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Abstract

Vaccination has become an increasingly attractive strategy for protecting against antibiotic-
resistant infections. Nanovaccines based on the outer membrane from Gram-negative bacteria

are appealing due to their multiantigenic nature and inherent immunogenicity. Here, we develop
cellular nanodiscs made of bacterial outer membrane (OM-NDs), as a platform for antibacterial
vaccination. Using Pseudomonas aeruginosa as a model pathogen, the resulting OM-NDs can
effectively interact with antigen-presenting cells, exhibiting accelerated uptake and an improved
capacity for immune stimulation. With their small size, the OM-NDs are also capable of efficiently
transporting to the lymph nodes after /n vivo administration. As a result, the nanovaccine is
effective at eliciting potent humoral and cellular immune responses against 2 aeruginosa. In

a murine model of pneumonia, immunization with OM-NDs confers strong protection against
subsequent lung infection, resulting in improved survival, reduced bacterial loads, and alleviation
of immune overactivation. Overall, this report illustrates the advantages of OM-NDs, which can be
readily generalized to other pathogens and may be applied towards other biomedical applications.
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The increasing incidence of drug-resistant pathogens can be attributed mainly to the
widespread overuse of antibiotics.1=2 In order to reduce reliance on antimicrobial drugs,

an increased emphasis has been placed on the development of vaccines that augment the
immune system’s innate ability to resist infection.3-4 Various strategies for enhancing
vaccination efficacy have been investigated.>~” Among them, the use of nanomaterial-
based systems has been of particular interest due to their beneficial properties, including
improved uptake by antigen-presenting cells and the ability to co-deliver antigens with
immunostimulatory adjuvants.8-10 More recently, cell membrane-based nanoparticles have
become increasingly popular due to their ability to mimic many of the properties associated
with living cells.11-12 These platforms are fabricated using natural cell membrane, which
can be derived from a wide range of cell types such as red blood cells, platelets, white
blood cells, and cancer cells, among others.13-16 The resulting biomimetic nanoparticles
are inherently multiantigenic, and they exhibit unique properties based on the source of

the membrane material. Biomimetic nanoparticles fabricated using the outer membrane
from Gram-negative bacteria have been explored as vaccine formulations.”> 17-18 These
nanoparticles mimic the antigenic profile of the original bacteria and contain pathogen-
associated molecular patterns that provide self-adjuvanting properties for effective immune
stimulation.19

In order to achieve vaccination efficacy, the immune system must be properly mobilized.
The localization of antigens and adjuvants to the lymph nodes, which are secondary
lymphoid organs that play a major role in fighting infection, is an important consideration
in vaccine development.20-21 Lymph node targeting is a task for which nanovaccines are
well-suited, as their small size enables effective lymphatic drainage after administration.22
Nanodiscs, which oftentimes have diameters in the sub-20 nm range, have proven to be a
particularly attractive platform for this type of application.23-24 These unique nanoparticles
consist of a discoidal membrane bilayer that is encircled by a scaffold protein or polymer.
Traditionally, nanodiscs have been employed for studying the biochemistry and biophysics
of cell membrane,2® although more recently a greater emphasis has been placed on
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their biomedical utility.26 Nanodiscs readily transport via the lymphatic system following
subcutaneous administration, enabling the codelivery antigen and adjuvant payloads to
immune cells that reside within draining lymph nodes. As such, nanodiscs have proven
their effectiveness as vaccine candidates, potently stimulating adaptive immunity in an
antigen-specific manner.23

Herein, to the best of our knowledge, we report on the first example of cellular nanodiscs
fabricated directly from natural bacterial outer membrane (denoted ‘OM-NDs’) instead of
synthetic lipid bilayers for antibacterial vaccination (Figure 1a). The platform builds on the
advantages of previous generation nanovaccines by presenting naturally immunostimulatory
and multiantigenic material in a format that is readily processed by the immune system.
Pseudomonas aeruginosa, a common Gram-negative bacterium responsible for multidrug-
resistant infections in hospitals, was selected as a model pathogen.2” OM-NDs were
fabricated by incubating £ aeruginosa outer membrane vesicles (OMVSs) with a styrene-
maleic acid (SMA) copolymer, an amphiphilic membrane scaffold co-polymer.28 With their
small size, it was observed that OM-NDs more effectively localized to the draining lymph
nodes after subcutaneous administration compared to traditional OMVs. Moreover, OM-
NDs induced dendritic cell maturation and elicited pathogen-specific antibody production.
This ultimately prolonged the survival of vaccinated mice when challenged intratracheally
with live P aeruginosa, and this protection was also correlated with reduced local
inflammation in the lungs. Overall, this work demonstrates that nanodiscs fabricated

from bacterial outer membrane can be employed as vaccines to protect against bacterial
infections. In the future, it is envisioned that this approach can be easily generalized to other
pathogens.

