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Abstract

Acinetobacter baumanniiis a leading cause of antibiotic-resistant nosocomial infections with

high mortality rates, yet there is currently no clinically approved vaccine formulation. During the
onset of A. baumanniiinfection, neutrophils are the primary responders and play a major role in
resisting the pathogen. Here, we design a biomimetic nanotoxoid for antivirulence vaccination by
using neutrophil membrane-coated nanoparticles to safely capture secreted A. baumannii factors.
Vaccination with the nanotoxoid formulation rapidly mobilizes innate immune cells and promotes
pathogen-specific adaptive immunity. In murine models of pneumonia, septicemia, and superficial
wound infection, immunization with the nanovaccine offers significant protection, improving
survival and reducing signs of acute inflammation. Lower bacterial burdens are observed in
vaccinated animals regardless of the infection route. Altogether, neutrophil nanotoxoids represent
an effective platform for eliciting multivalent immunity to protect against multidrug-resistant A.
baumanniiin a wide range of disease conditions.

Graphical Abstract

"Corresponding authors: rhfang@ucsd.edu and zhang@ucsd.edu.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nano-lett. XX XXXXX.
Materials and methods; Neu-NP coating optimization; heat treatment of AbS; bactericidal activity of immune sera; innate immune
response in the dLN after vaccination with Neu-NT; endotoxin quantification; germinal center formation in the dLN after Neu-NT
vaccination; germinal center formation in the spleen after Neu-NT vaccination; gating strategy for immunophenotyping dLN cells and
splenocytes to detect germinal center formation and memory B cells; dose-dependent antibody titers after vaccination with Neu-NT;
histological analysis of lungs after A. baumannii infection; wound size monitoring following A. baumannii infection; monitoring of
mice with wound infections for enumeration and cytokine studies; antibodies for flow cytometry, immunofluorescence, and ELISA
experiments (PDF)

Mass spectrometry analysis of AbS (XLSX)

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Page 2

Pneumonia

Wound infection Septicemia

nanovaccine; Acinetobacter baumannii ; pneumonia; sepsis; wound infection

The discovery of penicillin and other antibiotics revolutionized the management of bacterial
infections that were once life-threatening; however, in the past several decades, the overuse
of antibiotics has engendered dangerous multidrug-resistant pathogens that are difficult

to eradicate.! A recent study revealed that antimicrobial resistance is responsible, either
directly or indirectly, for millions of deaths annually across the world.2 Among the six
leading pathogens responsible for more than 70% of cases is Acinetobacter baumannii, a
nosocomial pathogen that causes ventilated-associated pneumonia, meningitis, and sepsis,
as well as infections of the urinary tract, skin, and other soft tissues.3*# Despite the rising
incidence of A. baumanniiinfection, treatment options are largely limited to antibiotic
cocktails, with novel therapeutics such as phage therapy being explored in the clinic.>6
While therapeutic strategies are highly valuable, prophylactic vaccines provide a powerful
approach for the management of pathogenic diseases. Many experimental vaccines for A.
baumannii have been reported, but unfortunately none of them have moved past clinical
trials.” One notable obstacle involves selecting the appropriate antigenic targets, as the
plasticity of A. baumannii can quickly render monovalent vaccines ineffective.8

Cellular nanoparticles, consisting of a hanoparticulate core camouflaged with a cell
membrane coating, have recently been gaining significant traction for use in biomedical
applications.®11 In particular, antivirulence vaccination with nanotoxoids serve as a
promising strategy to help overcome antibiotic-resistant superbugs by targeting the virulence
factors that bacteria use for their proliferation and survival.12 This reduces the direct
selective pressure on individual pathogens, thus minimizing the opportunities for resistance
to develop.13-14 Nanotoxoid vaccines are constructed by utilizing cellular nanoparticles to
detain and neutralize harmful bacterial virulence factors, thus enabling them to be safely
introduced into a host for immune priming.15-17 As cellular nanoparticles are capable

of capturing a wide range of bacterial virulence factors, this approach can be leveraged
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to facilely generate multivalent nanovaccines.1® Multiantigenic nanotoxoids have been
successfully engineered against methicillin-resistant Staphylococcus aureus using red blood
cell nanoparticles and a clinical isolate of Pseudomonas aeruginosa using macrophage
nanoparticles, and each formulation was able to effectively protect against live bacterial
infection in murine models.19-20

