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Abstract

Extracellular vesicles (EVs) play a fundamental role in cell and infection biology and have the potential to act as biomarkers
for novel diagnostic tools. In this study, we explored the in vitro impact of bacterial lipopolysaccharide administration on cell
lines that represents a target for bacterial infection in the host. Administration of lipopolysaccharide at varying concentrations
to A549 and BV-2 cell lines caused only modest changes in cell death, but EV numbers were significantly changed. After
treatment with the highest concentration of lipopolysaccharide, EVs derived from A549 cells packaged significantly less
interleukin-6 and lysosomal-associated membrane protein 1. EVs derived from BV-2 cells packaged significantly less tumor
necrosis factor after administration of lipopolysaccharide concentrations of 0.1 pg/mL and 1 pg/mL. We also examined the
impact of lipopolysaccharide administration on exosome biogenesis and cargo composition in BALB/c mice. Serum-isolated
EVs from lipopolysaccharide-treated mice showed significantly increased lysosomal-associated membrane protein 1 and
toll-like receptor 4 levels compared with EVs from control mice. In summary, this study demonstrated that EV numbers and

cargo were altered using these in vitro and in vivo models of bacterial infection.

Introduction

Gram-negative bacteria can cause severe illnesses, such as
pneumonia, meningitis, and bacteremia [1]. These infectious
bacteria have become increasingly resistant to antibiotics
partly due to their double-membrane structure made from
phospholipid and lipopolysaccharide (LPS) [2]. This outer
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membrane forms a very effective protective barrier, mak-
ing these bacteria highly resilient to antibiotics [2]. Bac-
terial LPS is an endotoxin, and a major component of the
outer leaflet of gram-negative bacteria that causes inflam-
matory responses [3]. This barrier protects bacteria from
host-immune defenses, mediates direct interactions with
both antibiotics and host cell receptors, and initiates events
that cause tissue damage in the host [4]. Thus, LPS plays a
major role in pathogenesis. The classical LPS molecule is
composed of three components: lipid A, an oligosaccharide
core (core O), and O antigen polysaccharide [3]. LPS viru-
lence resides in the endotoxicity of lipid A and in the ability
of the core O region to provide bacteria with resistance to
host-immune defenses [3]. Bacterial changes, such as LPS
variations, during disease pathogenesis result in immune
system response, chronic inflammation, and increased antibi-
otic resistance [3]. As a result of these variations, molecules
(i.e., virulence factors) could potentially be packaged into
exported vesicles to promote pathogenesis. These bacterial
variations, including modifications to LPS synthesis, are
a recurring aspect of infections, regardless of the type of
bacteria or the infection site [3]. In general, these changes
result in immune system evasion, persistent inflammation,
and increased antimicrobial resistance.
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Both gram-negative bacteria and their mammalian host
cells have the ability to release extracellular vesicles (EVs).
Specifically, these EVs are 50-150 nm in size [5], have a
density of 1.23-1.16 g/mL, and can transfer molecules (i.e.,
mRNA, miRNA, RNA, lipids, and proteins) from one cell
to another [6, 7]. EVs are found in many biological fluids
including semen, breast milk, cerebrospinal fluid, salvia,
serum, and urine [5]. Gram-negative bacteria release small
EVs from their cell membranes [8], and during infections,
these vesicles can package and deliver toxins, as well as
other virulence factors, to the host [9]. During infections,
EVs can have opposing roles—both initiating an immune
response in the host and aiding the spread of the infection
through increased pathogenesis [11]. This is due in part
to the molecular packaging of EVs being both pathogen
derived and host derived [7]. EVs isolated from infected
cells can function to attenuate, or even eliminate, the spread
of infectious disease [10]. These fundamental mechanisms
of exosomal molecular packaging and specificity remain
unclear and need to be studied further.

Given the importance of EVs both in normal biology and
in pathogenesis, they are being studied for their therapeutic
potential as biomarkers for disease and disease progression,
as immunomodulators, and as molecules for drug delivery.
Here, we explored the influence of bacterial LPS (as a gram-
negative model) on EVs derived from lung cells cultured
in vitro, and on EVs derived from an in vivo mouse model.

Materials and Methods
Cell Line and Culture Conditions

Dr. Harald Neumann from the University of Bonn Life and
Brain Center Bonn Germany generously gifted BV-2 micro-
glial cells. The BV-2 cells were maintained in Roswell Park
Memorial Institute (RPMI) 1640 with 10% fetal bovine
serum (FBS, Fisher Scientific), 1% penicillin streptomy-
cin, and 0.5 pg amphotericin in a 5% CO, incubator. A549
lung cells were purchased from American Type Culture
Collection. A549 cells were incubated in Dulbecco’s Modi-
fied Eagle Medium (DMEM) F12 media with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham,
MA, USA), 1% penicillin, 1% streptomycin, and 0.5 pg/mL
amphotericin in 32 °C with a CO, atmosphere. The cells
were grown to 70-80% confluency before proceeding with
experiments. For EV experiments, the medium included
exosome-depleted FBS. DMEM exosome-free media were
prepared using exosome-depleted FBS from System Bio-
sciences (Palo Alto, CA, USA).