RESULTS AND DISCUSSION

To fabricate OM-NDs, bacterial OMVs were first collected from the P, aeruginosa strain
PAO1 following a previously established protocol.2? The OMVs were then vortexed with
SMA to form OM-NDs, and any large non-solubilized membrane material was removed

by ultracentrifugation. It has been suggested that SMA copolymers facilitate nanodisc
formation via the intercalation of their phenyl groups between the acyl chains of membrane
lipids and the interaction of their carboxyl groups with membrane lipid heads.3C Finally,
centrifugal ultrafiltration devices were used to remove the excess SMA and condense the
OM-NDs. Free OMVs in their native form, which contain a variety of immunomodulatory
pathogen-associated molecular patterns,31 were employed as a control group throughout this
work. After the fabrication process, approximately 50% of the inputted outer membrane
protein was incorporated into the OM-ND formulation. With an average diameter of 10

nm, OM-NDs were significantly smaller than free OMVs, which averaged just over 40 nm
when measured by dynamic light scattering (Figure 1b). With the addition of SMA, the zeta
potential of OM-NDs was slightly less negative compared with free OMVs (Figure 1c). The
morphology of OM-NDs was characterized by transmission electron microscopy, revealing a
relatively homogeneous population of spherical particles consistent with previous reports on
SMA-stabilized nanodiscs32 (Figure 1d). In comparison, visualization of free OMVs showed
a more heterogeneous population of vesicular structures. Following gel electrophoresis,

it was confirmed that OM-NDs had a similar protein profile compared to the original
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OMVs, with reductions in some lower molecular weight proteins likely resulting from the
purification steps during synthesis (Figure 1e). This suggested that many £, aeruginosa
antigens that could serve as potential vaccine targets were retained through the fabrication
procedure. The retention of immunostimulatory molecules, including potent Toll-like
receptor agonists, was also confirmed (Figure S1). In terms of stability, OM-NDs maintained
their size in phosphate-buffered saline (PBS) for at least 8 days (Figure 1f).

After confirming the successful fabrication of OM-NDs, we evaluated their interaction with
antigen-presenting cells in vitro. First, OM-NDs were labeled with a far-red fluorophore

in order to track uptake by DC2.4 dendritic cells over time using flow cytometry (Figure
2a). Compared with dye-labeled free OMVs, OM-NDs were taken up by the cells at a
considerably faster rate. The results were corroborated using fluorescence microscopy,
where significantly more uptake was observed for DC2.4 cells incubated with OM-NDs
for 3 h (Figure 2b). Whereas the uptake of OMVs was mediated predominantly by various
endocytic pathways, macropinocytosis also played a role in the uptake of OM-NDs (Figure
S2). Subsequently, we evaluated the immunostimulatory properties of OM-NDs. For these
experiments, nanodiscs fabricated using red blood cell (RBC) membrane (denoted ‘RBC-
NDs’) were employed as a negative control group (Figure S3). First, it was confirmed in

a preliminary study that OM-NDs could activate DC2.4 dendritic cells, as determined by
cytokine secretion, in a dose-dependent manner (Figure S4). Interleukin 6 (IL-6) levels
became significantly elevated and saturated when incubating with 0.5 ug/mL of OM-NDs
for 2 days. At this dosage, which was used for further study, no cytotoxic effects were
observed on the DC2.4 cells (Figure 2c). Subsequently, we assessed the /in vitro production
of different proinflammatory cytokines, including IL-1p, IL-6, IL-12p40, and tumor necrosis
factor a (TNFa), by DC2.4 (Figure 2d—g). There was significant elevation in the levels for
all the cytokines after OM-ND treatment.

