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Abstract

As nanoparticles exhibit unique properties attractive for vaccine development, they have been
progressively implemented as antigen delivery platforms and immune potentiators. Recently, cell
membrane-coated nanoparticles have provided a novel approach for intercepting and neutralizing
bacterial toxins by leveraging their natural affinity to cellular membranes. Such toxin—nanoparticle
assemblies, termed nanotoxoids, allow rapid loading of different types of toxins and have been
investigated for their ability to effectively confer protection against bacterial infection. This review
will cover the current progress in antibacterial vaccine nanoformulations and highlight the
nanotoxoid platform as a novel class of nanoparticulate vaccine. We aim to provide insights into
the potential of nanotoxoids as a platform that is facile to implement and can be broadly applied to
help address the rising threat of super pathogens.
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INTRODUCTION

Antibiotic resistance has become an undeniable burden on global health as we move further
into the twenty-first century. It is predicted that drug-resistant infections could lead to an
annual mortality rate of 10 million people by 2050 and a cumulative cost of up to 100
trillion US dollars on the world’s economy.l: 2 These unsettling projections have
necessitated the exploration of new and more effective ways to manage bacterial infection.
One area that has received a significant amount of attention is vaccine development. A
number of licensed prophylactic vaccines have proven useful in helping to reduce the need
for antibiotics, which can tremendously cut healthcare costs,3 as well as hinder the
prevalence of drug-resistant bacterial strains.* However, safe and efficacious vaccines are
still unavailable against many pressing infections caused by pathogenic bacteria, including
Streptococcus pyogenes, Staphylococcus aureus, Helicobacter pylori, Chlamyadia, Shigella,
Escherichia coli, and many others.>-8

Conventional antibacterial vaccines are derived from attenuated bacteria, killed bacteria,
bacterial subunit antigens, or inactivated bacterial toxins. These platforms have been
employed to successfully prevent millions of deaths worldwide every year, although some
limitations still persist that can affect their widespread applicability.10 11 Live attenuated
vaccines, although they show high immunogenic potency, can present a safety risk,
especially for immunocompromised individuals. In contrast, inactivated bacteria have
reduced virulence, but are often less immunogenic and cannot effectively elicit protective
immunity against infections. Similarly, inactivated subunit antigen and toxoid vaccines may
also suffer from suboptimal antigenicity. To overcome the challenges faced by existing
formulations, novel antibacterial vaccine strategies are being developed with the goal of
enhancing both safety and efficacy.

NANOTECHNOLOGY IN VACCINE DEVELOPMENT

In recent decades, nanotechnology has progressively influenced the field of medicine and
biomedical science.1? A number of nanoparticle-based drug delivery systems and vaccines
have been explored for the treatment and prevention of infectious diseases.3-16 Inspired by
previous successes, the use of nanotechnology in vaccine research has been steadily
increasing,1” owing to the unique advantages offered by nanoparticles.1’=21 In general,
nanoparticulates are prone to cellular uptake. This property allows the nanoparticle-
associated antigens to be efficiently taken up and processed by antigen presenting cells. As
delivery systems for antigens and/or adjuvants, nanoparticles can be designed with varying
physical and material properties, all of which can be fine-tuned to positively impact vaccine
efficacy.1’- 22: 23 For instance, to take advantage of lymphatic drainage for improved lymph
node delivery (Figure 1), particle sizes between 20 and 200 nm are typically used, with the
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efficiency increasing as nanoparticle size decreases.24 The optimal size window for
lymphatic transport may vary depending on the material properties of the nanocarrier.24-26

Vaccine antigens are typically loaded into nanoparticles by encapsulation or surface
functionalization.1’” Immunostimulatory molecules can also be integrated into the
nanoformulations, and co-delivery of antigen and adjuvants together has been shown to
improve immune responses. In addition, surface functionalization with targeting moieties
specific to certain organs, tissues, or cell populations can help to enhance nanoparticle
accumulation and immunogenicity.2”- 28 Nanoparticles can be designed for prolonged
release of encapsulated antigens,2% 30 or they can offer environmental protection and
enhanced retention of payloads, enabling local delivery to the gastrointestinal tract and
mucosal surfaces.31: 32 Conjugation of antigens onto nanoparticle surfaces mimics the
natural presentation of antigens by pathogens such as viruses and microbes.33 In this
manner, the repetitive display of immunogens has been increasingly implemented using a
variety of nanostructures,34-37 as this enables enhanced recognition by the immune system,
which can lead to enhanced immune stimulation.38