Antibodies

Primary antibodies against the following proteins were
used: Interleukin (IL) 6 (Developmental Studies Hybridoma
(DSHB), Towa City, IA, USA, 1:1000), Toll-like Receptor
(TLR) 4 (Thermo Fisher Scientific, Waltham, MA, USA,
1:2000), TLR7 (Thermo Fisher Scientific, Waltham, MA,
USA, 1:2000), Tumor Necrosis Factor (TNF) a (Bioss,
Woburn, Massachusetts, USA, 1:2000), Heat Shock Protein
(HSP) 70 (Santa Crux Biotechnology, 1:1000), HSP90f
(Thermo Fisher Scientific, Waltham, MA, USA, 1:1000),
CD9 (Thermo Fisher Scientific, 1:1000), CD63 (Thermo
Fisher Scientific, 1:1000), CD81 (Thermo Fisher Scien-
tific, Waltham, MA, USA, 1:1000), CD63 (Thermo Fisher
Scientific, Waltham, MA, USA, 1:1000), exosome complex
exonuclease (RRP44/DIS3) (DSHB, Iowa City, 1A, USA,
1:1000), inducible nitric oxide synthase (iNOS) (DSHB,
Iowa City, IA, USA, 1:1000), and Lysosomal-Associated
Membrane Protein (LAMP) 1 (DSHB, Towa City, IA, USA,
1:1000). The secondary antibodies used were as follows:
HRP-conjugated goat anti-mouse (1:5,000 dilution, Dako
Agilent, Santa Clara, CA, USA), Horseradish peroxidase
(HRP)-conjugated rabbit anti-hamster (1:2000 dilution,
(Thermo Fisher Scientific, Waltham, MA, USA) or HRP-
conjugated goat anti-rabbit (1:1,000 dilution, Thermo Fisher
Scientific, Waltham, MA, USA).

LPS Treatment on BV-2 and A549 Cells

Cells were plated at 500,000 cells/flasks and incubated at
24 h (hrs). After 24 h, cells were washed, and media were
replaced with exosome-depleted media. The experimental
flasks were treated with 0.1 pg/mL, 1 pg/mL, or 10 pg/mL of
LPS for 24 or 48 h [11]. Following treatment, cell morphol-
ogy and integrity were visualized, and media were collected.

Extracellular Vesicle Isolation In Vitro

EVs were harvested from the supernatants of LPS-treated
cells, BV-2, and A549. The collected media were centrifuged
at 300xg for 10 min at 4 °C. The cell culture supernatant was
then removed and spun at 2600xg at 10 min at 4 °C. Dead
cells and cell debris were furthered removed by filtering
with either a 0.22- and 0.45-um filter. 1X Phosphate buff-
ered saline (PBS) was added to the media with 5% sucrose
and 1X protease inhibitor and centrifuged at 110,000xg for
70 min (mins) in a SW41Ti swinging bucket rotor at 4 °C
using a Beckman Coulter Optima ™ L-70 K Ultracentrifuge.
After 70 min, the media were decanted and approximately
500 uL of EV pellets were collected and stored at — 20
°C. EVs were quantitated using Bradford-Lowry protein
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quantitation procedure (Bio-Rad Laboratories, Hercules,
CA, USA).

MTT Cell Viability Assay

Cell viability was assessed using the 3-(4,5-dimethylthi-
azo-1-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Thermo Fisher Scientific, Waltham, MA, USA). Both BV-2
and A549 cells were seeded independently in 96-well tis-
sue culture plates (10,000 cells/well) and maintained in cul-
ture for 24 h prior to treatment. Then, standard media were
exchanged for exosome-free media, and both cell lines were
stimulated with LPS (E. coli LPS O55:B5, Sigma-Aldrich,
St. Louis, MO, USA) at either 0.1 ug/mL, 1 ug/mL, or 10 pg/
mL concentrations. After 48 h, cells were treated with 50 uL.
of 5 mg/mL MTT/1 xPBS and incubated for 3 h at 37 °C
in a 5%-CO, incubator. Absorbance was read at 590 nm.
All samples were evaluated in triplicate. Five independent
analyses were evaluated, and mean values were calculated to
determine EV size. Data are presented as means + standard
error of means (SEMs).

