treatment with antibiotics, which is currently the best defense against sepsis, can promote
BEV release from bacteria, and it is possible that BEVs could linger in circulation following the
clearance of the initial pathogenic infection.636568 Various studies have demonstrated that BEVs
promote a pro-inflammatory response in immune cells®®-3° and may also destabilize the BBB.4?-44
However, few, if any, studies have integrated pathogenic BEVs, the BBB, and immune
interactions in an in vitro model mimicking human-specific physiology. This study sought to
address this gap by examining the direct effects of BEVs on BBB integrity compared to indirect

effects that were mediated by BEV—-immune interactions.

Before conducting our BEV experiments, we focused on validation of our BBB model. The uSiM
has previously been used to study BPB models, but we recognized the importance of confirming
reproducibility, especially since this has been a challenge across the tissue chip community.'819
To verify that our BMECs and BPLCs were situated in the correct seeding orientation, we
immunostained claudin-5 and PDGFRB. The latter is a receptor that is important for pericyte
recruitment by endothelial cells,®® while the former is a key tight junction protein.6 Claudin-5 is
primarily found in the brain and lungs, though it is also expressed by endothelial cells in the
kidneys, liver, and skin.” Its consistent appearance in our BMECs helped reinforce our decision
to use these cells in our model, especially since other common model brain endothelial cells such
as hCMEC/D3s reportedly demonstrate low claudin-5 expression and consequently have poor

barrier integrity.”’
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The inclusion of BPLCs was previously observed to enhance barrier protection during pro-
inflammatory challenge, indicating that a co-culture model was superior to BMECs alone when
investigating inflammation.'® Furthermore, we observed that BPLCs were important for basement
membrane deposition, as observed in prior studies.’®'® Collagen IV and laminin are considered
the two largest components of the basement membrane,’ and while they appeared to be
produced by our BMECs, it seemed that BPLCs also contributed to their production. The BPLCs
also secreted large amounts of fibronectin, which may help contribute to tight junction expression
by the endothelium.”? However, high fibronectin content in the basement membrane is typically
associated with development or disease.” It is possible that the quantity of fibronectin in our

model would decrease given a longer maturation time.

A potential limitation of this study was the omission of astrocytes, which are another important
component of the BBB. Previous uSiM studies have incorporated normal human astrocytes,*853
but these cells have not yet been tested with BEVs. In murine models, BEVs derived from the gut

bacteria of Alzheimer’'s patients as well as BEVs secreted by Helicobacter pylori have caused

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

astrocyte activation.#%7# It is probable that human astrocytes would react to treatment with our E.
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coli—derived BEVs, which would lead to greater neuroinflammation.
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For this study, BEVs were isolated from E. coli by ultracentrifugation. This technique separates
components from suspension based on mass. E. coli cells and larger debris were removed during
low speed benchtop centrifugation and syringe filtration prior to the ultracentrifugation step, and
the inability of our BEV preparations to form new bacterial colonies confirmed successful
elimination of live E. coli. It is unlikely that smaller factors, such as 18-19 kDa free Pal protein,
would pellet with the BEVs due to their low molecular weights.” Ultracentrifugation is considered
the “gold-standard” technique for extracellular vesicle isolation,”® and our NTA and TEM data
show reasonable agreement with previously reported BEV characteristics.346* Other BEV

isolation techniques may achieve higher analytical purity. However, excessive purification could
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come at the cost of physiological relevance in tissue chip systems, as it can strip away co-isolated
bacterial components such as flagella, pili, and outer membrane fragments that are likely to be
present in patient circulation following antibiotic treatment. Our laboratory is currently running a
comparison between several isolation techniques including ultracentrifugation, ion-exchange
chromatography, density gradient purification, and tangential flow filtration to better understand

the differences in obtained BEV sample quality.