NANOPARTICLE-BASED ANTIBACTERIAL VACCINES

In response to the antibiotic resistance crisis, an increasing number of nanovaccine
formulations against bacterial infection have been reported. Specifically, the focus has been
on tackling high profile drug-resistant infections with no available licensed vaccine. Various
nanoparticle-based antibacterial vaccines have been designed taking into consideration the
most appropriate antigens, specific bacterial pathology, and the physiological barriers that
need be overcome. Collectively, those antibacterial nanovaccines can be classified into two
main categories: subunit vaccines and toxoid vaccines.

Subunit vaccine nanoparticles

Subunit vaccines contain only parts of a pathogen. They can be based off isolated proteins,
synthetic peptides, or polysaccharides, each of which can elicit a specific protective immune
response. Peptides and polysaccharides are typically weak immunogens and often require
adjuvants for immune activation. As peptides are T cell-dependent antigens, an association
of peptide epitopes with immunostimulatory nanoparticles has been shown to be sufficient in
raising immune responses.3? Meanwhile, carbohydrate-based antigens are T cell-
independent and generally cannot generate long-term immunity on their own. As such, they
are usually conjugated with a protein carrier to facilitate T cell-dependent immunity.40
Various nanoformulations have been investigated as vehicles to deliver polysaccharide-
protein conjugates in order to improve vaccine potency.41-43 A recombinant antigenic
molecule composed of two Helicobacter pylori antigen epitopes and two adjuvant motifs
was developed to enhance Toll-like receptor (TLR)-5 activation.** Oral vaccination using
this formulation encapsulated in acid-resistant nanoparticles induced high antigen-specific
antibody titers and completely protected against Helicobacter pyloriin 43% of immunized
mice.#> Another subunit encapsulating formulation took a biomimetic route for targeted
delivery. Hollow vault nanoparticles, surface engineered with staphylococcal protein A,*6
were employed to deliver Chlamydia muridarum major outer membrane protein via
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intranasal immunization and effectively reduced bacteria burden from chlamydial genital
infection.4’

Beyond single peptides and polysaccharides, a class of material that has gained increasing
attention as a collective source of bacterial surface antigens are bacterial outer membrane
vesicles (OMVs). OMVs are composed of proteins and glycans in a profile resembling the
source bacteria and are also inherently immunostimulatory.#8: 49 The vesicles have been
shown to promote protective immune responses and have been used clinically as a
meningococcal vaccine.® To extend the efficacy of OMV vaccination even further, a
bacterial mimicking nanoparticle platform was developed by coating OMVs onto gold
nanoparticles (Figure 2).26 The solid nanoparticle backbone offered homogeneous size
tunability and enhanced the stability of the vesicles, while the direct use of OMVs allowed
for the faithful delivery of major immune determinants, such as pathogen associated-
molecular patterns. This enabled the OMV-coated nanoparticles to effectively activate
dendritic cells and enhanced antibacterial immune responses to a level that outperformed a
control formulation consisting of OMVs alone.

Toxoid vaccine nanoparticles

Toxoids, or inactivated forms of live bacterial toxins, are among the most common of
antivirulence vaccines. By immunizing against bacteria virulence factors, the body generates
defensive measures against bacterial mechanisms of attack, thus decreasing their
invasiveness. Currently, bacterial toxoids that are clinically used include vaccines against
tetanus and diphtheria.>! Toxoids can also be exploited as protein carriers to enhance the
immunogenicity of antigenic polysaccharides.>2 The fabrication of conventional toxoid
vaccines generally involves chemical or heat treatment to eliminate the harmful effects of the
toxin in its native form.53 54 However, such inactivation treatments are often disruptive to
the tertiary structure of the toxins and can compromise vaccine efficacy.®® Alternatively,
recent efforts have turned towards generating non-toxic, mutated toxins with minimal
alteration in antigenic configuration to help overcome the tradeoff that usually exists
between safety and immunogenicity.>®