Transmission Electron Microscopy (TEM) Analysis

The exosome sample with or without dilution was used to
confirm the size and structure of EVs. Carbon film-coated
mesh copper EM grid was glow discharged at 50 mA for
20 secs before loading sample on the EM grids. Next, 7 uL
exosomes suspension solution was loaded on the grid and
incubated for 1 min at room temperature (RT). Wick excess
solution with a torn edge of a Whitman filter paper by wick-
ing from below the grid was done to pull the sample towards
the grid rather than away from it. Samples were immediately
stained with 7 pL of filtered uranyl acetate (UA) solution
on the surface of the EM grid. After 15-s excess, UA solu-
tion was removed, and samples were observed under TEM
Tecnai 120 kV (FEIL, Hillsboro, OR) at 80 kV within 24 h
as compared to the negatively stained grids. Digital images
were captured with a BioSprint 29 CCD Camera (AMT,
Woburn, MA).

In Vivo EV Isolation

EV isolation from mouse serum was performed using
ExoQuick™ solution (System Biosciences, Palo Alto, CA,
USA). Following serum collection, samples were centri-
fuged at 3000xg for 15 min to remove cellular debris.
Supernatants were transferred to sterile 1.5-mL centrifuge
tubes, and an appropriate amount of ExoQuick™ solu-
tion was added. This mixture was centrifuged at 1500xg
for 30 min at room temperature. Supernatants were then
aspirated, and an additional spin at 1500xg for 10 min
was performed. Once residual fluid was removed from
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each sample, EV pellets were resuspended in 200 pL of
sterile 1 X PBS. To determine EV protein concentrations,
Bradford-Lowry protein quantitation was used (Bio-Rad
Laboratories, Hercules, CA, USA).

Nanosight Tracking Analysis (NTA)

EV particle size and concentration were measured by NTA
(NS3000-LM10, Malvern Instruments, Inc., Malvern, UK)
according to the manufacturer’s instructions. In brief, EV
samples were diluted by a factor of 1:1000 using filtered
sterile 1 X PBS. Each sample analysis was conducted for
1 min in triplicate. Five independent analyses were evalu-
ated, and mean values were calculated to determine EV
size. Data are presented as means =+ standard error of means
(SEMs).

Enzyme-Linked Immunosorbent Assays (ELISAs)

To detect specific EV proteins, 40 pg of protein samples
were used. ELISA plates were coated with either 40 ug of
EV samples or blocking buffer (as controls). Protein sam-
ples were incubated overnight at 4 °C in 96-well plates with
bicarbonate buffer (pH 9.5) which bound the vesicles and
made the vesicles porous. EV proteins were blocked for
60 min at 4 °C in 0.05% bovine serum albumin and Tween-
20. After incubation, EV proteins were washed three times,
and 100 pL of primary antibody was added and incubated
for 120 min. ELISA plates were then washed and blocked for
30 min. After blocking, the appropriate secondary antibodies
were added. Plates were then washed and signals detected
with SIGMAFAST™ o-phenylenediamine dihydrochlo-
ride peroxidase substrate (Sigma-Aldrich, St. Louis, MO,
USA). ELISA plate signals were read at OD 405 nm. Six to
eight independent analyses were evaluated, and mean values
were calculated to determine EV size. Data are presented
as SEMs.

Animals

Eight female BALB/c mice, 6—8 weeks old, were purchased
from Charles River Laboratories and maintained in a dedi-
cated animal facility, in sterile cages, with food and water
ad libitum. The animals were housed four animals per cage.
The animals were monitored daily throughout the experi-
ment. All animal experiments were performed in accordance
with approved animal regulations and guidelines established
by the Institutional Animal Care and Use Committee (Pro-
tocol #053116).
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In Vivo Inoculation

A low-virulence experimental model was used. Mice were
inoculated by intraperitoneal injection of 1 mg/mL bacte-
rial LPS. Control mice were inoculated only with sterile
1 xPBS. The animals were monitored throughout the entire
experiment for their health and well-being. Final inoculation
volumes were adjusted to 400 pL with sterile PBS. Ten days
after inoculation, blood (500 pL) was collected via retro-
orbital bleeding with anesthetization. The mice were lightly
anesthetized by placing the mice in a chamber with a histol-
ogy tissue cassette that contained one drop of isoflurane.
Following blood collection, animals were euthanized. The
animals were euthanized by CO, inhalation at a flow rate of
10-30% of the cage volume per minute, followed by cervi-
cal dislocation.

Dot Blot Analysis

Cell lysates (Supplemental Fig. 1) or exosomes were
evaluated using 5 pg of lysate or exosomes, and exosomes
and lysate were boiled and blotted on nitrocellulose mem-
branes for 10 min. Samples were blocked in a Pierce Fast-
Blocker with 0.09% Tween-20 for 5 min. After blocking, pri-
mary CD81 (Thermo Fisher Scientific, Waltham, MA, USA,
1:500) was added to the samples for incubation. After 1 h
of incubation at RT, nitrocellulose blots were washed three
times with 0.09% Tween-20 in 1 X PBS for 10 min. Second-
ary antibody, Goat anti-rabbit heavy- and light-chain (H+L)
secondary antibody HRP-conjugated rabbit anti-hamster
(1:2000 dilution, (Thermo Fisher Scientific, Waltham, MA,
USA)) was added in blocking solution (0.09% Tween-20 in
1 xXPBS) for 1 h and incubated at RT. The blots were washed
three times with 0.09% Tween-20 in 1 X PBS for 10 min. The
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nitrocellulose membranes were developed using SuperSig-
nal West Femto Maximum Sensitivity Substrate (Thermo
Scientific, Waltham, MA, USA). The signals were read on a
Bio-Rad ChemiDoc XRS + System (Bio-Rad Laboratories,
Hercules, CA, USA) using chemiluminescence.

