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Abstract

Infections caused by multidrug-resistant gram-negative bacteria have emerged as a major threat to
public health worldwide. The high mortality and prevalence, along with the slow pace of new
antibiotic discovery, highlight the necessity for new disease management paradigms. Here, we
report on the development of a multiantigenic nanotoxoid vaccine based on macrophage
membrane-coated nanoparticles for eliciting potent immunity against pathogenic Pseudomonas
aeruginosa. The design of this biomimetic nanovaccine leverages the specific role of macrophages
in clearing pathogens and their natural affinity for various virulence factors secreted by the
bacteria. It is demonstrated that the macrophage nanotoxoid is able to display a wide range of 2
aeruginosa antigens, and the safety of the formulation is confirmed both /n vitroand in vivo. When
used to vaccinate mice via different administration routes, the nanotoxoid is capable of eliciting
strong humoral immune responses that translate into enhanced protection against live bacterial
infection in a pneumonia model. Overall, the work presented here provides new insights into the
design of safe, multiantigenic antivirulence vaccines using biomimetic nanotechnology and the
application of these nanovaccines towards the prevention of difficult-to-treat gram-negative
infections.
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The global incidence of infections caused by multidrug-resistant gram-negative bacteria has
been increasing,! and this poses a major threat to public health given the high morbidity and
mortality rates associated with these diseases.? Pseudomonas aeruginosais one of the
leading gram-negative bacteria responsible for life-threatening pneumonia, especially among
the immunocompromised and among cystic fibrosis patients.3 The pathogen has the ability
to rapidly develop antibiotic resistance by different mechanisms, including the use of efflux
pumps, expression of B-lactamase, reduction in porins, and switching to a biofilm lifestyle,
among others.4-8 This complicates the management of £ aeruginosa infections and
contributes significantly to the suboptimal outcomes observed in the clinic.# The seriousness
and increasing prevalence of multidrug-resistant 2 aeruginosa has resulted in the World
Health Organization declaring the pathogen a top priority.” Overall, the slow development of
new antibiotics has presented a major challenge in the collective response against drug-
resistant infections, leading researchers to actively seek new approaches for antibacterial
therapy.8-9

Vaccines aim to prevent infectious diseases by training the immune system to recognize
pathogen-associated antigenic targets.10-11 Various formulations targeting £, aeruginosa
antigens have been reported, including those designed to generate immunity against
lipopolysaccharide O antigen, flagella, outer membrane proteins, and type 11 secretion
system proteins.12-13 While much progress has been made in recent years towards the
development of effective 2 aeruginosa vaccines, to date no such formulation has been
licensed for clinical use. Virulence mechanisms are particularly attractive targets for vaccine
development, as they are directly involved in host interactions that promote bacterial survival
and proliferation.14-15 Because there is no selection pressure imposed upon individual
bacterium, antivirulence vaccination can also carry a lower risk of developing resistance.
16-17 The multifactorial virulence exhibited by 2 aeruginosa, which includes various
biomolecular secretions that can attack host cells,28-19 represents a major challenge that
naturally limits the effectiveness of any single-antigen antivirulence strategy being evaluated
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for clinical application.2? Developing multiantigenic vaccines, however, is not a
straightforward process, particularly given that the identity, function, and safety profile of
many bacterial components are still in the process of being elucidated.?!

Recently, cell membrane-coated nanoparticles have emerged as a platform that has broad
applicability.22-23 Using naturally derived cell membrane as a surface coating, nanoparticles
with cell-mimicking and biointerfacing functionalities can be readily fabricated.24-28 These
nanoparticles have been utilized as nanosponges that leverage the natural affinity of
biological toxins for cell membrane to achieve broad-spectrum biodetoxification.29-30
Taking advantage of the fact that bacterial toxins become deactivated upon complexation
with nanosponges, the resulting nanoparticle—toxin constructs have been employed as
nanotoxoids for use in antivirulence vaccination applications.3! This approach has
previously proven to be effective for gram-positive bacteria, eliciting immunity capable of
preventing toxin-mediated damage and inhibiting bacteria colonization in murine models of
disease.32 Notably, a multiantigenic formulation fabricated from the combination of red
blood cell (RBC) membrane-coated nanoparticles and Staphylococcus aureus protein
secretions has been used to successfully elicit immunity against multiple virulence factors at
the same time.33