To invade its host, A. baumannii secretes a plethora of virulence factors such

as phospholipases, hemolytic factors, endotoxins, porins, elastase, and capsular
polysaccharides.34 Mechanistically, many virulence factors exert their cytotoxic activity

by interacting with the cell membrane, making them prime candidates for inclusion into
nanotoxoid formulations.* 21-22 Neutrophils are oftentimes the first to be recruited to sites
of A. baumanniiinfection in a cytokine- and chemokine-dependent manner.23-24 It has
been shown that administration of the chemokine CXCL2 prior to A. baumannii challenge
accelerates pathogen clearance in mice.2> On the other hand, neutrophil depletion sensitizes
animals to infection and significantly enhances the lethality of A. baumannii?3: 25

Given the critical immunological role of neutrophils in resisting A. baumanniiinfections,
we engineered biomimetic neutrophil membrane-coated nanoparticles (denoted ‘Neu-NP’)
for capturing secreted A. baumanniivirulence factors to form nanotoxoids, termed Neu-NT
(Figure 1a). Neu-NP were found to effectively attenuate the cytotoxicity of the bacterial
proteins, and the corresponding Neu-NT were shown to potently elicit the anti-A. baumannii
immunity in a dose-dependent manner. Further studies revealed that Neu-NT vaccination
had a major impact on dendritic cell (DC) and B cell activation. Immunization with
Neu-NT either subcutaneously or intranasally elicited high antibody titers against A.
baumannii, induced the formation of germinal centers in both the spleen and the draining
lymph node (dLN), and increased the number of memory B cells. Most importantly,
vaccination with Neu-NT successfully protected mice in pneumonia, septicemia, and wound
infection models, and this enhanced efficacy was also associated with significantly reduced
inflammation.

Results and Discussion

The fabrication of Neu-NP was first optimized by mixing different amounts of neutrophil
membrane with preformed poly(lactic-co-glycolic acid) (PLGA) nanoparticle cores.28 To
achieve membrane coating, the mixture was sonicated, and the stability of the resulting
Neu-NP was evaluated in phosphate buffered saline (PBS) (Figure S1). At low cell
membrane to PLGA ratios, the nanoparticles rapidly aggregated in PBS due to incomplete
coating. Increasing the amount of membrane led to progressively more stable Neu-NP,

and an optimal coating ratio of 1:1 was chosen for use in further studies in order to
maximize coverage while minimizing waste. The A. baumannii LAC-4 strain, a multidrug-
resistant and hypervirulent clinical isolate that reliably colonizes mice,2” was utilized as the
source of antigenic material. Toxic virulence factor secretions were obtained by saturated
ammonium sulfate precipitation from the supernatant of A. baumannii cultured to the
stationary phase.* 28 The precipitated A. baumannii secreted proteins (denoted ‘AbS’),
which likely contained a mixture of outer membrane proteins, phospholipases, lipases,
hemolysins, and serine proteases,28-29 were then desalted by size exclusion chromatography

Nano Lett. Author manuscript; available in PMC 2023 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 4

and concentrated with centrifugal filters for further use. Mass spectrometry analysis was
performed to annotate the proteins in the AbS preparation (Table S1). The cytotoxicity of
AbS was evaluated on neutrophils, which were differentiated from the MPRO clone 2.1
cell line after treatment with all-trans retinoic acid for 3 days,3% and an 1C50 value of 18.5
ug/mL was observed (Figure 1b). To evaluate the neutralization capacity of Neu-NP, the
nanoparticles were preincubated with AbS, and the cytotoxicity of the resulting mixture on
neutrophils was measured (Figure 1c). Under the experimental conditions, Neu-NP were
able to fully attenuate the toxicity of AbS due to the presence of the neutrophil membrane.
Notably, harsh heat treatment of AbS at 100 °C for 4 hours failed to eliminate its cytotoxic
effects (Figure S2). This highlighted the unique advantage of the nanotoxoid approach,
which enables the safe delivery of toxic antigens that would otherwise be too dangerous