Statistical Analyses

All data were analyzed with GraphPad Prism 5 (San
Diego, CA, USA) software using a one-way ANOVA with
Tukey post hoc analyses. The Tukey multiple-comparison
tests were performed with significance set at *P <0.05,
**P <0.01, and ***P <0.0001. Data are displayed as
mean =+ standard deviation or standard error (as indicated).

Results
Bacterial LPS Alters Cell Viability

The first set of experiments was designed to investigate the
effect of exposing BV-2 and A549 cells to bacterial LPS.
Using the MTT assay, cells were treated with different con-
centrations (0.1 pg/mL, 1 ug/mL, and 10 pg/mL) of bacterial
LPS for 48 h. This range of LPS concentrations was chosen
to elicit an in vitro immune response while evaluating exo-
somal composition. As shown in Fig. 1a, BV-2 cell viability
was not impacted by the addition of LPS at any concentra-
tion. As shown in Fig. 1b, A549 cell viability increased after
LPS treatment at 0.1 pg/mL and 1 pg/mL. At 0.1 pg/mL
concentration, there was a significant decrease in viability
compared to 10 ug/mL (P <0.05). These results indicate
that, at the highest dose of LPS, cell viability was reduced
compared with control cells.
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Fig.1 LPS treatment alters A549 cell viability. Cell viability following LPS treatment (0.1 ug/mL, 1 ug/mL, and 10 pg/mL) or without treatment
was determined using the MTT assay at 48 h. Mean + SEM data are from five experiments
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TEM Analysis of EVs Derived from LPS-Treated Cells

EVs isolated from LPS-treated (24 h and 48 h) BV-2 and
A549 cells were analyzed via TEM. Exosomes are one of
several different micro- and nanoscaled vesicles released by
the cells that can be distinguished based upon their mor-
phology and size distribution. Electron microscopy (EM) is
necessary to characterize their morphology since particles
smaller than 300 nM and cannot be seen by optical meth-
ods. TEM is considered a standard tool for characterizing
the morphology of exosomes. Before TEM, exosomes were
isolated and purified using ultracentrifugation, and electron
beams were used to detect nanostructure with high resolu-
tion (21000x). The morphology of exosomes was apparent
when control, (Fig. 2a, g) and LPS-treated samples were

BV2-Derived Exosomes
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imaged with TEM (Fig. 2b—f, h-1). Our finding suggested
that the EVs are easily visible and recognizable in control
and LPS-treated samples, because the contrast is high, and
the background is low.

Characterization of EVs from LPS-Treated BV-2
and A549 Cells

EVs isolated from BV-2 LPS-treated and A549 LPS-treated
cells were identified via NTA. BV-2-derived control vesicles
ranged in size of 152 nm whereas EVs derived after 10 pg/
mL LPS treatment had a mean size of 162 nm (Fig. 3a).
From the BV-2 control EVs to the 10 pg/mL BV-2 cell-
derived EVs, there was a significant increase in mean size
(P <0.05). After 48 h of LPS treatment, BV-2 control EVs
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Fig.2 TEM anlaysis of EVs after LPS treatment. TEM analaysis was performed on EVs derived from BV-2 cells (a—f) and A549 cells (g-i) in
the abscene or prescence of LPS treatment at 1 ug/mL and 10 pg/mL for 24 or 48 h. TEM analysis was performed in duplicate
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Fig.3 LPS treatment alters EVs from BV-2 and A549 cells. a, b
Mean sizes and ¢, d particle concentrations (per mL) were deter-
mined for BV-2-derived and A549-derived EVs following LPS treat-
ment using Nanosight Tracking Analysis. ELISAs of BV-2 derived

had a mean concentration of 9 x 107 particles/mL and LPS
(0.1 pg/mL) of experimental-derived EVs decreased in num-
ber having a mean value of 5.19x 107 (Fig. 3c). At 1 pg/mL
of LPS treatment, BV-2 cell-derived EV particle number
decreased the particles/mL to a mean of 4.42x 107 parti-
cles/mL and increased with a mean of 1.5 x 10® particles/
mL (LPS-derived, 10 pg/mL) (Fig. 3c).