Macrophages can act as a nonspecific second line of immune defense against bacterial
infections.3435 P aeruginosa interacts with macrophages in a number of ways that are not
applicable to RBCs, including via non-hemolytic virulence factors, as well as through
engagement of surface markers including toll-like receptors (TLRS) and phagocytosis-
promoting receptors.3 Cationic proteins on alveolar macrophages can bind avidly to the
outer membrane of 2. aeruginosa,3® and the bacteria’s flagella are involved in the phagocytic
process.3” P, aeruginosa also secrets several types of cytolysins that are toxic to
macrophages and help the bacteria to colonize their hosts.38 Taking advantage of these
naturally occurring cell-bacterium interactions, macrophage membrane-coated nanoparticles
(M®-NPs) have demonstrated the ability to bind and neutralize gram-negative bacterial
toxins.28 Compelled by the diverse interactions of macrophages with 2 aeruginosa, here we
employ M®-NPs to generate a multiantigenic macrophage nanotoxoid (Md®-toxoid) against
the bacteria (Figure 1). The M®d-toxoids are fabricated by leveraging the broad-spectrum
binding capabilities of cell membrane-coated nanoparticles, and the ability of the vaccine
formulation to elicit potent immunity against £ aeruginosa is studied in detail.

To generate the M®-toxoid formulation, M®-NPs were first fabricated by a previously
reported method.28 Briefly, macrophage membrane was derived from a representative
murine J774 cell line using a process involving mechanical disruption followed by
differential centrifugation. The macrophage membrane was then coated onto preformed
poly(lactic-co-glycolic acid) (PLGA) cores at a membrane protein to polymer weight ratio
of 1:1 by sonication. Next, P, aeruginosa secretions (PaS) were collected from bacterial
culture supernatant by ammonium sulfate precipitation as previously described.33 The
concentrated PaS was then subjected to size exclusion chromatography, and two resultant
fractions, denoted PaS-1 and PaS-2, were identified and collected.
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The PaS-1 fraction was shown to be hemolytic in a concentration-dependent manner (Figure
2a). Under the experimental conditions that were employed, 200 pg/mL of PaS-1 induced
complete hemolysis of mouse RBCs, while minimal hemolysis was observed when the
concentration was decreased to 100 pg/mL. Upon preincubation with M®-NPs at a 1:5
(PaS-1:M®-NP) protein ratio, the hemolytic activity of the fraction was completely
abrogated. PaS-1 also exhibited a certain degree of cytotoxic activity upon incubation with
J774 mouse macrophages in culture, with approximately 50% cell viability observed when
incubating with 40 ug/mL of PaS-1 (Figure 2b). Again, the toxic effect was completely
neutralized when preincubating with M®-NP at a 1:5 protein ratio. In contrast, PaS-2 did not
show any hemolytic activity at high concentrations (Figure 2c), but it was cytotoxic even in
small amounts (Figure 2d). After incubation with 4 pg/mL of PaS-2, no cell survival was
observed in J774 cultures. When preincubating with M®-NPs at a 1:50 (PaS-2:M®-NP)
protein ratio, approximately 30% cell viability was recovered. The benefit was more
pronounced at a 1:200 protein ratio, where near full viability was achieved when including
the nanoparticles, compared with 30% viability when incubating with PaS-2 alone at 1
pg/mL. For subsequent study, the final Md-toxoid was formulated by incubating 200 pg of
M®-NPs with 40 ug of PaS-1 and 1 pg of PaS-2 in order to achieve the maximal antigen
loading while maintaining safety. After coincubation of all the components, it was
demonstrated that the M®-toxoids exhibited a slight size increase in comparison to unloaded
M®-NPs, and the zeta potential became slightly more negative (Figure 2¢,f). Transmission
electron microscopy of the Md-toxoids negatively stained with uranyl acetate revealed that
the characteristic core—shell structure of membrane-coated nanoparticles was retained after
PaS loading (Figure 2g), which is consistent with previous reports on similar nanotoxoid
formulations.3! In terms of their stability in solution, the M®-toxoids did not change
significantly in size over the course of 1 week (Figure 2h).

One of the main advantages of the cell membrane-based nanotoxoid strategy is that it
enables the capture of a wide range of pathogen-specific antigens of unknown composition.
It has been demonstrated that the binding of virulence factors to biomimetic membrane-
coated nanoparticles varies depending on the cell type used to source the membrane.39 In
order to validate the presence of P aeruginosa-specific proteins on the M®-toxoids, the
formulation was characterized by a previously described multiplexed quantitative proteomic
approach.39 In total, 4,931 proteins were quantified on the M®-toxoid formulation, among
which 4,792 were of mouse origin and 139 were of £ aeruginosa origin (Supplementary
Table 1). Of the P, geruginosa proteins that were quantified, 44 of these exhibited statistically
significant enrichment on the M®-toxoids when assessed by r score (rz > 1.1082, Figure
2i).40 After analyzing the individual data points, there were some notable proteins that
exhibited particularly high enrichment ratios (Figure 2j). Flagellin, which plays a critical
role in the initial colonization phase of infection and serves as a ligand that enhances
phagocytosis,*! was enriched by 4.9-fold. Vaccine formulations targeting flagellin have been
shown to confer protection against different strains of 2 aeruginosain mouse models of
pneumonia by eliciting effective cellular and humoral immune responses.*2 The conserved
domains of flagellin also serve as a pathogen-associated molecular pattern that is capable of
inducing strong inflammatory responses via engagement of TLR5.43 Additionally, the outer
membrane proteins OprE and OprM were enriched by 3.1-fold and 4.5-fold, respectively.
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Vaccines against 2 aeruginosa outer membrane proteins have been reported to successfully
confer protection against infection in mouse models.#* Overall, the proteomic data validated
the loading of multiple antigens relevant to vaccination against 2. aeruginosa, which
combined could work together to confer broader protection against the pathogen. It is
notable that the fabrication process of M®-toxoids was carried out without the need for prior
identification of each individual antigenic target.