to administer in their native form.1° For further study, the final Neu-NT formulation

was synthesized by complexing 4 ug of AbS with 100 pg of Neu-NP, a ratio at which
cytotoxicity was completely abrogated to enable safe /n vivo administration. Compared with
bare PLGA cores, the size of the nanoparticles increased after both membrane coating and
AbS complexation, with the final Neu-NT formulation exhibiting an average hydrodynamic
diameter of approximately 160 nm (Figure 1d). The surface zeta potential also increased
progressively from -44 mV to =19 mV during the fabrication progress (Figure 1e).
Transmission electron microscopy (TEM) revealed that Neu-NT possessed a core—shell
structure characteristic of cell membrane-coated nanoformulations (Figure 1f).31-33 When
stored at 4 °C, Neu-NT remained stable in 10% sucrose for a minimum of 4 weeks (Figure

19).

The immunological activity of Neu-NT was assessed by administering the nanovaccine to
CD-1 mice. The dose-dependent antibody response against A. baumannii was first evaluated
by subcutaneously vaccinating the mice on days 0, 7, and 14, followed by sample collection
on day 21 (Figure 2a). At a 10-ug dosage of Neu-NT, anti-A. baumannii immunoglobulin

G (IgG) titers in the serum were significantly elevated. The antibody response began to
saturate at approximately 100 ug of Neu-NT, and this dosage was selected for further

study (Figure 2b). When the serum from Neu-NT vaccinated mice was incubated with A.
baumannii, dose-dependent bactericidal activity was observed (Figure S3). In contrast, such
activity was not observed when using naive serum or heat-inactivated serum, indicating

that the effect could likely attributed to complement activation.34-3% Immunity against A.
baumannii could also be established by intranasally administering Neu-NT (Figure 2c); the
lower serum antibody titers compared with subcutaneous administration could likely be
attributed to the various mucosal barriers hindering delivery.36 After confirming successful
antibody titer generation, we sought to characterize the innate immune response elicited

by Neu-NT in greater detail. The nanovaccine was subcutaneously injected and allowed

to transport via the lymphatic system to the dLNs, which were collected after 1 day for
immunophenotyping. Three major antigen-presenting cell (APC) populations were analyzed
for signs of maturation and activation (Figure S4a). When looking at CD40, CD80, CD86,
and MHC-II, it was revealed that Neu-NT significantly increased the expression of each
marker in both DCs (Figure 2d-g) and B cells (Figure 2h-k), but not in macrophages (Figure
S4b).37 In comparison, Neu-NP alone had minimal effect on APC activation, indicating that
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immune activation by Neu-NT was largely mediated by the immunogenicity of AbS, which
contained immunostimulatory molecular patterns (Figure S5).

To study the adaptive immune response against Neu-NT, mice were subcutaneously
vaccinated on day 0, followed by booster doses on days 7 and 14. On day 21, immune

cell populations in the dLN and spleen were analyzed. Immunofluorescence staining of
dLN cryosections revealed the strong presence of multiple germinal centers following Neu-
NT vaccination (Figure 2l and Figure S6). Germinal centers are vital for the activation,
proliferation, and differentiation of antigen-specific B cells, and their successful formation
is indicative of an activated adaptive immune response.38-40 In the spleen, germinal center
formation was similarly more abundant in the samples from mice receiving Neu-NT (Figure
2m and Figure S7). Quantitatively, it was determined by flow cytometry that Neu-NT
vaccination resulted in a significantly higher number of CD19*1gD™~ B cells with the
GL7*CD95" germinal center phenotype in the dLN (Figure 2n and Figure S8a). In contrast,
the number of germinal center B cells was much lower for mice vaccinated with Neu-NP,
and they were nearly undetectable in naive mice. Similar trends were observed when
quantifying the germinal center B cells in the spleen (Figure 20 and Figure S8b). With
respect to long-term immunity, the number of CD19*CD73* memory B cells positive for
the 1gG (Figure 2p) and IgM (Figure 2q) isotypes in the dLN was significantly higher in
mice vaccinated with Neu-NT.41 Serum IgG antibodies also remained elevated for at least 6
months (Figure 2r and Figure S9).