EVs derived from LPS-treated A549 cells were identi-
fied via NTA as vesicles ranging in size from 81 to 142 nm;
81.3 nm (control), 133.26 nm (0.1 pg/mL), 126.067 (1 pg/
mL), and 142.983 (10 pg/mL) (Fig. 3b). The mean size of
LPS-treated cell-derived EVs were significantly increased
at 0.1 ug/mL (P <0.05) and 1 pg/mL (P <0.01) LPS inocu-
lation when compared to the control-derived EVS. After
48 h, the concentration of control A549-derived EVs was
3.48 x 10% particles/mL (Fig. 3d). At the lowest concentra-
tion of LPS (0.1 pg/mL), there was a significant decrease
in particle concentration (6.5 x 107 particles/mL; P <0.05)
compared with control cells (Fig. 3d). After 1 pg/mL LPS
administration, particle concentration significantly decreased
(P<0.05) to 1.15x 10® particles/mL and then decreased to

0
t

Fold change to contro

EVs and A549-derived EVs were used to examine expressions of e,
f LAMP-1, and g, h RRP44/DIS3 proteins. Mean fold change + SEM
data are from a total of five experiments. *P <0.05, **P <0.01, and
#EP <0.001

a concentration of 1.96x 10% particles/mL with 10 ug/mL
LPS treatment when compared to the control-derived EVs
(Fig. 3d). These findings suggest that LPS exposure greatly
reduced the number of EVs being released from cells in
response to pathogenic virulence factors.

Vesicles from A549-derived and BV-2-derived EVs
expressed the EV marker, LAMP-1 (Fig. 3e, f). LAMP-1
expression was significantly expressed from control to
0.1 pg/mL LPS administration (P <0.05) in A549 cells.
The level of EV LAMP-1 from 0.1 pg/mL-treated cells
decreased significantly (P <0.001) compared with that of
1 pg/mL-treated cells and significantly decreased (P <0.001)
from 0.1 pg/mL to 10 pg/mL. 10 ug/mL LPS-derived EVs
were also significantly decreased (P <0.05) compared to
the control. Exosomal complex exonuclease RRP44/DIS3
was also expressed in BV-2 and A549 cell-derived EVs
(Fig. 3g, h). Compared to control cell EV levels, RRP44/
DIS3 increased significantly (P <0.001) after 10 ug/mL LPS
treatment (Fig. 3h) in A549 derived. In addition, the pres-
ence of CD81, an EV-associated protein, was observed in the
cell lysate via dot blot analysis, confirming the successful
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collection of EVs (Supplemental Fig. 1). These results dem-
onstrate the successful harvest of EVs derived from treated
BV-2 and A549 cells.

Pro-inflammatory Responses from LPS-Stimulated
BV-2 and A549 Cells

LPS recognition by the immune system is a fundamental
step for recognizing invading pathogens and for the initiation
of an immune response. Anti-inflammatory cytokines are
immunoregulatory molecules that control the pro-inflamma-
tory cytokine response and play a major role in physiological
systems, including the nervous system [12, 13]. Cytokines
act in conjunction with specific cytokine inhibitors, such as
TNFa and soluble cytokine receptors, to regulate the human
immune response [13]. LPS elicits the synthesis of inflam-
matory mediators, which are known to regulate the acute-
phase response [14]. In order to investigate cytokine expres-
sion in EVs from BV-2 and A549 cells, we used ELISAs to
demonstrate the presence of IL-6, IL-1, TLR4, TNFa, and
iNOS (Fig. 4a-i).

In LPS-treated BV-2 cell-derived EVs, IL-f§ was shown to
be decreased at 1 pg/mL bacterial LPS and increased levels

BV2

Fold change to control
° o - a
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Fold change to control
e ° 2 2
> > o
o |
y

A549

Fig.4 Immunomodulator responses in EVs from LPS-treated cells.
The expressions of immunomodulators a IL-6, b IL-1f, ¢ TLR4,
and d TNFa in EVs from LPS-treated (0.1 pg/mL, 1 pg/mL, and
10 pg/mL) BV-2-derived EVS and untreated EVs were determined
by ELISA. The expressions of immunomodulators e IL-6, f IL-1,
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of expression at 10 ug/mL of LPS-treated cell-derived EVs
when compared to the control (Fig. 4b). TLRs recognize
microbial conserved regions such as LPS and bacterial
DNA [16]. TLR4 was shown to be present within control
BV-2-derived EVs and LPS-derived EVs but showed a
decrease in expression at 0.1 ug/mL LPS (Fig. 4c). Early
response cytokine, TNFa, had a significant presence within
the LPS-derived EVs (Fig. 4d). These data showed a sig-
nificant decrease from the control to the 0.1 pg/mL LPS-
treated group (P <0.05) and 1 ug/mL LPS-treated group
(P <0.01) (Fig. 4d). TNFa was then significantly increased
from the low LPS doses (0.1 pg/mL and 1 pg/mL) to the
high LPS dose of 10 pg/mL (P <0.001) (Fig. 4d). TNFa and
IL-6 are known to induce the secretion of pro-inflammatory
cytokines in microglial cells [17]. Our study further con-
firms this finding.