Given the established toxicities of both the PaS-1 and PaS-2 fractions that were loaded onto
the Md-toxoids, we next carried out a series of studies to establish the safety profile of the
optimized vaccine formulation. A consolidated PaS-1/2 fraction was made by combining
PaS-1 with PaS-2 at a protein ratio of 40:1 and subsequently incubated with either mouse
RBCs or J774 cells /n vitro. Native PaS-1/2 lysed 100% of the RBCs under the conditions
tested, while the M®-toxoids induced a minimal amount of hemolysis that was near
identical to unloaded M®-NPs (Figure 3a). As expected, PaS-1/2 was also highly cytotoxic
to J774 cells, resulting in complete killing after 72 h of coincubation (Figure 3b). In contrast,
there were minimal signs of cytotoxicity in cells incubated with the M®-toxoids, and the
effect was statistically insignificant compared with unloaded M®-NPs. Next, /n vivo safety
was evaluated by administering the various formulations subcutaneously into mice, followed
by histological analysis of the skin at the injection site after 48 h (Figure 3c). Hematoxylin
and eosin (H&E) staining showed that native PaS-1/2 induced severe hyperplasia,
parakeratosis, and ulceration in the epidermis, as well as fibrosis and bleeding in the dermis.
There were no obvious signs of damage in the histological sections from mice administered
with blank solution, unloaded M®-NPs, or M®-toxoids. In these samples, the structure of
the skin remained intact. While only resident immune cell populations were present in the
dermis for the blank solution and M®-NP groups, there was mild to moderate inflammatory
infiltrate in the dermis and hypodermis for the Md-toxoid group. This was a positive
observation that indicated the process of adaptive immunity had potentially been initiated in
response to M®d-toxoid administration.

After establishing the safety of the formulation, the ability of the M®-toxoid vaccine to elicit
humoral immunity by different administration routes was evaluated. First, the generation of
systemic immunity after subcutaneous vaccination was studied. As demonstrated previously,
nanoparticle administration by this route leads to lymphatic drainage and uptake
predominantly by antigen-presenting cells, including B cells.*> The induction of germinal
centers within the lymph nodes is a critical step in the humoral immune response that
promotes the affinity-based maturation of B cells specialized in producing antibodies that
can effectively recognize infectious agents,*6 and it should be noted that this occurs in
concert with T cell-based immune mechanisms.*’~48 To explore the impact of our
nanoformulation on this process, nearby lymph nodes, including the superficial cervical
lymph node and axillary lymph node, were collected 21 days after immunization in the neck
region and analyzed for the presence of germinal center B cells. Flow cytometric analysis
revealed that the M®-toxoids could significantly raise the percentage of B220*1gD'V B
cells with the GL-7* germinal center phenotype in the superficial cervical lymph node, with
the value increasing to 45% compared with approximately 20% after vaccination with blank
solution or unloaded M®-NPs (Figure 4a). This was also confirmed by immunofluorescence
staining, as histological sections of the lymph nodes from M®-toxoid-vaccinated mice
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displayed nodules with a high concentration of GL-7* cells, whereas those from mice treated
with blank solution or M®-NPs exhibited no such features (Figure 4b). In particular, this
suggested that the M®-NP itself, as a carrier for the £, aeruginosa antigens, had limited
immunogenicity, which was expected given the murine origin of the membrane material.
Similar results were also observed when looking at the axillary lymph node (Figure 4c,d).