Having validated that Neu-NT could effectively elicit immune responses against A.
baumannii, its prophylactic efficacy was evaluated using multiple models of live bacterial
infection. To establish a pneumonia model, A. baumannii was inoculated intratracheally
(Figure 3a). Whereas the majority of unvaccinated mice succumbed to a bacterial challenge
dose of 108 CFU, those subcutaneously vaccinated with Neu-NT were completely protected
and remained healthy (Figure 3b). In a separate study in which mice were challenged

with a nonlethal dose of bacteria, quantification of the lung bacterial burden revealed a
roughly 1000-fold improvement for the mice vaccinated with Neu-NT (Figure 3c). This
protection was associated with higher levels of A. baumannii-specific 1gG titers in the

lungs (Figure 3d). As bacterial infection can provoke an excessive immune system that may
lead to undesirable toxicity in the form of a cytokine storm,4244 the levels of important
proinflammatory cytokines such as interleukin (IL)-1B, IL-6, and tumor necrosis factor a
(TNF-a) in the lungs of A. baumannii-infected mice were examined (Figure 3e-g). While
all three cytokines were elevated in naive mice, the concentrations in the lungs of mice
immunized with Neu-NT were considerably lower. This effect can likely be attributed to

the successful activation of adaptive immunity to facilitate the clearance of A. baumannii,
thus reducing the need for innate immune responses to be propagated.2’: 4546 |n the animals
vaccinated with Neu-NT, histopathological analysis of the lungs following infection revealed
noticeably less immune cell infiltrates in the lung parenchyma (Figure 3h and Figure

S10). There were significantly more distention of blood vessels and filling of the alveoli
with blood in naive mice, which are signs of pulmonary congestion due to infection.#/-48

A thickening of the alveolar septum was also observed. Using an intranasal route of
vaccination, comparable antivirulence efficacy results were observed, although the IgG titers
were lower in magnitude (Figure 3i,j). Importantly, lung IgA antibody levels were elevated
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in the immunized mice, which demonstrated the ability of Neu-NT to promote mucosal
immunity when administered via a mucosal route (Figure 3k).49-50 When analyzing the

lung proinflammatory cytokine profile after infection, the concentrations of IL-1f, IL-6, and
TNF-a were all lower in animals intranasally vaccinated with Neu-NT (Figure 3I-n).

The efficacy of Neu-NT was next tested in a systemic model of infection. To establish

a septicemia model, A. baumannii was intravenously injected through the lateral tail vein
(Figure 4a). A bacterial challenge of 107 CFU resulted in complete lethality, whereas only

1 out of the 6 mice subcutaneously vaccinated with Neu-NT succumbed to infection (Figure
4b). In a separate study, mice were challenged with 108 CFU of A. baumannii, and bacterial
counts in the heart, lungs, liver, spleen, kidneys, and blood were enumerated (Figure 4c).

In all organs, a significantly lower number of bacteria was detected for mice that were
immunized with Neu-NT. Furthermore, the concentration of the proinflammatory cytokines
IL-1B, IL-6, and TNF-a in the serum following infection was nearly undetectable in all
vaccinated mice (Figure 4d-f).

A. baumannii commonly infects open wounds in hospital and battlefield settings.?1-53 A
corresponding murine model of infection was established by using an 8-mm skin biopsy
punch to remove a circular area of dorsal skin,>* followed by the topical application of A.
baumannii. Challenge with high doses of bacteria resulted in delayed wound healing and

a significant loss of body weight (Figure 5a,b).>* Following infection with 108 CFU of A.
baumannii, the wound closure rate for mice subcutaneously vaccinated with Neu-NT was
significantly faster compared with unvaccinated mice; the vaccinated mice also maintained
their body weight better post-infection (Figure 5c-e and Figure S11). Following the same
experimental setup (Figure S12), bacterial burden on day 5 was quantified by taking an
8-mm biopsy of the wound site (Figure 5f). Compared to unvaccinated mice, the bacterial
counts in mice vaccinated with Neu-NT were reduced by greater than 6 orders of magnitude.
There was also marked reduction of IL-1p, IL-6, and TNF-a levels in the wound bed of the
immunized mice (Figure 5g-i).