In A549 cell-derived EVs, IL-6 was found to be signifi-
cantly decreased (P <0.05) in both 1 pg/mL and 10 pg/mL
LPS-treated cells compared with EVs from control cells.
Similarly, the level of IL-6 in EVs from 0.1 pg/mL LPS cell-
derived EVs was also decreased significantly (P <0.001) in
both 1 ug/mL and 10 pg/mL LPS cell-derived EVs (Fig. 4¢)
when compared with that in EVs from control cells. There

TLR4 D

Fold change to control
Fold change to control

TNFo

Fold change to control
Fold change to control

W S

Fold Change to Control

g TLR4, h TNFa, and i iNOS in EVs from LPS-treated (0.1 pg/mL,
1 pg/mL, and 10 pg/mL) A549-derived EVs and untreated EVs were
also determined by ELISA. Mean fold change + SEM data are from
a total of 6-8 experiments. *P <0.05, **P <0.01, and ***P <0.001
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was no difference in IL-1f expression between EVs from
control cells and EVs from LPS-treated cells (Fig. 4f). TLR4
induction has been found in epithelial cells (including lung
cells) that are in contact with the external environment
[15], and pathogenic infections could potentially affect lung
cell physiology through TLR4-mediated local infection or
inflammatory responses [16]. Compared with control cell-
derived EVs, EVs from cells treated with 1 pg/mL, LPS
showed a significant decrease (P <0.05) in TLR4 expression
(Fig. 4g). The early response cytokine, TNFa, also showed
expression in EVs from LPS-treated cells (Fig. 4h). These
data support the idea that EVs act as carriers for cytokines in
response to infection [15]. Compared to control cell-derived
EVs, EVs from 10 pg/mL-treated cells showed a signifi-
cant increase in the expression of the host defense mediator,
iNOS (Fig. 41).

Characterization of In Vivo EVs After LPS Treatment

We evaluated the effects of LPS treatment on EV composi-
tion collected from BALB/c mice. Mice were injected via
intraperitoneal injection with bacterial LPS (1 mg/mL) or
PBS (control), and the bacterial LPS was diffused into sur-
rounding tissues including the lungs and carried throughout
the blood similarly to gram-negative bacteria’s hematog-
enous mechanism. Ten days later, their blood was collected
by retro-orbital bleed. EVs were isolated from serum using

Fig.5 EV characterization A Nanosight
from LPS-treated mice in vivo. Mouse
a Mean sizes and b particle 150
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the ExoQuick™ process, and in vivo EV production was
evaluated by NTA. The particle analysis data showed that
average control EV size was 125+ 0.9 nm and LPS-derived
EV size was 115+5.04 nm (Fig. 5a). Compared to the EV
concentration in control mice (5.18 x 108+ 1.9 x 107 parti-
cles/mL), there was a slight decrease (Fig. 5b) in EV concen-
tration (4.54 x 108 +8.7x 10° particles/mL) in LPS-treated
mice. These data indicate a slight decrease in EV size and
particle concentration in the LPS-treated group compared to
the control group, suggesting that exposure to LPS slightly
decreased the number and mean size of EVs being released.

EV-Associated Proteins In Vivo

Members of the tetraspanin superfamily play fundamental
roles in a multitude of biological processes including cell
motility, invasion, adhesion, and protein trafficking [17].
EVs are highly enriched in tetraspanins, and they are fre-
quently used as EV markers, so we examined EV-associated
protein expression after LPS treatment in vivo. EVs from the
LPS-treated group expressed CD9 (Fig. 6a), CD81 (Fig. 6b),
and CD63 (Fig. 6¢). CD&81, frequently found in EVs, was
significantly (P <0.01) increased in the LPS-treated group
compared with the control group (Fig. 6b). The expression
of the EV-associated protein, LAMP-1, was also increased
in LPS-treated EVs (Fig. 6d). These data indicate that EV
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markers are shuttled into EVs in response to LPS treatment,
further confirming the successful isolation of EVs.

Immunomodulator Response to LPS In Vivo

Systemic exposure to an endotoxin such as LPS results in
the release of active inflammatory mediators, such as IL-6,
through cell-signaling pathway cascades. Here, we found the
presence of IL-6 in both control EVs and those isolated from
LPS-treated mice (Fig. 7a). There was no significant differ-
ence between untreated and LPS-treated mice. The host-
immune response system includes TLRs that can recognize
LPS. Specifically, TLR4 is the main receptor responsible
for initiating a response to LPS in the outer membrane of
gram-negative bacteria. Thus, we sought to evaluate the
expression of these important receptors in EVs derived from
LPS-treated mice. Both TLR4 and TLR7, innate immune
response proteins, were observed, and TLR4 expression
was significantly decreased when compared to the control
(P<0.001) (Fig. 7b). These data suggest that EVs may act
as transport vehicles for cytokines and chemoattractants for
natural killer cells.