The role of nanoparticles in toxoid vaccine formulation has generally been for the
enhancement of antigen delivery to target tissues and cell types. For transcutaneous
immunization, nano-sized aggregates of tetanus toxoid and polymeric micelles have shown
the ability to increase the induction of antibody titers compared to free toxoid alone.>” The
adjuvanticity of the micelle-toxoid aggregates was postulated to be due to enhanced
absorption through the skin, as demonstrated by increased uptake of the toxoid through the
epidermis and dermis. Several platforms have also been designed for mucosal delivery of
toxoid vaccines.58 59 A formulation consisting of cationic nano-sized hydrogels
encapsulating non-toxic fragments of Clostridium botulinum type-A neurotoxin (Figure 3)
has demonstrated prolonged retention in the nasal cavity, where the released antigen was
effectively taken up by mucosal dendritic cells.?8 Consequently, strong serum 1gG and
secretory IgA antibody responses against the botulinum neurotoxin were induced. In
addition, oral administration of tetanus toxoid loaded in bilosomes, bile salt stabilized
vesicles, has effectively protected the cargo from the hostile environment in the
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gastrointestinal tract and significantly induced both systemic and mucosal immunity.59
Taken collectively, formulating toxoids into nanoparticulate forms has proven to be effective
at enhancing immunostimulation.57-61

BIOMIMETIC NANOPARTICLE-BASED TOXOID VACCINES

Single-toxin

Recently, there has been significant interest in biomimetic nanocarriers, including an
emerging cell membrane-coated nanoparticle platform.62-68 The nanoparticles have been
leveraged for their biointerfacing capabilities, which enables them to detain pore forming
toxins, the largest class of virulent factors present in almost all bacterial pathogens, in a
manner that is independent of their molecular structures.5® Red blood cell (RBC)
membrane-coated nanoparticles can be fabricated from a combination of poly(lactic-co-
glycolic acid) (PLGA) polymeric nanoparticle cores and biological membrane vesicles
derived from erythrocytes. The two components are independently prepared and
subsequently assembled together by introducing mechanical disruption or ultrasonic forces
to facilitate membrane fusion.6: 70 This robust top-down approach of cell membrane
translocation results in nanoparticles with a core-shell structure that displays RBC
membrane proteins in their proper orientations.’! The nanoparticles can be used as
“nanosponges” that naturally attract and provide an anchoring substrate to membrane-
targeted toxins, as demonstrated with a variety of pore-forming toxins, including a-
hemolysin from Staphylococcus aureus, streptolysin-O from Streptococcus pyogenes, and
melittin from bee venom.”2 Nanosponges can efficiently neutralize the membrane-damaging
activity of pore-forming toxins and prevent the hemolysis of erythrocytes, whereas RBC
membrane vesicles do not exhibit any protective capacity. This highlights the role of the
inner polymeric core, which acts to stabilize the RBC membrane shell and prevents its
fusion with healthy cells. Given their complete lack of toxicity, nanosponge-toxin
complexes, or “nanotoxoids”, have been explored as a novel vaccine platform for generating
antibacterial immunity (Figure 4).73