BEVs derived from pathogenic bacteria carry various pro-inflammatory stimuli including outer
membrane protein A, Pal, and LPS.326577 We have previously observed that LPS is the
predominant stimulatory component in BEVs from E. coli strain CFT073 [WAMZ2267].6” Based on
our endotoxin quantification results, the concentrations of BEV-associated LPS in our endothelial
stimulation experiments were the same order of magnitude as the corresponding high and low
concentrations of pure LPS that were used for comparison. The lower LPS dose that we used,
0.5 ng ml', was based on higher-end concentrations of LPS measured in serum from sepsis
patients,”® whereas the 10 ng ml' LPS dose reflected amounts commonly used in vitro.79-8
Currently, it is challenging to isolate BEVs from patient blood due to their similarities to human
extracellular vesicles,?? so it is unclear what a physiological BEV concentration would be in blood
during infection. It would be interesting, however, if future analytical techniques could determine
the ratio of LPS in sepsis patient blood incorporated in BEVs compared to free LPS. Mammalian
extracellular vesicles have demonstrated a half-life of 30—360 min in blood,?3 which is many times
greater than free LPS’ 2—4 min half-life in mice.8 It is therefore likely that BEVs would also persist
longer than free LPS and therefore have more opportunities to initiate host pro-inflammatory
responses. Even if all measured LPS in sepsis patient blood was associated with BEVs, our
results show that doses at this concentration would not cause vascular disruption without immune

contributions. In other words, the BEV concentrations that we examined represent a potential
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upper limit to what could be expected in sepsis patient blood, and therefore hold physiological

relevance.

Surprisingly, even though both BEVs and pure LPS were capable of upregulating BMEC ICAM-1
expression in our experiments, neither seemed to have a pronounced effect on claudin-5
expression or on permeability to lucifer yellow dye. This indicates that while ICAM-1 is a good
reporter of endothelial reactivity, it does not necessarily signify barrier failure. Research by
Pritchard et al. and Nonaka et al. has shown that BEVs derived from Porphyromonas gingivalis
can reduce tight junction expression and increase permeability of brain endothelial cells in
vitro.4?43 The observed differences could be due to the distinct source species for the BEVs. While
the E. coli CFTQ073 strain used in the present study was selected for its known virulence and its
association with urosepsis,? it is conceivable that P. gingivalis—derived BEVs could be more
stimulatory. Alternatively, it is possible that our hiPSC—derived BMECs are more resilient than the
hCMEC/D3s and primary—derived human brain microvascular endothelial cells used in the other

studies.*?>43 hCMEC/D3s tend to have poor claudin-5 expression and barrier integrity, as
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mentioned previously, and our lab has had limited success establishing tight barriers with primary
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human brain endothelial cells in comparison to our hiPSC—derived BMECs (data not shown).

(cc)

Another possibility is that the inclusion of BPLCs made our model more resistant to BEV exposure,
though Pritchard et al. included primary pericytes and astrocytes in a triculture with their brain
endothelial cells.#? However, their cells were cultured across a traditional culture insert whose
relatively high thickness may have impeded cell-cell communication compared to the ultrathin
membrane in the ySiM, and thus potentially reduced protective effects bestowed by the mural

cells.0

While BEVs and pure LPS treatments failed to disrupt barrier function in the assessed time period,
our “cytomix” positive control treatment caused pronounced loss of barrier integrity. The TNF-q,

IL-1B, and IFN-y cytokines that made up our cytomix cocktail are highly elevated during the
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cytokine storms in sepsis.* The cytomix concentrations used were 2—8 times higher than the mean
concentrations of those seen in sepsis patients.®® This ensured a positive control that defined the
upper end of the assay’s dynamic range. Not seeing a direct effect of physiologic LPS or BEV
concentrations on barrier function, we then investigated if cytokine-rich conditioned media from

BEV-treated THP-1 macrophages could trigger barrier disruption.