Notably, OM-NDs were significantly better than free OMVs at stimulating the dendritic
cells. RBC vesicles and RBC-NDs were lowly immunostimulatory as expected. We
concurrently investigated the surface expression of dendritic cell maturation markers (Figure
S5). Consistent with the cytokine results, the expression of both CD40 and CD86 was
significantly higher after treatment with OM-NDs versus free OMVs or the RBC-derived
formulations. Overall, the data demonstrated that the transformation of bacterial membrane
into nanodiscs resulted in better engagement with dendritic cells, suggesting that OM-NDs
could be used as an effective nanovaccine.

We next proceeded to assess the immune-priming capabilities of OM-NDs in vivo. First,
dye-labeled OMVs or OM-NDs were administered into mice via hock injection in order

to study lymph node transport (Figure 3a,b). At 6 h, the draining popliteal lymph node

was collected for analysis. £x vivoimaging revealed that there was considerably more
accumulation of OM-NDs compared with free OMVs. Quantitative analysis confirmed
these observations, as there was an approximately 5-fold increase in fluorescent signal.
Improved delivery was also observed on a cellular level, with antigen-presenting cells such
as macrophages and dendritic cells exhibiting a higher degree of uptake (Figure S6). The
enhanced lymph node accumulation of OM-NDs highlighted the benefit of their small

size, enabling more efficient lymphatic drainage after administration. To evaluate the safety

ACS Nano. Author manuscript; available in PMC 2024 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Noh et al.

Page 5

of OM-NDs, blood samples were collected one day after administration, and all serum
chemistry parameters and cell counts were consistent with those of control mice (Figure
S7). Next, mice were immunized via the hock, and the draining popliteal lymph nodes
were extracted after 48 h to evaluate /n vivo dendritic cell maturation. There was increased
expression of CD40 and CD86 among lymph node cells derived from mice vaccinated
with OM-NDs compared to those vaccinated with free OMVs (Figure 3c,d). Overall, the
results here showing the higher immunostimulatory activity of OM-NDs after /n vivo
administration correlated well with the trends that were observed /n vitro.

To characterize adaptive immune response, we first evaluated the ability of OM-NDs to
elicit antibodies specific to P aeruginosa outer membrane. In a preliminary study to assess
the appropriate vaccination schedule, mice were immunized with the nanoformulation via
hock injection on day 0 followed by booster doses on days 7 and 14, and anti-outer
membrane immunoglobulin G (1gG) titers in the serum were tracked over time (Figure
S8). Antibody levels in mice vaccinated with OM-NDs were significantly higher compared
with OMV-vaccinated mice; anti-outer membrane titers began to elevate on day 7 and
saturated by day 14. These results were corroborated in a second study in which only a
single booster was given on day 7, and detailed characterization of 1gG production was
performed on day 14 (Figure 4a—d). For all subtypes that were analyzed, including 19G;,
19Gyp, and 1gG3, the OM-ND formulation significantly outperformed free OMVs. The
elevated production of 1gG, and 1gG3 suggest a potential bias towards T helper 1 (Th1)
immunity,33 which may be important in the clearance of bacterial infections.34 On day 21
after the last vaccination, it was observed that a higher proportion of B220*GL7" germinal
center B cells were present in the draining lymph node of mice vaccinated with OM-NDs
(Figure 4e), which correlated well with the production of pathogen-specific IgGs. Finally, T
cell responses were characterized at the same timepoint by restimulating splenocytes ex vivo
with £ aeruginosa outer membrane (Figure 4f,g). The secretion of interferon y (IFN-y) and
IL-17a, which are associated respectively with Th1l and Th17 immunity, was significantly
increased for the OM-ND group. Overall, the immune characterization data confirmed that
OM-NDs were effective at promoting adaptive cellular immune responses important for
fighting infections.34

Given that 2. aeruginosa is known to commonly infect the airways and lungs,3® we elected to
evaluate prophylactic efficacy in a murine model of pneumonia. Mice were subcutaneously
immunized with OM-NDs on days 0 and 7, followed by intratracheal challenge with

P, aeruginosa on day 14. Compared with unvaccinated mice and free OMV-vaccinated
mice, those receiving OM-NDs had improved long-term survival at two different bacterial
challenge doses (Table S1). Bacterial burden in the lungs was also quantified 24 h after
infection, and it was observed that the 2 aeruginosa load was significantly reduced in

mice vaccinated with OM-NDs compared to those receiving free OMVs (Figure 5a).