nanotoxoids

Using staphylococcal a-hemolysin as a model toxin, nanotoxoids were prepared by simply
mixing the toxin with a predetermined amount of nanosponges (Figure 5).”3 Each
nanotoxoid was shown to load approximately 40 toxin molecules, and the complex was
confirmed to be a stable assembly, showing no release of toxin over the span of 2 days. In
terms of safety, nanotoxoids did not inflict skin lesions after subcutaneous injection in mice,
nor did they induce apoptosis on dendritic cells in culture. In comparison, a-hemolysin
alone required 60 minutes of heat inactivation at 70 °C to achieve a comparable safety
profile. When administered to mice, the nanotoxoid vaccine triggered germinal center
formation in the draining lymph nodes, suggesting potent B cell activation,’# and stimulated
significantly higher titer production with increased avidity as compared to heat-denatured
toxin. With higher humoral immune responses, mice immunized with nanotoxoids were
protected against both subcutaneous and systemic challenges with large, bolus doses of a-
hemolysin, outperforming mice vaccinated with the heat-inactivated toxin.
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In a follow-up study, the potency of the nanotoxoid formulation was further evaluated for its
ability to protect against live methicillin-resistant Staphylococcus aureus (MRSA) skin
infection in a murine model.”* After bacterial challenge, mice receiving prophylactic
immunization with nanotoxoids showed significant reduction in the formation of necrotic
lesions. Remarkably, immunized mice exhibited bacteria count reductions of several orders
of magnitude in major organs, including the heart, lungs, kidneys, and spleen. The study
confirmed that vaccination against a major virulence factor of MRSA using a nanotoxoid
formulation could help to stem systemic invasion of the bacteria, ultimately lessening the
severity of infection.

Nanotoxoids present a number of attractive features as nanoparticle-based vaccines. In
contrast to classically inactivated toxins, nanotoxoids are formed by loading toxins in their
native form onto their natural substrates, a process that neutralizes virulence while
conserving antigenic determinants. Given the high responses generated against a-hemolysin,
this nanoparticle-based detainment strategy can likely be generalized to a wide range of
toxins. Although virulence factors from different organisms’ have varying molecular
structures, most of them must interact with cellular membranes in order to carry out their
function.89 Cell membrane-based nanosponges therefore represent an action mechanism-
targeted sequestration platform with broad applicability.”2 78 For vaccine platforms, another
aspect to consider is the long-term immunocompatibility of the carrier itself, which is a
challenging issue that is hard to overcome for some traditional vaccination schemes.”” With
the biocompatible nature of RBC membranes and PLGA polymers, no significant acute or
long-term immune responses have been observed against the nanoparticulate vector when
vaccinating using nanotoxoids, despite the strong anti-toxin responses induced.’® This
ultimately enables flexibility in the design of dosing schedules, allowing for repeated
administration in order to further boost immunity.

Multi-toxin nanotoxoid

The robust ability of cell membrane-coated nanosponges to detain toxins and promote high
immunogenicity in an adjuvant-free manner has further inspired a new approach for the on-
demand generation of multi-antigen vaccine formulations (Figure 6).”° To accomplish this,
RBC nanosponges were incubated with a crude protein fraction derived from the supernatant
of MRSA culture, enabling the nanoparticles to capture any membrane-attacking toxins
present in situ. It was confirmed that multiple virulent proteins, including a.-hemolysin, -y-
hemolysin, and Panton—Valentine leucocidin, could be concurrently absorbed. Additionally,
with their ability to capture and neutralize toxins, the nanoparticles were able to completely
eliminate the hemolytic and cytotoxic properties of the MRSA proteins. In contrast, despite
4 hours of boiling, heat-treated MRSA proteins still retained almost half of their hemolytic
activity and exhibited significant cytotoxicity. The fact that nanoparticle-based toxin
detainment could neutralize even heat-insensitive toxins attests to the versatility of the
approach. Using the detained toxins as a multi-antigenic nanotoxoid formulation, it was
demonstrated that antibody titers could be generated against all three of the aforementioned
toxins. This offered significant immune protection against live bacteria in a MRSA skin
infection model, helping to greatly reduce both lesion formulation and bacterial load.
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Many pathogenic bacteria can simultaneously produce multiple toxins and virulence factors.
80, 81 The supernatant from bacterial cultures would seem to be an attractive source of multi-
antigenic material for the generation of toxoid vaccines, yet this approach has rarely been
studied,®2 which is likely due to the intrinsic toxicity of such preparations. Additionally, the
presence of irrelevant proteins may serve to dilute immune focus. The on-demand
nanotoxoid strategy is able to address these challenge, demonstrating affinity for virulent
proteins while concurrently neutralizing their activity. By preparing the formulation using
crude bacterial protein preparations of unknown composition, such an approach also does
not require prior knowledge on the specific structure and function of individual toxin
components. This could ultimately be of great advantage, as the process can easily be

adapted for different bacterial species and strains regardless of their toxin secretion profiles.
80, 81