The humoral immune response elicited by the M®-toxoids was further characterized by
analyzing the production of antigen-specific antibody titers. Mice were subcutaneously
vaccinated with the nanoformulation on day 0, followed by booster doses on day 7 and day
14 to further enhance titer production.3! On day 21, which is approximately when
immunoglobulin G (1gG) responses start to saturate,3! the serum of each mouse was
sampled, and the IgG titers against the antigenic material from PaS-1/2 were assayed by an
indirect enzyme-linked immunosorbent assay (ELISA). From the data, it could be seen that
vaccination with the M®-toxoids was able to significantly elevate anti-PasS titers above
baseline levels (Figure 4e). As P, aeruginosa is a leading cause of nosocomial pneumonia,*®
the potential of M®-toxoid vaccination to protect against live bacterial infection was then
evaluated using a murine model of pneumonia caused by a multidrug-resistant human
clinical P4 isolate.5% Following 3 subcutaneous vaccinations, each 1 week apart, mice were
challenged intratracheally with the bacteria on day 35 to induce lung infection. At 24 h post-
infection, the lungs were collected and subjected to various forms of analysis. A significant
elevation of IgG titers was observed in the lung homogenate of vaccinated mice (Figure 4f),
and this correlated with a marked decrease in bacterial load of approximately 2 orders of
magnitude compared with control mice (Figure 4g). Histopathological analysis of the lungs
reflected this large disparity in efficacy, as there was a significant reduction in congestion
and acute inflammatory neutrophil infiltrate in the lung parenchyma of mice in the M®-
toxoid-vaccinated group (Figure 4h).

A second set of immune response characterization studies involved the intranasal
vaccination route, which has the potential to elicit systemic immune responses comparable
to parenteral vaccination while concurrently generating mucosal immunity.>! IgA antibodies
are one of the main mediators of mucosal immune responses, and their presence in the nasal
cavity or respiratory tract can act as a first line of defense against airborne pathogens.>2
After IgA class switching and maturation, IgA-producing B cells have been shown to
migrate from nasal-associated lymphatic tissue to the cervical lymph nodes.>3 To assess the
impact of M®-toxoid vaccination on this process, superficial cervical lymph node was
collected 21 days after intranasal vaccination. Flow cytometric analysis showed that mice
receiving the M®-toxoids had a significantly higher number of IgA-producing B cells
compared with those receiving either blank solution or unloaded M®-NPs (Figure 5a). This
finding was further corroborated by immunofluorescence staining of histological sections
from the cervical lymph node (Figure 5b).

The humoral immune response generated by intranasal administration of the Md-toxoids
was further studied by analyzing antibody production. Mice were intranasally vaccinated
with the nanovaccine on day 0, along with boosters on day 7 and day 14. On day 21, both
the serum and the bronchoalveolar lavage (BAL) fluid were sampled, and the antibody levels
in each were assayed by indirect ELISAs. Within the BAL fluid, it was shown that the M-
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toxoids were capable of enhancing the production of both secretory IgA as well as 1gG
against PaS-1/2 (Figure 5c¢,d), indicating the successful generation of mucosal immunity that
could be leveraged to inhibit bacterial lung infections. At the same time, significantly higher
anti-PaS IgG levels were detected in the serum compared with the baseline established from
the blank control group (Figure 5e), which indicated that the intranasal vaccination was
potent enough to elicit strong systemic immunity. To evaluate protective efficacy, mice were
intranasally vaccinated on the same schedule, followed by intratracheal bacteria challenge
on day 35. Similar to the subcutaneous scenario, intranasal vaccination with the M®-toxoids
resulted in significantly reduced bacteria counts within the lungs (Figure 5f), and this was
also reflected in the lung histology (Figure 5g).

In conclusion, we have reported on the fabrication of a nanotoxoid formulation for use as a
vaccine against gram-negative bacterial infections caused by £ aeruginosa. By employing a
biomimetic toxin-detainment strategy using macrophage-mimicking nanoparticles, the
resulting nanovaccine formulation was proven to be inherently multiantigenic and safe for /n
vivo administration given the ability of M®-NPs to neutralize both hemolytic and cytotoxic
activity. When used to vaccinate mice, either by the subcutaneous or intranasal route, potent
humoral immunity was generated, which significantly attenuated the severity of infection in
a pneumonia model caused by live pathogenic £ aeruginosa. Of note, it was demonstrated
that intranasal vaccination using the Md-toxoids could elicit both systemic immunity and
mucosal immunity, which could have important implications for preventing a number of
common infections, including those affecting the airways, gastrointestinal tract, urinary
tract, and genitals. The extension of the nanotoxoid concept, where vaccines capable of
generating multiantigenic immunity are fabricated through the broad function-based capture
of toxic secretions, to gram-negative bacteria suggests that this approach is likely universal
across the entire spectrum of pathogenic bacteria and could be used to overcome some of the
challenges associated with traditional vaccination approaches. Unique formulations can be
generated by changing the source of both the cell membrane coating and the bacterial
antigens,2 enabling the facile production of formulations custom-tailored to the needs of
specific patient populations. In the future, more specific cell subsets, such as alveolar
macrophages, could be explored as a membrane source to enhance antigen binding, and
additional purification steps could be employed after nanotoxoid fabrication in order to
improve vaccine specificity. Ultimately, the success of this platform could have a major
impact on the clinical management of infectious disease by helping to address the
challenging issue of antibiotic resistance.