The reduced bacterial counts and improved survival were associated with elevated levels

of anti-outer membrane IgGs in bronchoalveolar lavage fluid samples collected 24 h

after intratracheal bacterial challenge (Figure 5b). Previous works have demonstrated that
nanovaccine-mediated immune protection correlates with reduced immune infiltration after
intratracheal 2 aeruginosa challenge.3® Vaccination with OM-NDs also reduced the level
of proinflammatory cytokines, including IL-6, IL-12, IL-17a, and TNFa., in the lungs after
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infection (Figure 5¢-f), demonstrating that the OM-ND nanovaccine could offer improved
protection while also minimizing excessive immune activation.

CONCLUSION

In summary, we successfully fabricated a cellular nanodisc formulation using bacterial outer
membrane as an effective nanovaccine to protect against bacterial infection. The resulting
OM-NDs had an antigenic profile similar to that of free OMVs but were significantly
smaller in size at approximately 10 nm. It should be noted that, even with significant
processing using techniques such as extrusion or sonication, it would be near impossible to
produce a vesicular bacterial outer membrane formulation in the same size range. With

its ability to efficiently transport to the lymph nodes after in vivo administration and

interact with resident antigen-presenting cells, the new nanovaccine effectively elicited
antibacterial antibody production. Additionally, it was demonstrated that OM-NDs were
capable of promoting Thl- and Th17-biased cellular immunity. Overall, OM-NDs were able
to outperform a free OMV control at the exact same antigen dose in a murine model of
pneumonia, helping to reduce bacterial burden, improve survival, and alleviate excessive
inflammation. The results achieved in this work highlight the advantages of employing a
nanodisc format when developing cell membrane-based nanoformulations, particularly for
vaccine applications that require efficient cellular uptake and lymphatic transport. In the
future, it will be important to study which antigens correlate strongly with protection against
infection. We envision that this approach can be readily used to generate nanovaccines for
protecting against other pathogenic diseases. Cellular nanodiscs may ultimately find use
across a wide range of applications and serve as an important tool for those working in the
field of biomimetic nanomedicine.

METHODS

Bacterial outer membrane derivation.

OMYV collection was performed based on a modified version of a previously published
protocol.2® P aeruginosa strain PAO1 was obtained from the American Type Culture
Collection. The bacteria were inoculated into Luria—Bertani (LB, Becton Dickinson) broth
and cultured in a rotary shaker at 37 °C overnight. Afterwards, the culture medium was
diluted 1:30 with fresh LB broth, and the bacteria were cultured for another day. P
aeruginosa were pelleted by centrifugation at 4,500 g for 40 min, and the supernatant was
filtered using 0.45-um polyethersulfone (PES) vacuum filters (Nalgene). Then, the filtered
sample was concentrated using a KrosFlo KR2i tangential flow filtration system equipped
with a 30 kDa molecular weight cut-off (MWCO) hollow fiber modified PES membrane
column (Spectrum). The OMVs were pelleted by ultracentrifugation at 150,000 g for 2 h and
resuspended with Ultrapure DNase/RNase-free distilled water (Invitrogen). Protein content
was quantified using a bicinchoninic acid (BCA) protein assay kit (Pierce) following the
manufacturer’s instructions, and the OMVs were stored at =80 °C for further use. RBC
membrane was derived from mouse whole blood (Bioreclamation) based on a previously
published protocol.13
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Nanodisc preparation and characterization.

Bacterial outer membrane or RBC membrane at 1 mg/mL was mixed with SMA (Cube
Biotech) at 5 mg/mL and vortexed at room temperature overnight. Afterwards, non-
solubilized proteins and lipids were pelleted by ultracentrifugation at 150,000 g for 30

min. The supernatant was condensed and the free SMA was removed using 10 kDa MWCO
Amicon Ultra centrifugal filters (Millipore). The protein content in the resulting RBC-ND
and OM-ND samples was quantified using a BCA protein assay. The yield of OM-ND
fabrication was calculated by the following equation: NDass/OMV mass X 100%, where
OMV ass Was defined as the initial OMV input in terms of protein weight. Size and zeta
potential were measured using a Malvern Zetasizer Lab Red Label. To evaluate stability,
OM-NDs were kept in PBS at 4 °C, and size was measured every two days for 8 days

total. The morphology of the nanoparticles negatively stained with 1% uranyl acetate
(Electron Microscopy Sciences) was visualized using a JEOL 1200 EX Il transmission
electron microscope. For protein characterization, OMVs and OM-NDs were prepared in
NUPAGE LDS sample buffer (Invitrogen). The samples were then run on a NUPAGE 4-12%
Bis-Tris 15-well minigel (Invitrogen) in NUPAGE MOPS SDS running buffer (Invitrogen)
using an Invitrogen XCell SureLock Mini-Cell electrophoresis system at 165 V for 45 min,
and the gel was stained with InstantBlue Coomassie protein stain (Abcam) overnight for
visualization. Endotoxin levels were quantified using a chromogenic endotoxin quantitation
kit (Pierce) according to the manufacturer’s instructions.