Conditioned media from BEV-treated THP-1 macrophages caused BMEC ICAM-1 upregulation,
claudin-5 disruption, and increased permeability in the uSiM-BPB model. While these changes
are correlated with increased release of THP-1-secreted cytokines in the conditioned media, it is
possible that some residual BEVs were also present. However, this conditioned media was
serum-free, and our experiments indicated that the BMECs required serum in order to respond to
BEVs. We hypothesize that BMECs need serum protein LBP to bind LPS on the BEV surface for
presentation to toll-like receptor 4.87 While THP-1 cells do not require serum proteins in order to
detect BEVs, co-treatment with LBP would likely increase their sensitivity.888° Analysis of THP-1
monocyte and macrophage transcriptomes has revealed low, if any, LBP expression in these
cells,? so it is unlikely that they would be providing an alternate source of LBP for the endothelial
cells. Thus, it is probable that the observed responses in the uSiM-BPB model were indeed

caused by secretions from the THP-1s rather than residual BEVs in the conditioned media.

Regarding pro-inflammatory cytokines, we observed significant increases in TNF-a and IL-13
production by THP-1 macrophages in response to BEV treatment, as well as nonsignificant
increases in IL-1RA, IL-2, IL-8, GM-CSF, and IL-6. Meganathan et al. similarly exposed THP-1
macrophages to BEVs isolated from poultry farm dust and saw increased TNF-q, IL-18, IL-8, and
IL-6.38 Other studies have confirmed that BEVs derived from various bacterial species, including
Pseudomonas aeruginosa, P. gingivalis, Treponema denticola, Tannerella forsythia, and E. coli,

are capable of causing THP-1s to increase production of pro-inflammatory cytokines.?'-93 In the
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context of our model, this process likely recreated the disruptive cytokine storm that is observed

during sepsis.

To generalize the results of our study, several limitations could be addressed in the future.
Notably, BEVs from only one pathogenic bacterial strain were evaluated. Furthermore, our BBB
model was primarily tested with bacterial stimuli in a single configuration. As mentioned
previously, it would be prudent to examine the model with the inclusion of astrocytes, but
subtracting the pericytes would also be valuable for determining their contributions, if any, to BEV
resistance. BEV exposure studies in the ySiM-BPB model were limited to a single time point.
While this time point was selected after performing a time series experiment with pure LPS,
continuous monitoring of barrier integrity through measurement of transendothelial electrical
resistance could be a useful strategy to detect transient changes due to BEV exposure. Staining
of additional tight junction proteins, such as zonula occludens-1, could also strengthen the
conclusions that were drawn from claudin-5 staining. However the results from lucifer yellow

permeability assays tended to agree with the results from claudin-5 staining, so it is possible that

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

our qualitative tight junction assessments were sufficient to predict barrier functionality without the

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

need to examine additional markers.

(cc)

Other laboratories have conducted permeability experiments with larger molecular weight tracers
such as 10 kDa dextran.*® Since BBB models are less permissive to these larger molecules,*®
assays conducted with 457 Da lucifer yellow should be more sensitive to changes in barrier
integrity. In other words, we would not expect to see changes in permeability to larger molecular
weight tracers unless there were also pronounced changes in permeability to lucifer yellow. With
that said, future investigations could compare permeability to lucifer yellow and larger dextrans

following barrier exposure to BEVs to see if any unexpected differences occur.
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In the future, we plan to introduce monocytes directly into the pSiM-BPB model. It has long been
understood that physiological fluid flow can influence monocyte arrest on endothelial cells as well
as transmigration through the vascular wall.®** While the uSiM-BPB model was cultured under
static conditions in the present study, a modular component has been developed allowing the
addition of shear flow across the BMEC culture surface.'®%39 By applying this technology in the
context of BEV exposure, we may determine whether flow accentuates or diminishes endothelial
and monocyte sensitivity to BEVs. We already observed the ability of BEVs to markedly
upregulate BMEC ICAM-1 expression, so it is likely that monocyte adhesion to the endothelium
would be increased following BEV pre-treatment of the uySiM-BPB. It would also be useful to
examine the effects of pre-treating the monocytes with BEVs before adding them to the model.
This would reveal whether BEV upregulation of endothelial ICAM-1 is necessary for monocyte
recruitment or if signaling factors from the activated monocytes are sufficient to upregulate
endothelial ICAM-1 to then provide adhesion sites for the monocytes. Finally, it is vital to
investigate monocyte transmigration following BEV treatment. If exposure to pathogenic BEVs
promotes monocyte infiltration into the brain, neuroinflammation will likely be worsened and
sepsis sequelae will be exacerbated. After exploring these possibilities, we are interested in
utilizing the uSiM-BPB model to explore therapeutic interventions that could dampen the immune

response in the brain and reduce barrier disruption.