CONCLUSIONS

Vaccination is considered one of the most cost-effective antibacterial interventions and has
the potential to greatly aid in the battle against antibiotic resistance. As vaccines work by
preventing the occurrence of bacterial infections, their use can drastically reduce our
dependence on antibiotics, helping to preserve the effectiveness of current drugs while
limiting the spread of resistance. Along these lines, the application of nanotechnology
towards vaccine design has offered useful solutions for addressing some of the limitations
facing traditional vaccine formulations. Nanocarriers can protect encapsulated antigens from
hostile environments, prolong release over time, respond to environmental cues, and
preferentially target tissues and cells of interest. Taking advantage of these properties, both
subunit and toxoid vaccines against bacteria have been augmented through formulation into
nanoparticulates. Recently, the emergence of the cell membrane-coated nanoparticle
platform has enabled the detainment and neutralization of bacterial toxins for the fabrication
of nanotoxoid complexes. Single-toxin nanotoxoids have demonstrated the ability to
effectively confer immune protection against bolus toxin challenge, as well as live bacterial
infections. Furthermore, multiple-toxin nanotoxoids can be formulated in situ against
bacterial pathogens with unknown toxin secretion profiles. This facile approach for toxoid
vaccine preparation has the potential to be applicable towards a wide range of different
bacterial infections.

Although development is still in the early stages, nanotoxoids have proven to be an exciting
technology worth future investigation. By leveraging the unique interactions between
bacterial virulence factors and specific types of cell membranes, a countless number of
nanotoxoid formulations can be explored for vaccine development. These toxin—nanoparticle
complexes can further be integrated with other innovative, noninvasive delivery systems for
enhanced local immune responses and improved patient compliance.83 For instance,
vaccination via the skin can be facilitated by microneedles,84-86 hydrogel patches,87 or skin-
penetrating solution,® whereas oral administration of intestinal patches could assist delivery
to the intestinal mucosa.8? In terms of the nanoparticle core, the cell-membrane coating
technique has been used successfully with a wide variety of nanomaterials,0-92 offering
extensive options for improving immunogenicity. To advance nanotoxoids, along with other
nanoparticulate vaccines, from their current exploratory phase to clinical translation, the cost
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of robust large-scale production under good manufacturing practices must be considered.
Fortunately, a variety of industrial-scale manufacturing processes have been developed for
nanoformulations,?3: %4 making cost-effective commercialization well within reach. In all,
this unigue toxin detainment approach has brought a new dimension to the established field
of toxoid vaccines, and it is anticipated that continued development on these next-generation
antibacterial vaccines will ultimately enable more effective ways to manage the threat of
antibiotic-resistant bacteria.
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Figure 1.
Schematic of nanoparticle-based vaccine delivery and transport. Upon administration via the

commonly employed subcutaneous route of delivery, the small size of the nanoparticles
enables efficient drainage and transport to the lymph nodes. Here, the nanoparticles can
deliver their payloads to activate the resident immune cells (i.e. dendritic cells, T cells, and
B cells) and promote immunity.
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Figure 2.

Membrane-coated nanoparticles for antibacterial vaccination. (A) Schematic illustration of
bacterial membrane-coated nanoparticles for modulating antibacterial immunity. Outer
membrane vesicles (OMVSs) are collected from source bacteria and coated onto gold
nanoparticles (AuNPs) to form bacterial membrane-coated AUNPs (BM-AuNPs). When
used for vaccination, BM-AuNPs can elicit specific immunity against the source bacteria.
(B) A representative electron microscopy image showing the core-shell structure of the BM-
AUNPs negatively stained with uranyl acetate (scale bar, 50 nm). Inset: a zoomed-in view of
a single BM-AuNP (scale bar, 10 nm). (C) Size intensity distribution of OMVs and AuNPs,
before and after coating with bacterial membrane, as measured by dynamic light scattering.
(D) BM-AUNPs elicit strong anti-£. coli IgG titers 21 days after vaccination. (E, F) BM-
AuNPs induce pronounced bacterium-specific T cell activation in vivo. On day 21 after
vaccination, splenocytes were collected and stimulated with £. colj bacteria. After 72 hours
of culture, the levels of (E) IFN-y and (F) IL-17 were quantified by ELISA. Reprinted with
permission from ref 26. Copyright 2015 American Chemical Society.
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Figure 3.
Self-assembled nanogels for toxoid delivery. (A) Schematic of a nano-sized hydrogel (cCHP