Materials and Methods

M®-NP Fabrication.

Murine J774 cells (TIB-67, American Type Culture Collection) were maintained in
Dulbecco’s Modified Eagle Medium (Mediatech) supplemented with 10% fetal bovine
serum (HyClone) and 1% penicillin—streptomycin (Gibco). The cells were harvested by
directly scraping them off of the bottom of T-175 tissue culture flasks, and the cell
membrane was derived by a combination of mechanical disruption and differential
centrifugation using a previously reported method.*> Polymeric nanoparticle cores were
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synthesized by precipitating carboxyl-terminated poly(lactic-co-glycolic acid) (PLGA, 0.67
dL/g, 50:50 monomer ratio; LACTEL Absorbable Polymers) dissolved at 10 mg/mL in
acetone into water, followed by evaporation under a vacuum to remove the organic solvent.
To fabricate the final M®-NPs, the cell membrane was coated onto the preformed PLGA
cores by mixing the two at a membrane protein to polymer weight ratio of 1:1, followed by
sonication in a Fisher Scientific FS30D bath sonicator.

Preparation of Fractionated Bacterial Secretions.

The P4 P, aeruginosa clinical isolate, kindly provided by Dr. Victor Nizet,0 was first
streaked onto a Luria broth (LB; Sigma-Aldrich) agar plate and cultured overnight at 37 °C.
A single colony was transferred into 5 mL of liquid LB for 24 h at 37 °C with shaking, and 1
mL was then transferred to another 200 mL of LB and cultured for another 24 h. The culture
supernatant was collected after spinning down the bacteria at 5,000 g for 20 min. Saturated
ammonium sulfate (Sigma-Aldrich) solution was added slowly to the supernatant up to a
75% volume ratio in a glass beaker while stirring at 4 °C. After stirring for 1 h, the solution
was centrifuged at 3,000 g for 20 min and the pellet was collected. Solid ammonium sulfate
was then added to the supernatant to obtain the equivalent of a 95% saturated solution
volume ratio and stirred overnight before collecting a second pellet. Each pellet was
dissolved in water, followed by desalting using a chromatography column prepared with fine
G-25 Sephadex (GE Healthcare). During the desalting process, small volume fractions were
collected, and the protein concentration of each was determined by a BCA protein assay
(Pierce) per the manufacturer’s instructions. For protein-containing fractions, hemolytic
activity was assessed by adjusting each to 1x phosphate buffered saline (PBS) and
incubating at 0.4 mg/mL with 2.5% RBCs collected from male CD-1 mice (Charles River
Laboratories). After 30 min of incubation, the samples were spun down at 2,000 g for 5 min.
Hemolysis was determined by measuring the absorbance of the supernatant at 540 nm using
a Tecan Infinite M200 plate reader. A 100% lysis control was prepared by treating the RBCs
with Triton X-100 (Sigma-Aldrich). Chromatography fractions from both pellets
demonstrating considerable signal in the hemolysis assay were combined for further use as
PaS-1. All the other protein-containing fractions were consolidated as PaS-2. All animal
experiments were performed in accordance with National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee of the University of
California San Diego.

Neutralization of PaS Toxicity.

To assess the ability of M®-NPs to neutralize the biological activity of the PaS-1 fraction,
200 pg of the nanoparticles was incubated with either 20 pg or 40 pg of PaS-1 in water at
37 °C for 15 min, followed by adjustment to 1x PBS in a total volume of 100 pL. To test for
hemolytic activity, an equal volume of 2.5% mouse RBCs was added, and the degree of
hemolysis was measured after 30 min as described above. To test the impact of M®-NP
preincubation on cytotoxic activity, J774 cells were plated into 96-well plates at a cell
density of 6,000 cells per well. After allowing 24 h for attachment, the cells were incubated
with PaS-1 at 20 pg/mL or 40 pg/mL and M®-NP at 200 pg/mL for 72 h. Cell viability was
assayed using an MTS cell proliferation assay (Promega) following the manufacturer’s
instructions. Untreated cells were used as the 100% viability control. For both studies,
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equivalent amounts of PaS-1 only or M®-NPs only were used for comparison. The impact of
nanoparticle preincubation on the cytotoxic activity of the PaS-2 fraction was tested in a
similar manner, with 200 pg/mL of the M®-NPs incubated with either 1 pg/mL or 4 pg/mL
of PaS-2. Lack of hemolytic activity was evaluated by incubating with RBCs at a final PaS-2
protein concentration of 200 pg/mL.

M®-Toxoid Formulation and Characterization.