Conclusions

The most important takeaway from the present study is that the examination of BEV interactions
with the BBB should not be performed in oversimplified systems lacking an immune component.
While this is hardly the first study to examine how BEVs modulate immune cell secretions, to the

best of our knowledge, it is the first to apply these secretions to an in vitro BBB model to examine

28


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lc00067c

Page 29 of 46

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

View Article Online
DOI: 10.1039/D6LC00067C

downstream effects. Notably, conditioned medium from macrophages did not alter barrier integrity
unless the macrophages had been exposed to BEVs, and the resulting disruption was more
pronounced than direct BBB exposure to bacterial products. The inclusion of leukocyte—derived
components should strengthen the predictive power of BBB models and in the future will hopefully
aid development of therapeutic interventions to mitigate BEV-associated BBB disruption and

improve sepsis outcomes.
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The majority of relevant data for this study are presented in the manuscript and supporting
information. Fluorescence data, NTA data, western blot data, LPS quantification data,
permeability data, and cytokine concentration data are available on Figshare (DOI:

10.6084/m9.figshare.31118659).
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Figure captions

Fig. 1: The uSiM supports a physiological BPB co-culture model. (a) lllustration of the BBB.
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(b) Dimensions of the ySiM. (¢) uSiM assembly featuring an ultrathin silicon nitride porous
membrane, acrylic top component, pressure sensitive adhesive (PSA) components, and bottom
cyclic olefin layer. (d) Confocal images of a BMEC monoculture (left) and BMEC/BPLC co-culture
(right) immunostained for nuclei (blue), PDGFRB (magenta), and claudin-5 (cyan). X-axis
projections are presented above each image, and y-axis projections to the left of each image.
Scale bar = 50 um. (e) Enlarged image of the x-axis projection of PDGFR[ and claudin-5 in a co-
culture, demonstrating that BMECs were located above the BPLCs. (f) lllustration of cell seeding
orientation, which matches the observation in panel (e). (g) Images of a BMEC monoculture (left)
and BMEC/BPLC co-culture (right) immunostained for nuclei (blue), collagen IV (col4, magenta),
laminin (lam, yellow), and fibronectin (fn, cyan). Images from the individual fluorescence channels
are presented below the composite images. Scale bar = 50 ym. (h) Barplot of fluorescence
intensities of collagen IV, laminin, and fibronectin normalized to the BMEC monoculture condition.

Error bars = s.d.

Fig. 2: BEVs derived from E. coli strain CFT073 [WAM2267] demonstrate typical
characteristics. (a) Representative NTA plot of BEV patrticle concentrations and size distribution.
Error envelope = s.e.m. (b) TEM image of BEVs. Scale bar = 1 ym. (¢) Fluorescent western blot
of Pal protein from E. coli and BEV lysates. 1 ug total protein was added to each lane. This image
was cropped from a single gel image; for the complete original western blot image, see Fig. S2.

(d) Barplot of Pal band density at ~18 kDa on western blot, normalized to the average band

density measured in E. coli whole cell lysates. Error bars = s.d. Performed Welch'’s two-tailed t-

test. %%k = p < 0.0001.

Fig. 3: LPS and BEVs upregulate BMEC expression of ICAM-1. (a) Immunofluorescence

images of BMECs in a multiwell plate stained for nuclei (blue) and ICAM-1 (magenta) following
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16—17 h treatment with LPS. (b) Barplot of fluorescence intensity of ICAM-1 divided by cell count
and normalized to the 0 ng mI'' LPS condition. (¢) Immunofluorescence images of BMECs in a
multiwell plate stained for nuclei (blue) and ICAM-1 (magenta) following 16—17 h treatment with

BEVs. (d) Barplot of fluorescence intensity of ICAM-1 divided by cell count and normalized to the

0 BEVs ml-' condition. Scale bars = 100 ym. Error bars = s.d. Note that the y-axis scales of panels

(b) and (d) are not comparable due to minor variations in staining and imaging parameters

between the two experiments. Performed one-way ANOVA with Dunnett post-hoc test. *** = p

< 0.001, k% = p <0.0001.