Discussion

Gram-negative bacteria represent a major group of patho-
gens causing numerous human diseases (e.g., pneumonia
and meningitis), and the LPS endotoxin is an important
mediator of septic shock, a major cause of death in critical-
care facilities worldwide. Sepsis involves an uncontrolled
inflammatory response by host cells that can lead to organ
failure and subsequent death [18]. As of 2016, septic shock
prevalence was estimated to be 300 cases per 100,000 people
in the United States, resulting in 200,000 deaths annually
[19]. Gram-negative pathogens can evade immune defenses
and spread to other organs by producing an extensive array
of virulence factors (e.g., LPS). These virulence factors
interact with host cells by using specific receptors to inter-
fere with the host-immune response. Understanding the

role of LPS in pathogenic invasion and the host-immune
response has become increasingly important for therapeutic
treatment. Here, we examined the role of EVs in disease pro-
gression by evaluating the effect of bacterial LPS on immune
responses in vitro and in vivo. The role of EVs released by
stimulated lung cells has not been well studied, so we first
assessed the effects of LPS treatment on EVs derived from
A549 lung cells and those circulating in mouse serum.

We first examined EV size and particle number after
treatment with three different concentrations of bacterial
LPS (0.1 pg/mL, 1 pg/mL, and 10 ng/mL) using cultured
lung cells. For EVs derived from these cells, their mean size
at all concentrations of LPS treatment showed a significant
increase compared with that of control EVs from untreated
cells. This size increase suggests an addition of EV cargo by
LPS stimulation. The concentration of EVs from untreated
A549 cells was 3.4 x 108 particles/mL and decreased sig-
nificantly (P <0.05) after 0.1 pg/mL LPS treatment. Particle
concentrations then increased in the 1 ug/mL and 10 pg/
mL-treated cells compared with the lowest level LPS treat-
ment. These increases in EV concentration after LPS treat-
ment differed from a recent report examining EVs after LPS
treatment of cardiomyocytes [23]. In that study, LPS treat-
ment caused cardiomyocytes to release EVs at a slower rate
compared to their controls, suggesting that insult-induced
EV release may be cell-type specific and be dependent on
regional anatomy [11].

From the BV-2 control cell-derived EVs to 10 ug/mL
BV-2 cell-derived EVs, there was a significant increase
(P <0.05) of particle number of 1.5 x 10% particles/mL.
From the 0.1 pg/mL and 1 ug/mL BV-2 cell-derived EVs to
the 10 pg/mL BV-2 cell-derived EVs, there was also a sig-
nificant increase in particle number (P <0.01 and P <0.05,
respectively) of approximately 1.3 x 10® particles/mL. In
BV-2 cell-derived EVs, extracellular vesicle mean size was
significantly increased (P <0.05) from control EVs, 157 nm,
to 10 ug/mL EVs, 167 nm. BV-2 cell-derived EVs, parti-
cles number also has substantial differences when compared
to the control. In previous studies, LPS-treated microglial
cells that have been shown to have a significantly increased
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Fig.7 Expression of immunomodulators after LPS treatment in vivo. The expressions of a IL-6, b TLR4, and ¢ TLR7 were determined by
ELISA in EVs isolated from mice. Mean fold change + SEM data from a total of five experiments. ****P <0.0001
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the number of EVs being released when compared to their
control group [22]. These data correlate with our findings,
whereas, in a study performed by Bell et al., they observed
contrastingly different effects after LPS treatment. In their
study, cardiomyocytes released EVs at a slower rate com-
pared to their control after LPS treatment. Thus, suggesting
that EVs being released after injury are cell type specific and
react differently in various parts of the body [23].

We also characterized EV proteins from control and
inflammatory environments in vitro and in vivo. Using ELI-
SAs, we observed changes in the presence of EV markers,
immunomodulators, and stress-associated proteins (data not
shown) to elucidate the role that these vesicles might play in
disease progression [20]. The exosome-associated marker,
LAMP-1, was significantly expressed in A549-derived EVs
after LPS treatment. RRP44/DIS3 was also significantly
expressed in EVs from these cells. Combined with the sig-
nificant increase in EV size after LPS treatment observed
using NTA, this suggests that EVs released under inflamma-
tory conditions have increased protein packaging to aid the
host’s immune system. We further confirmed the presence
of EVs by examining the expression of RRP44/DIS3 in EVs
from treated and untreated cells. RRP44/DIS3 was signifi-
cantly increased (P <0.001) in EVs from 10 ug/mL-treated
cells compared with EVs from control A549 cells. RRP44
is found in the extracellular vesicle complex in the nucleus
of eukaryotic cells and plays a role in the recognition of, as
well as degradation of, RNA targets.