Conclusions

In summary, a neutrophil-mimicking nanoparticle construct was used to capture and
deactivate the cytotoxicity of virulence factors secreted by A. baumannii. This neutralization
strategy was more effective than harsh heat denaturation, faithfully preserving the bacterial
antigens in their native state.>® By vaccinating mice with Neu-NT, potent immune responses
against A. baumannii were successfully elicited. Vaccination promoted the rapid maturation
of DCs and B cells, which subsequently led to germinal center formation and a robust
humoral immune response. In mice immunized with Neu-NT, anti-A. baumannii 1gG titers
remained elevated for several months. Prophylactic efficacy was evaluated in a pneumonia
model of infection, where it was demonstrated that subcutaneous or intranasal Neu-NT
vaccination fully protected mice from an intratracheal A. baumannii challenge. Similar
results were shown in a septicemia infection model, where subcutaneously vaccinated mice
survived lethal intravenous bacterial challenge, which led to reduced bacterial burdens in

all major organs. Lastly, in a wound infection model, Neu-NT immunization considerably
accelerated the wound healing rate. In all infection models, there was marked reduction in
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the production of inflammatory cytokines, suggesting that the enhanced protection offered
by Neu-NT could also be accompanied by a reduced risk of septic shock.>8 Altogether,
the data demonstrate the broad clinical applicability of the nanotoxoids, which enable the
facile and safe delivery of toxic bacterial virulence factors for vaccination against bacterial
infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Formulation and characterization of Neu-NT. (a) Neutrophil

membrane-coated nanoparticles

(Neu-NP) are complexed with A. baumannii secreted proteins (AbS), and vaccination with
the resulting nanotoxoid (Neu-NT) formulation protects animals in models of pneumonia,
septicemia, and superficial wound infection. Created with BioRender. (b) Cell viability of

neutrophils after incubation with different concentrations of
+ SD). (c) Cell viability of neutrophils following incubation

AbS for 3 days (n = 3, mean
with different concentrations

of AbS with or without Neu-NP for 3 days (n = 4, mean £ SD). (d,e) Size (d) and surface

zeta potential (e) of PLGA NP, Neu-NP, and Neu-NT (n = 3,

mean + SD). (f) Representative

TEM image of Neu-NT (scale bar: 50 nm). (g) Stability of Neu-NT in 10% sucrose over

time at 4 °C (n = 3, mean = SD).
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Figure 2.

In?mune response to Neu-NT vaccination. (a) Serum anti-A. baumannii (anti-Ab) IgG titers
on day 21 after subcutaneous immunization with increasing amounts of Neu-NT on days

0, 7, and 14 (n = 4, geometric mean + SD). (b) Serum anti-Ab IgG titers on day 21 after
subcutaneous immunization with 100 pg of Neu-NT on days 0, 7, and 14 (N = 36 pooled
from 6 independent experiments, geometric mean + SD). (c) Serum anti-Ab 1gG titers on
day 21 after intranasal immunization with 100 pg of Neu-NT on days 0, 7, and 14 (n = 6,
geometric mean =+ SD). (d-k) Percentage of CD11c*F4/80~ DCs (d-g) and CD19* B cells
(h-k) with high expression of maturation markers CD40 (d,h), CD80 (e,i), CD86 (f,j), and
MHC-II (g,k) in the dLN 1 day after subcutaneous immunization with 100 pg of Neu-NP
or Neu-NT (n =4, mean = SD). In (I-q), mice were subcutaneously vaccinated with 100

ug of Neu-NP or Neu-NT on days 0, 7, and 14, followed by analysis on day 21. (I,m)
Representative histological sections of the dLN (I) and spleen (m) (blue: CD19, green: IgD,
red: GL7; scale bars: 200 um). (n,0) Percentage of CD19" B cells with the IgD"GL7*CD95*
germinal center phenotype in the dLN (n) and spleen (0) (n = 4, mean + SD). (p,q)
Percentage of CD197CD73* memory B cells with the IgG* (p) and IgM™ (q) phenotypes in
the dLN (n = 4, mean + SD). (r) Serum anti-Ab IgG titers over time from mice vaccinated
as in (a) (n = 4, geometric mean £ SD). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p

< 0.0001 (compared to naive in (a) and Neu-NT in all other studies). Statistical analysis
was performed using one-way ANOVA with Dunnett’s multiple comparison tests in (a) or
Tukey’s post-hoc analysis in all other studies.
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Figure 3.