Fig. 4: Neither LPS nor BEVs altered BMEC barrier properties. (a) Immunofluorescence
images of BMEC/BPLC co-cultures immunostained for cell nuclei (blue) and claudin-5 (cyan)

following 16—17 h treatment with LPS. (b) Immunofluorescence images of BMEC/BPLC co-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cultures immunostained for cell nuclei (blue) and claudin-5 (cyan) following 16—-17 h treatment

with E. coli-derived BEVs. (c¢) Immunofluorescence images of BMEC/BPLC co-cultures

Open Access Article. Published on 07 April 2026. Downloaded on 4/8/2026 10:59:17 PM.

immunostained for cell nuclei (blue) and claudin-5 (cyan) following 16—17 h treatment with a pro-

(cc)

inflammatory cytomix consisting of equal proportions of TNF-a, IL-1B, and IFN-y. Cytomix mimics
the effects of a cytokine storm and serves as a positive control for barrier disruption. (d) lllustration
of permeability assay. Lucifer yellow dye (457 Da) was added to the puSiM top well. After 1 h,

media was sampled from the lower channel so that its fluorescence intensity could be measured

and compared to a prepared lucifer yellow standard curve with known concentrations. (e) Barplot

of uSiM co-culture system permeability to lucifer yellow dye. Scale bars = 100 ym. Error bars =

s.d. Performed one-way ANOVA with Dunnett post-hoc test. %k = p < 0.0001.
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Fig. 5: Conditioned medium from BEV-treated macrophages disrupts the barrier. (a)
Immunofluorescence images of BMECs in a multiwell plate stained for nuclei (blue) and ICAM-1
(magenta) following 16—-17 h treatment with 50% hECSR medium + 50% conditioned medium
from THP-1 macrophages. The THP-1s had been treated with or without 1x108 BEVs ml-! for 24
h prior to collection of the conditioned medium. (b) Barplot of fluorescence intensity of ICAM-1
divided by cell count and normalized to the BMECs exposed to conditioned medium from
untreated THP-1s. Performed unpaired two-tailed t-test. (¢) Immunofluorescence images of
BMEC/BPLC co-cultures immunostained for cell nuclei (blue) and claudin-5 (cyan) following 16—
17 h treatment with 50% hECSR medium + 50% conditioned medium from THP-1 macrophages.
Gaps in claudin-5 staining are circled with dotted lines (yellow). (d) Barplot of uSiM co-culture
system permeability to lucifer yellow dye. Performed unpaired two-tailed t-test. (e)—(k) Cytokine
analysis of conditioned medium from THP-1 macrophages that was collected following 24 h
treatment with or without 1x10% BEVs ml-', 1x108 BEVs ml', or 10 ng ml-' LPS. Performed one-
way ANOVA with Dunnett post-hoc test for each cytokine. (e) Barplot of TNF-a concentration. (f)

Barplot of IL-1B concentration. (g) Barplot of IL-1RA concentration. (h) Barplot of IL-2

concentration. (i) Barplot of IL-8 concentration. (j) Barplot of GM-CSF concentration. (k) Barplot

of MCP-1 concentration. Scale bars = 100 uym. Error bars = s.d. %k = p < 0.05, %% = p < 0.01,

*%k% = p < 0.001, *k*k*k*k = p <0.0001.
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Data availability

The majority of relevant data for this study are presented in the manuscript and supporting
information. Fluorescence data, NTA data, western blot data, LPS quantification data,
permeability data, and cytokine concentration data are available on Figshare (DOI:

10.6084/m9.figshare.31118659).
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