For dye labeling, Alexa Fluor 647-NHS (excitation/emission: 651/672 nm, Invitrogen)
dissolved in dimethyl sulfoxide was mixed with OMVs in distilled water, followed by
incubation at room temperature for 1 h. Free dye was removed by washing the samples using
3 kDa MWCO Amicon Ultra centrifugal filters (Millipore). The dye-conjugated OMVs were
stored at —80 °C for further use. Dye-labeled OM-NDs were prepared following the same
procedure outlined above for unlabeled OM-NDs.

In vitro dendritic cell uptake.

DC2.4, an immortalized murine dendritic cell line, was a gift from the Dong-Er Zhang
laboratory and was cultured in DMEM (Corning) with 10% bovine calf serum (Hyclone)
and 1% penicillin-streptomycin (Gibco). The cells were seeded overnight into a 48-well
tissue culture plate at 5 x 10% per well, followed by incubation with dye-labeled free
OMVs or OM-ND:s at a protein concentration of 5 ug/mL. At predetermined time points
(10 min, 30 min, 1 h, 2 h, 5 h), the cells were collected into PBS containing 2 mM
ethylenediaminetetraacetic acid (EDTA; Corning) and 0.5% bovine serum albumin (BSA;
Sigma-Aldrich), and data was collected using a Becton Dickinson LSR |1 flow cytometer.
Analysis was performed using FlowJo software. To visualize uptake, DC2.4 cells were
seeded overnight into a glass-bottom dish. Then, dye-labeled free OMVs or OM-NDs were
incubated with the cells for 3 h at 5 pg/mL. Cell nuclei were stained with Hoechst 33342
(Invitrogen) for 10 min, and imaging was performed on a Keyence BZ-X710 fluorescence
microscope.

To study the uptake mechanism, 5 x 104 DC2.4 cells were pretreated for 30 min with the
following inhibitors: chlorpromazine (Sigma-Aldrich) at 15 pg/mL for clathrin-mediated
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endocytosis, dynasore (Sigma-Aldrich) at 80 pM for clathrin-mediated and caveolae-
mediated endocytosis, filipin 111 (Sigma-Aldrich) at 5 ug/mL for caveolae-mediated and
lipid raft-mediated endocytosis, and 5-(N-ethyl-N-isopropyl)-amiloride (Sigma-Aldrich) at
100 pM for macropinocytosis.37~40 Afterwards, the cells were washed with 1% BSA in PBS
and then incubated with 0.5 pg/mL of dye-labeled OMV or OM-ND samples for 1 h at

37 °C. A set of untreated cells was also incubated at 4 °C to determine if the uptake was
energy-dependent. Finally, the cells were washed twice with 1% BSA in PBS, and data was
collected using a Becton Dickinson LSR 1l flow cytometer. Analysis was performed using
FlowJo software.

ritic cell viability.

DC2.4 cells were seeded overnight into a 96-well tissue culture plate at 7 x 103 per well,
followed by incubation with RBC vesicles, RBC-NDs, free OMVs, or OM-NDs at 0.5
pg/mL. After 48 h, CellTiter-Blue cell viability assay (Promega) solution was added, and
the fluorescence intensity (excitation/emission: 560/590 nm) was measured using a TECAN
Spark 20M microplate reader.

ritic cell stimulation.