Protective efficacy of Neu-NT in a pneumonia model. (a) Survival of mice intratracheally
challenged with increasing numbers of A. baumannii (n = 4). (b) Survival of mice over time
after subcutaneous vaccination with 100 ug of Neu-NT on days 0, 7, and 14, followed by
intratracheal challenge with 108 CFU of A. baumanniion day 21 (n = 6). In (c-n), mice
were either subcutaneously (c-h) or intranasally (i-n) vaccinated with 100 pug of Neu-NT on
days 0, 7, and 14, intratracheally challenged with 107 CFU of A. baumanniion day 21, and
then euthanized for analysis on day 22. (c) Bacterial burden in the lungs of mice (n = 6,
geometric median). (d) Anti-A. baumannii (anti-Ab) IgG titers in the lungs (n = 6, geometric
mean * SD). (e-g) Concentrations of IL-1p (e), IL-6 (f), and TNF-a (@) in the lungs (n = 6,
mean £ SD). (h) Representative H&E-stained sections of the lungs (scale bar: 500 pm). (i)
Bacterial burden in the lungs of mice (n = 6, geometric median). (j,k) Anti-Ab IgG (j) and
IgA (K) titers in the lungs (n = 6, geometric mean £ SD). (I-n) Concentrations of I1L-1 (1),
IL-6 (m), and TNF-a (n) in the lungs (n = 6, mean + SD). *p < 0.05, **p < 0.01, ***p<
0.001, and ****p < 0.0001 (compared to Neu-NT). Statistical analysis was performed using

Mantel-Cox test in (b) and Student’s unpaired £test in all other studies.
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Figure 4.
Protective efficacy of Neu-NT in septicemia model. (a) Survival of mice intravenously

challenged with increasing numbers of A. baumannii (n = 4). In (b-f), mice were
subcutaneously vaccinated with 100 pg of Neu-NT on days 0, 7, and 14 and intravenously
challenged with A. baumanniion day 21. (b) Survival of mice over time after intravenous
challenge with 107 CFU of A. baumannii (n = 6). (c) Bacterial load in the individual organs
of mice 1 day after intravenous challenge with 108 CFU of A. baumannii (n = 6, geometric
median). (d-f) Concentrations of IL-1p (d), IL-6 (e), and TNF-a (f) in the serum 1 day

after intravenous bacterial challenge with 108 CFU of A. baumannii (n = 6, mean + SD;

UD: undetectable). **p < 0.01, ***p < 0.001, and ****p < 0.0001 (compared to Neu-NT).
Statistical analysis was performed using Mantel-Cox test in (b) and Student’s unpaired #test
in all other studies.
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Protective efficacy of Neu-NT in a wound infection model. (a,b) Change in wound area (a)
and body weight (b) over time of mice infected with increasing numbers of A. baumannii

in the wound bed (n = 4, mean + SD). In (c-i), mice were subcutaneously vaccinated with
100 pg of Neu-NT on days 0, 7, and 14 and infected with 108 CFU of A. baumanniiin the
wound bed on day 21. (c,d) Change in wound area (c) and body weight (d) over time of mice
after infection with A. baumannii (n = 6, mean + SD). (e) Representative photographs of

the wound bed on different days after infection. The Tegaderm film dressing was removed
on day 7. (f) Bacterial count in an 8-mm biopsy of the wound 5 days after infection (n =6
geometric median). (g-i) Concentrations of IL-1p (g), IL-6 (h), and TNF-a (i) in an 8-mm
biopsy of the wound 5 days after infection (n = 6, mean £ SD). *p < 0.05, **p< 0.01, ***p
<0.001, and ****p < 0.0001 (compared to Neu-NT). Statistical analysis was performed
using Student’s unpaired #test.

Nano Lett. Author manuscript; available in PMC 2023 September 14.



	Abstract
	Graphical Abstract
	Results and Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