The final M®-toxoids were fabricated by incubating 200 pg of M®-NPs with 40 g of PaS-1
and 1 pg of PaS-2 at 37 °C for 15 min, and this formulation was used to carry out all
subsequent studies. The size and surface zeta potential of the nanoformulations was
measured by dynamic light scattering using a Malvern ZEN 3600 Zetasizer. The structure of
the nanovaccine was examined after negative staining with 1 wt% uranyl acetate (Electron
Microscopy Sciences) on a carbon-coated 400-mesh copper grid (Electron Microscopy
Sciences) using a Tecnai Spirit transmission electron microscope. Stability of the Md-
toxoids was evaluated by suspending the nanoparticles at a concentration of 1 mg/mL in
10% sucrose and measuring size over the course of 1 week. Multiplexed, tandem mass tag-
based quantitative proteomic analysis of the M®-toxoids was carried out on an Orbitrap
Fusion using a previously reported method.39 The prepared samples were run on an in-house
column packed with 5 um C4 resin, 3 um C18 resin, and 1.8 um C18 resin (Sepax) of
lengths 0.5 cm, 0.5 cm, and 29 cm, respectively, using a three-hour gradient ranging from
3% to 100% acetonitrile in 0.125% formic acid. Following data acquisition and quantitation,
spectra were searched against the PAO1 £ aeruginosa reference proteome database (Uniprot,
10/1/2018) and the Mus musculus reference proteome (Uniprot, 7/2/2018) using Proteome
Discoverer 2.0 software (Thermo Scientific). Details of the analysis and data normalization
procedure are elucidated in great detail in a previously published study.3° Proteins were
determined to be differentially abundant in volcano plots by s score, which is a metric that
considers both fold-change and p-value-based significance.? Raw spectral data are available
at ProteomXchange under the identifier PXD013108.

Safety Studies.

To study /n vitro safety, the hemolytic and cytotoxic activity of the Md-toxoid formulation
were assessed. Blank solution (10% sucrose), PaS-1/2 (40 pg PaS-1 + 1 ug PaS-2), M®-NPs
(200 pg), or Md-toxoids (200 ug M®-NP preincubated with 40 ug PaS-1 + 1 ug PaS-2)
were incubated with mouse RBCs or J774 macrophages, and the corresponding assays were
carried out as described above. To evaluate /n vivo safety, 200 UL of blank solution (10%
sucrose), PaS-1/2 (300 pg PaS-1 + 7.5 ug PaS-2), M®-NPs (1.5 mg), or M®-toxoids (1.5 mg
M®-NP preincubated with 300 pg PaS-1 + 7.5 pg PaS-2) were subcutaneously injected into
the neck region of male CD-1 mice. After 48 h, the mice were euthanized, and skin samples
were collected for histological processing. Sections were stained with hematoxylin and eosin
using SelecTech reagents (Leica Biosystems). Brightfield images were acquired using a
Keyence BZ-9000 microscope.

Immune Response to Subcutaneous Vaccination.

Six-week-old male CD-1 mice were subcutaneously administered with 200 pL of blank
solution (10% sucrose), M®-NPs (1.5 mg), or M®-toxoids (1.5 mg M®-NP preincubated
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with 300 pg PaS-1 + 7.5 pg PaS-2) in the neck region. On day 21 after immunization, the
superficial cervical lymph nodes and axillary lymph nodes were collected for analysis. For
immunohistochemistry, the lymph nodes were cryosectioned and stained with Pacific Blue-
labeled anti-mouse/human B220 (RA3-6B2; Biolegend), Alexa488-labeled anti-mouse 1gD
(11-26¢.2a; Biolegend), and Alexa647-labeled anti-mouse/human GL-7 (GL7; Biolegend).
Fluorescence imaging was conducted on a Keyence BZ-9000 microscope. For flow
cytometric analysis, the lymph nodes were dissociated into single cell suspensions using 1
mg/mL collagenase D (Roche) and 1 mg/mL DNAse | (Roche). The cells were then stained
with the above antibodies, followed by data collection on a Becton Dickinson FACSCanto-II
flow cytometer. Analysis was performed using Flowjo software.

To study the antibody responses, six-week-old male CD-1 mice were subcutaneously
administered with 200 uL of blank solution (10% sucrose) or M®-toxoids (1.5 mg M®-NP
preincubated with 300 pg PaS-1 + 7.5 pg PaS-2) in the neck region on days 0, 7, and 14. On
day 21, the blood from each mouse was sampled, and the serum was subsequently derived
by centrifugation at 700 g for 5 min. On day 35, the mice were intratracheally challenged
with 40 pL of 1 x 106 colony forming units (CFU) of P aeruginosa, and the lungs were
collected and homogenized 24 h post-challenge. Titers for antigen-specific 1gG in the blood
serum and lung homogenate were assessed by an indirect ELISA using plates coated with
PaS-1/2 following a previously reported protocol.32

Immune Response to Intranasal Vaccination.