For the dose-response study, DC2.4 cells were seeded overnight into 48-well tissue culture
plates at 4 x 104 per well, followed by incubation with various concentrations of OM-NDs.
After 48 h, the supernatant was collected from each well, and IL-6 levels were analyzed
using an enzyme-linked immunosorbent assay (ELISA) kit (BioLegend) following the
manufacturer’s instructions. For the multiple cytokine study, DC2.4 cells were seeded
overnight into 12-well tissue culture plates at 3 x 10° per well, followed by incubation
with RBC vesicles, RBC-NDs, free OMVs, or OM-NDs at 0.5 pg/mL. After 48 h, the
supernatant was collected from each well, and cytokine (IL-1p, IL-6, IL-12p40, and
TNFa) levels were analyzed using the appropriate ELISA Kits (BioLegend) following the
manufacturer’s instructions. Adherent cells were also collected using a cell scraper and
pelleted by centrifugation at 700 g for 5 min. The cells were blocked with TruStain FcX
PLUS anti-mouse CD16/32 (BioLegend) at 4 °C for 10 min, followed by staining with a
LIVE/DEAD fixable aqua dead cell stain kit (Life Technologies) and a cocktail containing
FITC anti-mouse CD40 (3/23, BioLegend) and Alexa Fluor 647 anti-mouse CD86 (GL-1,
BioLegend) for 30 min. Then, the cells were washed and resuspended in PBS containing
EDTA and BSA. Data was collected on a Becton Dickinson LSRFortessa flow cytometer,
and analysis was performed using FlowJo software.

Male CD-1 mice (6 to 8 weeks) were purchased from Charles River Laboratories. Mice were
housed in an animal facility at the University of California San Diego (UCSD) under federal,
state, local, and National Institutes of Health (NIH) guidelines. All animal experiments were
performed in accordance with NIH guidelines and approved by the Institutional Animal Care
and Use Committee of UCSD under protocol number S09388.
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In vivo lymph node targeting.

Dye-labeled free OMVs or OM-NDs were administered into mice via the hock at a

protein dose of 20 ug. After 6 h, the mice were euthanized, and the draining popliteal
lymph nodes were collected. The fluorescence in each lymph node was visualized and
quantified using an IVIS Lumina /n vivo imaging system. To analyze the cellular-level
distribution, each draining popliteal lymph node was mechanically sheared and extruded
through a 40-um cell strainer (Bel-Art) to form a single-cell suspension. Then, 5 x 10°

cells were blocked with TruStain FcX PLUS anti-mouse CD16/32 at 4 °C for 10 min,
followed by staining with LIVE/DEAD fixable aqua, PE/Cy7 anti-mouse CD11c (N418,
BioLegend), FITC anti-mouse CD3 (17A2, BioLegend), Pacific Blue anti-mouse CD19
(6D5, BioLegend), APC/Cy7 anti-mouse CD11b (M1/70, BioLegend), PE anti-mouse F4/80
(BM8, BioLegend), and PerCP anti-mouse Ly-6G/Ly-6C (Gr-1) (RB6-8C5, BioLegend) for
30 min. Finally, the cells were washed and resuspended in PBS containing EDTA and BSA.
Data was collected on a Becton Dickinson LSRFortessa flow cytometer, and analysis was
performed using FlowJo software.

In vivo safety study.

Free OMVs or OM-NDs were administered into mice via the hock at a protein dose of

0.5 pg. After 1 day, blood was collected via submandibular puncture into Microvette 100
potassium-EDTA blood collection tubes (Sarstedt) for cell counting. For serum biochemistry
analysis, blood was collected without an anticoagulant and allowed to coagulate for at least
30 min before centrifuging at 3000 g for 10 min. All tests were performed by the Animal
Care Program Diagnostic Services Laboratory at UCSD.

In vivo dendritic cell maturation.

Free OMVs or OM-NDs were administered into mice via the hock at a protein dose of

0.5 ug. After 48 h, the mice were euthanized, and the draining popliteal lymph nodes were
collected. Each lymph node was mechanically sheared and extruded through a 40-um cell
strainer to form a single-cell suspension. Then, 5 x 10° cells were blocked with TruStain
FcX PLUS anti-mouse CD16/32 at 4 °C for 10 min, followed by staining with LIVE/DEAD
fixable aqua, FITC anti-mouse CD40, Alexa 647 Fluor anti-mouse CD86, APC/Cy7 anti-
mouse F4/80 (BM8, BioLegend), and PE/Cy7 anti-mouse CD11c for 30 min. Then, the cells
were washed and resuspended in PBS containing EDTA and BSA. Data was collected on a
Becton Dickinson LSRFortessa flow cytometer, and analysis was performed using FlowJo
software.

Anti-P. aeruginosa titers.