nanogel) generated from cationic cholesteryl-bearing pullulan. (B) Quantitative study with
[*11in)-labelled Clostridium botulinum type-A neurotoxin subunit antigen Hc (BoHc/A)
demonstrated that the antigen was retained in the nasal tissues significantly more when
formulated using the cCHP nanogel. (C) Antibody-forming cells (AFCs) were effectively
induced and recruited in the lamina propria and paranasal sinuses of the nasal mucosa 1
week after final immunization with cCHP-BoHCc/A. (D) Strong C. botulinum type-A
neurotoxin (BoNT/A)-specific IgA antibody responses were observed in nasal washes
collected from mice intranasally immunized with cCHP-BoHc/A. (E) Strong BoNT/A-
specific serum 1gG antibody responses were induced by intranasal immunization with
cCHP-BoHCc/A. Reprinted with permission from ref 58. Copyright 2010 Springer Nature.
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Schematic of nanotoxoid vaccination for protection against MRSA skin infection. Under
normal conditions, MRSA bacteria secret toxins to facilitate their colonization, causing skin
lesions and systemic invasion. After vaccination using the nanotoxoid formulation, which is
fabricated by neutralizing MRSA-secreted toxins with cell membrane-coated nanosponges,
anti-toxin antibody production is stimulated. This immunity can prevent necrotic lesion
formation at the bacterial challenge site, as well as restrict the systemic invasion of the

bacteria.
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Figureb5.

Single-toxin nanotoxoid against staphylococcal a-hemolysin. (A) Nanoparticles detaining
a-hemolysin (HIla), termed nanotoxoid(Hla), do not induce apoptosis when injected into the
superficial dorsal skin of mice, while 60 minutes of treatment is necessary to achieve the
same effect by heat denaturation at 70 °C (scale bar, 400 mm). (B) When used to vaccinate
mice, nanotoxoid(HIa) induces higher anti-Hla titers than heat-treated Hla on a prime only
or prime plus boost schedule. (C) The antibody titers elicited by the nanotoxoid(Hla) are
long lasting, remaining stable for up to 150 days. (D) Nanotoxoid(Hla) protects against a
bolus dose of Hla administered intravenously. (E) Nanotoxoid(Hla) prevents the formation
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of skin lesions when mice are subcutaneously challenged with Hla. Reprinted with
permission from ref 73. Copyright 2013 Springer Nature.
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Figure®6.

Multi-toxin nanotoxoids against MRSA infection. (A, B) When incubating a hemolytic
secreted protein (hSP) fraction from MRSA culture with RBC nanosponges, the resulting
nanotoxoid(hSP) formulation does not induce hemolysis, as demonstrated by both (A)
hemolysis quantification and (B) visual observation. (C) The nanotoxoid(hSP) formulation
does not affect bone marrow-derived dendritic cell viability after 24 hours of incubation. (D-
F) When administered into mice on days 0, 7, and 14, nanotoxoid(hSP) can elicit antibody
titers against known toxins, including (D) a-hemolysin, (E) Panton—Valentine leucocidin,
and (F) y-hemolysin, when measured on day 21. (G) Nanotoxoid(hSP) vaccination greatly
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reduces the formation of skin lesions upon subcutaneous challenge with MRSA. (H) After
intravenous challenge with bacteria, mice vaccinated with nanotoxoid(hSP) exhibit
significantly reduced bacterial loads. Reprinted with permission from ref 79. Copyright 2017
WILEY-VCH.
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