Six-week-old male CD-1 mice were intranasally administered with 20 uL of blank solution
(10% sucrose), M®-NPs (0.75 mg), or M®-toxoids (0.75 mg M®-NP preincubated with 150
ug PaS-1 + 3.75 g PaS-2). On day 21 after immunization, the superficial cervical lymph
nodes were collected for analysis. For immunohistochemistry, the lymph nodes were
cryosectioned and stained with Pacific Blue-labeled anti-mouse/human B220 and FITC-
labeled anti-mouse IgA (11-44-2; SouthernBiotech). Fluorescence images were obtained
using a Keyence BZ-9000 microscope. For flow cytometric analysis, the lymph nodes were
dissociated into single cell suspensions and stained with the above antibodies followed by
data collection on a Becton Dickinson FACSCanto-I1 flow cytometer. Analysis was
performed using Flowjo software.

To study the antibody responses, six-week-old male CD-1 mice were intranasally vaccinated
with 20 pL of blank solution (10% sucrose) or M®-toxoids (0.75 mg M®-NP preincubated
with 150 pg PaS-1 + 3.75 pg PaS-2) on days 0, 7, and 14. On day 21, the serum from each
mouse was sampled to assess for the presence of systemic antigen-specific 1gG titers. BAL
fluid was also obtained to determine the relative levels of antigen-specific mucosal slgA and
IgG by indirect ELISASs using plates coated with PaS-1/2.

Protective Efficacy against P. aeruginosa Infection.

Six-week-old male CD-1 mice were immunized either subcutaneously or intranasally on
days 0, 7, and 14 using the corresponding dosages from the immune response studies above.
On day 35 after the first administration, the mice were anesthetized using a cocktail of 150
mg/kg ketamine (Zoetis) and 10 mg/kg xylazine (Lloyd Laboratories), followed by
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intratracheal challenge with 40 uL of 1 x 108 CFU of £ aeruginosa. The mice were
euthanized 24 h after bacteria inoculation and the lungs were collected and processed for
bacterial enumeration following a previously published protocol.32 In a different set of mice
subjected to the same vaccinations and bacterial challenge, the lung tissues were collected
24 h post-infection, embedded in paraffin, sectioned, and stained with hematoxylin and
eosin. Brightfield images were acquired using a Keyence BZ-9000 microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of multiantigenic nanotoxoids against gram-negative bacterial

infection. Macrophage-mimicking nanoparticles (M®-NPs) are fabricated by coating the
plasma membrane of macrophages onto polymeric nanoparticle cores. These particles can
then be used in the generation of multiantigenic nanotoxoids through the capture and
neutralization of secretions from gram-negative bacteria. When vaccinated either by the
subcutaneous (subQ) or intranasal (IN) route, mice receiving macrophage nanotoxoids (M®-
toxoids) generate potent antibacterial immunity that can be used to protect against
subsequent bacterial challenge.

Nano Lett. Author manuscript; available in PMC 2020 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wei et al. Page 16

a . b HBlank ¢ " d .
1257 Blank 125 N D-NP 125 1= M Blank
. Mo-NP . MO-NP
- <100 100 211001
S & S &
2 z 75 2 757 z 75
2 5 2 3
2 S 50 g 501 S 50
w —1 a) —3
T J 3 T [
< g5 251 © 25
0 0- 0 &L
100 200 20 40 6’\ %fb 1 4
PaS-1 (ug/mL) PaS-1 (ug/mL) QY QT PaS-2 (ug/mL)
e f 40+ s
£ -30- y e
= 5207
N Q
(7)) Q
£ 104
N
U RN TEE— |
2 4 6
Time (days)
. 81 J 1250 WPaS
z EM®-toxoid
° %) 2k x
- & & 1000-
(] (]
3 S
g ° g 7501
& a3
= ° 8 ° 9 -
S . $ %e.°,, § 500
_nl o eo § :2' & ..o ° o0 ©
s & :53;‘,’,:’% Boc E 2501
9 8%3 eo ! o
%[ Z
— " =
-8 -4 0 4 8 FliC OprM OprE SSB
Log,(M®-toxoid/PaS)
Figure2.