Free OMVs or OM-NDs were administered to mice via the hock on days 0, 7, and 14 at a
protein dose of 0.5 pg, and the serum from each mouse was sampled on days 0, 7, 14, and
21. Anti-£. aeruginosa titer levels were determined by a direct ELISA. OMVs dissolved in
ELISA coating buffer (BioLegend) were coated overnight at 4 °C onto 96-well assay plates
at 0.5 g per well. The plates were then blocked at room temperature for 1 h with 5% skim
milk (Apex Bioresearch Products) dissolved in PBS containing 0.05% Tween-20 (National
Scientific) (PBST), incubated with serially diluted serum samples for 2 h, and probed with
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a horseradish peroxidase (HRP)-conjugated anti-mouse 1gG (BioLegend) for another 2 h.
To analyze the various 1gG isotypes, HRP-conjugated anti-mouse 1gG4, 1gGoy, or 1gG3
(SouthernBiotech) was used as the probe for the last step. The plates were developed with
3,3’,5,5 -tetramethylbenzidine substrate (BioLegend), and the reaction was stopped with 1
N HCI (Fisher Scientific). The absorbance was read at 450 nm with 570 nm as the reference
using a TECAN Spark 20M microplate reader. All plates were washed at least 4 times with
PBST between each step, and incubation steps were performed at room temperature on a
rotary shaker.

Adaptive immune response characterization.

Free OMVs or OM-NDs were administered to mice via the hock on days 0 and 7 at a
protein dose of 0.5 pg. For germinal center B cell analysis, the popliteal lymph nodes

were collected on day 28, followed by mechanical shearing and then extrusion through a
40-pum cell strainer to obtain a single-cell suspension. Then, 5 x 10° cells were blocked
with TruStain FcX PLUS anti-mouse CD16/32 at 4 °C for 10 min, followed by staining
with LIVE/DEAD fixable aqua, Alexa Fluor 488 anti-mouse/human GL7 antigen (GL7,
BioLegend), and Pacific Blue anti-mouse/human CD45R/B220 (RA3-6B2, BioLegend) for
30 min. Finally, the cells were washed and resuspended in PBS containing EDTA and
BSA. Data was collected on a Becton Dickinson LSRFortessa flow cytometer, and analysis
was performed using FlowJo software. For the ex vivo splenocyte restimulation assay, the
spleens were collected and physically sheared, followed by RBC lysis using a commercial
buffer (BioLegend) and extrusion through a 70-um mesh cell strainer (Fisher Scientific)

to obtain a single-cell suspension. Then, 2 x 106 splenocytes were seeded into a 12-well
suspension culture plate in RPMI 1640 media (Gibco) containing 10% fetal bovine serum
(Omega Scientific), 55 mM 2-mercaptoethanol (Gibco), and 1% penicillin-streptomycin.
OMVs were added to the cells at 0.1 pg per well. After 3 days of incubation, IL-17a

and IFN+y levels in the supernatant were quantified using the appropriate ELISA kits
(BioLegend) according to the manufacturer’s instructions.

Prophylactic efficacy against P. aeruginosa pneumonia.

Free OMVs or OM-NDs were administered to mice via the hock on days 0 and 7 at

a protein dose of 0.5 pug. On day 14, the mice were anesthetized using a cocktail of

150 mg/kg ketamine (Zoetis) and 10 mg/kg xylazine (Lloyd Laboratories), followed by
intratracheal challenge with 40 pL containing 5 x 107 or 1 x 108 CFU of P aeruginosa for
survival monitoring and 5 x 107 CFU of P, aeruginosa for all other studies. For bacterial
enumeration, mice were euthanized 1 day after the bacterial challenge to collect the lungs,
which were then weighed and homogenized with a BioSpec Mini-Beadbeater-16 in 1 mL
of PBS using 2-mm zirconia beads (BioSpec). Lung homogenates were serially diluted in
PBS and plated onto LB agar plates. After 16 h of incubation at 37 °C, the number of
colonies were counted. For bronchoalveolar lavage fluid analysis, mice were euthanized

1 day after bacterial challenge, and then 1 mL of the fluid was collected with cold PBS
containing EDTA and BSA. After pelleting any cells that were present by centrifugation,
outer membrane-specific 1gG antibody titers were analyzed as described above, and cytokine
levels were quantified using the appropriate ELISA kits (BioLegend) according to the
manufacturer’s instructions. For survival studies, mice were monitored daily for 10 days.
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Data Analysis.