The respiratory airway is constantly exposed to patho-
gens and LPS. The body must react immediately to these
pathogens to prevent subsequent infections such as pneu-
monia. Bacterial LPS exposure might also induce an
excessive inflammatory response that could ultimately
be detrimental to the host. Interleukins play a vital role
in host protection by activating adaptive immunity at the
beginning of pathway signaling for apoptosis. IL-6, a mul-
tifunctional cytokine, is present in EVs from BV-2 and
AS549 cells. Interleukins are expressed in a variety of tis-
sues and are known to exert their influence through the
circulatory system [21]. In A549 cell-derived EVs, IL-6
expression was slightly increased compared with control
expression after 0.1 ug/mL LPS treatment but was signifi-
cantly reduced (P <0.05) after 1 ug/mL and 10 pg/mL LPS
treatments compared with control EVs. There were also
significant IL-6 differences (P <0.001) between EVs from
1 pg/mL LPS-treated cells and from cells treated with the
other two LPS concentrations. IL-6 was also found in EVs
isolated from serum in vivo. It is possible that increasing
the number of LPS injections in these mice might have fur-
ther increased IL-6 expression to levels reported by Erick-
son et al. [29], where significant IL-6 expression was seen
when mice were given three LPS injections [22]. The pro-
inflammatory cytokine IL-1f induces many inflammatory

pathways, including the stimulation of other cytokines and
chemokines, recruits neutrophils to sites of inflammation,
and initiates adaptive immunity [23]. IL-1p release has
also been shown to be associated with infectious bacte-
ria such as gram-negative H. influenzae [24]. While there
were no significant treatment differences between the
control and LPS treatment groups, IL-1f was present in
EVs from BV-2 and A549 cells. TLRs play a vital role in
early innate-immunity responses to invading microbes by
sensing the invasion. In particular, TLR4 stimulation leads
to intracellular signaling and inflammatory cytokine acti-
vation that triggers host innate immunity. TLR4 expres-
sion was seen in EVs from both cell lines and decreased
slightly in A549-derived EVs from 1 pg/mL-treated cells,
but expression increased in EVs from 10 pg/mL-treated
cells. Both TLR4 and TLR7 were found in EVs from
LPS-treated mice, and TLR4 expression was significantly
reduced (P <0.0001) compared with that in EVs from
control mice. iNOS expression increased significantly
(P <0.001) in response to LPS treatment. TNFa was also
present in A549 cell-derived EVs. In BV-2 cell-derived
EVs, there was a slight decrease in presence at 0.1 pg/mL
and then a slight increase at 1 ug/mL and another decrease
at 10 ug/mL. These results indicate that immunomodula-
tors are present in EVs after LPS treatment and suggest
that cellular responses to pathogenic infections initiate
these changes to EV cargo. The presence of inflamma-
tory agents and inflammatory response stimulators in EVs
derived from LPS-stimulated cells suggests that they are
key EV molecules that respond to pathogenic invasions.

In vivo, we treated BALB/c mice with 1 mg/mL bac-
terial LPS and examined serum-derived EVs for EV-
associated markers. We found that tetraspanins, CD9,
and CD63 were all represented in these EVs, and CD81
(P <£0.05) was significantly expressed. Tetraspanins have
the capacity to form multifunctional tetraspanin-enriched
microdomains that are essential mediators for EV interac-
tions, selection of vesicle cargo, antigen presentation dur-
ing immune responses, and binding and uptake of EVs by
target cells [25]. As further confirmation of successful EV
isolation, LAMP-1 protein expression was higher in EVs
from LPS-treated mice than in EVs from untreated mice.
As LAMP-1 expression is a marker for late endosomes,
this suggests that EVs have undergone endocytosis and
been transported to endosomal organelles. In our mouse
model, the mean size of our control EVs was 131 nm.
After LPS treatment, there was a slight decrease of 7 nm
in EV size. Mean particle concentration also decreased
from 5.18 x 10® in the control group to 4.4 x 10® particles/
mL in the LPS-treated group. This suggests that EVs are
being released at different rates by different cell types in
response to LPS stimulation.
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Conclusion

EVs provide a means both for initiating an immune response
and for being vehicles for agents that promote disease pro-
gression. They can play a key role in intracellular commu-
nication and for influencing the phenotype of recipient cells.
EV studies are still in their infancy, but progress in this field
has provided new prospects for understanding how activation
of the innate immune system causes life-threatening human
infections. In addition, a new chapter has been opened with
the discovery of a link between EVs and LPS-induced stimu-
lation, but further studies on this topic are needed. The most
noteworthy future application of EVs will be to harness and
manipulate their cargo as therapeutic tools to monitor and
diagnosis disease. Considerable research will be needed to
accomplish this goal.
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