Mad-toxoid formulation and characterization. (a) Hemolysis of RBCs when incubated with
100 or 200 pg/mL of PaS-1 in the absence or presence of M®-NPs (/7= 3; mean + SD). (b)
Cell viability of J774 macrophages after 72 h of incubation with 20 or 40 pg/mL of PaS-1 in
the absence or presence of M®-NPs (/7= 3; mean + SD). (c) Hemolysis of RBCs when
incubated with 200 ug/mL of PaS-1 or PaS-2 (n=3; mean + SD). (d) Cell viability of J774
macrophages after 72 h of incubation with 1 or 4 ug/mL of PaS-2 in the absence or presence
of M®-NPs (7= 3; mean + SD; UD: undetectable). (e) Size of M®-NPs and M®d-toxoids (7
= 3; mean + SD). (f) Zeta potential of M®-NPs and M®-toxoids (7= 3; mean + SD). (g)
Transmission electron microscope (TEM) image of M®-toxoids negatively stained with
uranyl acetate (scale bar: 100 nm). (h) Size (diameter, nm) of M®-toxoids over time (n=3;
mean + SD). (i) Visualization of individual P aeruginosa proteins on M®-toxoids based on
fold-enrichment over PaS-1/2 and p-values calculated from proteomic analysis (orange dots:
7t > 1.1082). (j) Summed signal-to-noise (S/N) values for selected £, aeruginosa proteins
enriched on M®-toxoids, including flagellin (FIiC), OprM, and OprE, as well as a negatively
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enriched protein, single-stranded DNA-binding protein (SSB) (7= 3; mean + SD; **p <
0.01, ***p< 0.001, ****p< 0.0001, Student’s ~test).
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Figure 3.
Mad-toxoid safety evaluation. (a) Hemolysis of RBCs when incubated with PaS-1/2, M®-

NPs, or M®-toxoids (/7= 3; mean + SD). (b) Cell viability of J774 macrophages after 72 h
of incubation with blank solution, PaS-1/2, M®-NPs, or M®-toxoids (r7=3; mean + SD;
NS: not significant, one-way ANOVA; UD: undetectable). (c) Hematoxylin and eosin
(H&E)-stained histological sections of skin samples collected from mice 48 h after
subcutaneous injection of blank solution, PaS-1/2, M®-NPs, or Md-toxoids (scale bar: 200

um).
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Figure 4.

Immune response to subcutaneous M®-toxoid immunization. (a) Proportion of B220*IgD'oW
B cells in the superficial cervical lymph node with the GL-7* germinal center phenotype 21
days after subcutaneous administration with blank solution, M®-NPs, or M®-toxoids (7= 3;
mean + SD; ****p < 0.0001, one-way ANOVA). (b) Histological sections of the superficial
cervical lymph node from mice vaccinated as in (a) (blue: B220, green: IgD, red: GL-7;
scale bar: 200 pm). (c) Proportion of B220*IgD'°V B cells in the axillary lymph node with
the GL-7* germinal center phenotype 21 days after subcutaneous administration with blank
solution, M®-NPs, or M®-toxoids (/7= 3; mean + SD; ****p < 0.0001, one-way ANOVA).
(d) Histological sections of the axillary lymph node from mice vaccinated as in (c) (blue:
B220, green: IgD, red: GL-7; scale bar: 200 um). (e) Anti-PaS IgG titers in the serum of
mice on day 21 following vaccinations on days 0, 7, and 14 with blank solution or M®-
toxoids (/7= 7; geometric mean + SD; ****p < 0.0001, Student’s #test). (f) Anti-PasS titers
in the lungs of mice 24 h after intratracheal P aeruginosa challenge on day 35 following
subcutaneous vaccinations on days 0, 7, and 14 with blank solution or M®-toxoids (/7= 6;
geometric mean + SD; ****p < 0.0001, Student’s #test). (g) Bacterial load in the lungs of
mice vaccinated and infected as in (f) (7= 6; geometric mean £ SD; **p < 0.01, Student’s #
test). (h) H&E-stained histological sections of lungs collected from mice vaccinated and
infected as in (f) (scale bar: 500 um).
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Figure5.

Immune response to intranasal M®-toxoid immunization. (a) Proportion of IgA-producing B
cells (IgA*B220* phenotype) in the superficial cervical lymph node 21 days after intranasal
administration with blank solution, M®-NPs, or Md-toxoids (7= 3; mean + SD; **p < 0.01,
one-way ANOVA). (b) Histological sections of the superficial cervical lymph node from
mice vaccinated as in (a) (blue: B220, green: IgA; scale bar: 200 um). (c,d) Absorbance
plots from ELISAs probing for anti-PaS secretory IgA (slgA, ¢) and 1gG (d) levels in the
BAL fluid of mice on day 21 following intranasal vaccinations on days 0, 7, and 14 with
blank solution or M®-toxoids (7= 3). (e) Anti-PaS IgG titers in the serum of mice on day 21
following intranasal vaccinations on days 0, 7, and 14 with blank solution or M®-toxoids (7
=7; geometric mean + SD; ****p < 0.0001, Student’s #test). (f) Bacterial load in the lungs
of mice 24 h after intratracheal P aeruginosa challenge on day 35 following intranasal
vaccinations on days 0, 7, and 14 with blank solution or M®-toxoids (/7= 6; geometric mean
+ SD; ***p < 0.001, Student’s #test). (g) H&E-stained histological sections of lungs from
mice vaccinated and infected as in (f) (scale bar: 500 pm).
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