All data were analyzed with GraphPad Prism 9 and presented as the mean + standard
deviation (SD). A minimum sample size of 3 was used for all studies in which statistical
analysis was performed. Comparisons between two groups were done with an unpaired
two-tailed Student’s #test. For studies with three or more groups, one-way analysis of
variance (ANOVA) with Turkey’s posthoc analysis was used to determine significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Preparation and characterization of OM-NDs. (a) Bacterial OMVs are collected from

Pseudomonas aeruginosa and incubated with styrene-maleic acid (SMA). The resulting
OM-ND formulation can be used as a nanovaccine to protect against bacterial infection.
(b,c) Size (b) and zeta potential (c) of free OMVs and OM-NDs (n = 3, mean + SD). (d)
Transmission electron microscopy images of free OMVs (left) and OM-NDs (right) after
negative staining (scale bars: 20 nm). (e) Protein profile of OMVs and OM-NDs after gel
electrophoresis. (f) Size of OM-NDs in PBS over time (n = 3, mean + SD).
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Figure 2.

In vitro uptake and immune stimulation. (a) Uptake of dye-labeled free OMVs and OM-NDs
by DC2.4 cells over time (n = 3, mean + SD). (b) Fluorescence visualization of free OMV
(left) and OM-ND (right) uptake after 3 h of incubation with DC2.4 cells (scale bars: 20 um;
red: bacterial membrane, blue: nuclei). (c) Viability of DC2.4 cells after 2 days of incubation
with OM-NDs or various control samples (n = 3, mean + SD). (d-g) Concentration of IL-13
(d), IL-6 (e), IL-12p40 (f), and TNFa (g) secreted by DC2.4 after 2 days of incubation

with OM-NDs or control samples (h = 3, mean + SD). ***p < 0.001 and ****p < 0.0001
(compared to OM-ND); Student’s #test (a) or one-way ANOVA (d-g).
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Figure 3.
In vivo transport and immune stimulation. (a) £x vivo fluorescent imaging of the draining

popliteal lymph nodes at 6 h after the administration of dye-labeled free OMVs and OM-
NDs (H: high signal, L: low signal). (b) Quantification of fluorescence in the popliteal
lymph nodes at 6 h after the administration of dye-labeled free OMVs and OM-NDs (n

= 3, mean + SD). (c,d) Expression of the maturation markers CD40 (c) and CD86 (d) by
CD11c*F4/80~ dendritic cells in the popliteal lymph nodes of mice 48 h after vaccination
with free OMVs or OM-NDs (n = 4, mean + SD). *p < 0.05 and **p < 0.01 (compared to
OM-ND); Student’s #test (b) or one-way ANOVA (c,d).
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In vivo adaptive immune responses. (a-d) Total anti-outer membrane (anti-OM) IgG titers
(@), anti-OM IgG; titers (b), anti-OM IgGyy, titers (c), and anti-OM 1gGg titers (d) in the
serum of mice on day 14 following vaccination on days 0 and 7 with free OMVs or
OM-NDs (n = 8, mean + SD). (e) Proportion of B220"GL7" B cells in the popliteal lymph
nodes on day 28 after immunization with free OMVs or OM-NDs on days 0 and 7 (n =

4, mean + SD). (f,g) Secretion of IL-17a (f) and IFN-y (g) by splenocytes collected from
mice on day 28 after immunization with free OMVs or OM-NDs on days 0 and 7, followed
by restimulation with outer membrane (n = 4, mean + SD). **p < 0.01, ***p < 0.001, and
**** 1< 0.0001 (compared to OM-ND); one-way ANOVA.
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Figure 4.
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Figure5.

In vivo protection against £, aeruginosa pneumonia. In a-f, mice were vaccinated on days 0
and 7 with free OMVs or OM-NDs, challenged intratracheally with P aeruginosa on day 14,
and euthanized after another 24 h for analysis. (a) Bacterial load in the lungs (n = 4, mean

+ SD). (b) Anti-outer membrane (anti-OM) IgG titers in the bronchoalveolar lavage fluid (n
=4, mean + SD). (c-f) Concentration of IL-6 (c), IL-12p40 (d), IL-17a (e), and TNFa. (f) in
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the bronchoalveolar lavage fluid (n = 4, mean + SD). *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001 (compared to OM-ND); one-way ANOVA.
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