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ABSTRACT: Anthrax infections caused by Bacillus anthracis are
an ongoing bioterrorism and livestock threat worldwide. Current
approaches for management, including extended passive antibody
transfusion, antibiotics, and prophylactic vaccination, are often
cumbersome and associated with low patient compliance. Here, we
report on the development of an adjuvanted nanotoxoid vaccine
based on macrophage membrane-coated nanoparticles bound with
anthrax toxins. This design leverages the natural binding
interaction of protective antigen, a key anthrax toxin, with
macrophages. In a murine model, a single low-dose vaccination
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with the nanotoxoids generates long-lasting immunity that protects against subsequent challenge with anthrax toxins. Overall, this
work provides a new approach to address the ongoing threat of anthrax outbreaks and bioterrorism by taking advantage of an

emerging biomimetic nanotechnology.
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B acillus anthracis, the causative agent of anthrax, is a Gram-
positive, spore-forming bacterium with a history of deadly
outbreaks.' Today, anthrax is considered to be a highly potent
bioterrorism agent and an ongoing threat to livestock
populations worldwide.” B. anthracis spores can remain in
the soil for decades, and they are resistant to many
disinfectants and heat treatment.> As a result, the bacterium
is incredibly difficult to eradicate. Spores can access the body
through cutaneous, gastrointestinal, inhalational, and even
injectable routes. Once germinated, the bacterium begins to
replicate and produce highly lethal virulence factors. Some
therapeutic approaches have been developed to combat
anthrax, including the use of monoclonal antibodies (obiltox-
aximab) and antibiotics (ciprofloxacin and doxycycline).”
However, due to the extended spore survival time in the
body of up to 60 days, these therapies require long treatment
regimens that have had historically low compliance rates.”®
Lethal toxin, one of the primary virulence factors generated
during an anthrax infection, consists of two subunits.”
Protective antigen (PA) can bind to the plasma membrane
of cells such as macrophages that express the appropriate
receptors, including capillary morphogenesis gene 2 (CMG2).°
Upon being activated by proteases on the cell surface, PA
oligomerizes and binds to the enzymatically active lethal factor
(LF).” The subsequent uptake and translocation of LF into the
cytosolic compartment results in the disruption of signaling
pathways and ultimately cellular apoptosis. Given its critical
role in potentiating the activity of lethal toxin, PA has been a
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major target for vaccination.'® BioThrax, an FDA-approved
vaccine against B. anthracis, contains purified PA and an alum
adjuvant. While effective, the vaccine currently requires an
initial five doses over 18 months and an annual booster,
making it ineffective for widespread use or time-sensitive
situations."" In addition, alum has been associated with severe
local reactions and a lack of stability with recombinant
PA."*™'* Anthrax vaccines utilizing alternative adjuvants, such
as CpG oligodeoxynucleotides'>™"” and trimethyl chito-
san,'®'? have also been explored. Overall, there is an urgent
need for a cost-effective anthrax vaccine that requires fewer
doses and can be easily distributed.

Cell membrane-coated nanoparticles, consisting of a
naturally derived cell membrane layer camouflaging a synthetic
nanoparticle core, are endowed with the surface characteristics
of their source cells.”"~** Among their various applications,
including drug delivery,”~*" biodetoxification,””*” and
immune modulation,>*>* these biomimetic nanoparticles are
capable of complexing with toxins or other antigenic material
via natural receptor—ligand interactions,””**~*° thus generat-
ing nanotoxoids that can be safely delivered in vivo as a vaccine
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Figure 1. Nanotoxoids for protection against anthrax. Macrophage membrane-coated nanoparticles (M®-NPs) are fabricated by coating
macrophage membrane expressing the anthrax receptor CMG2 onto polymeric CpG-loaded nanoparticle cores (CpG-NPs). M®-NPs are then
complexed with anthrax toxin protective antigen (PA) to form nanotoxoids (NT[PA]). Mice vaccinated with NT[PA] generate antigen-specific
immunity that protects them from anthrax toxins. Created with BioRender.
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Figure 2. Nanoparticle fabrication and characterization. (a) Western blot for CMG2 expression in J774 whole cell lysate, J774 membrane vesicles,
and M®-NPs. (b) PA loading efficiency onto M®-NPs at varying membrane protein to PA weight ratios (n = 3, mean + SD). ****p < 0.0001
(compared to 10:1); *p < 0.05, #p < 0.01 (compared to 50:1); one-way ANOVA. (c) Western blot for PA expression on M®-NPs and NT[PA].
(d, e) Hydrodynamic size (d) and zeta potential (e) of PLGA nanoparticle cores, J774 membrane vesicles, M®-NPs, and NT[PA] as measured by
dynamic light scattering (n = 3, mean + SD). (f) Representative transmission electron microscopy image of negatively stained NT[PA] (scale bar =
100 nm). (g) Size of NT[PA] over 7 weeks when stored in 10% sucrose at 4 °C (n = 3, mean + SD). No significant differences between day 0 and
any other time point; one-way ANOVA.
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Figure 3. In vitro safety, uptake, and immune simulation. (a) Encapsulation efficiency (EE) and drug loading yield (DL) of CpG into NT[PA] (n =
3, mean + SD). (b) Viability of BMDCs after overnight incubation with free PA or NT[PA] (n = 3, mean + SD). NS = not significant (compared to
control); one-way ANOVA. (c) BMDC uptake of dye-labeled PA in free form or on NT[PA] as analyzed by flow cytometry (n = 3, mean + SD).
kEp < 0,001, ¥***p < 0,0001; Student’s t-test. (d) Representative fluorescent microscopy images of BMDCs after 30 min of incubation with
NT[PA] (blue: nuclei [DAPI], green: PA [FITC], red: endosomes [LysoTracker]; scale bar = SO ym). (e—g) Expression of maturation markers
CD80 (e), CD86 (f), and MHC-II (g) on CD11c* BMDCs after pulsing with free PA only, free PA with CpG, or NT[PA] (n = 3, mean + SD).
#kskky < 0,.0001, NS = not significant (compared to control); one-way ANOVA. (h, i) Secretion of proinflammatory cytokines IL-6 (h) and IL-
12p40 (i) by BMDCs after pulsing with free PA only, free PA with CpG, or NT[PA] (n = 3, mean + SD). **¥*¥*p < 0.0001, NS = not significant

(compared to control); one-way ANOVA.

addition, by introducing an additional payload into the
nanoparticle core, this platform enables codelivery of antigen
and adjuvant, significantly improving the stimulation of
immune cells.*”*" Inspired by the natural interaction between
PA and macrophages during B. anthracis infections, we
fabricated a PA-bound nanotoxoid (NT[PA]) using an
adjuvant-loaded macrophage membrane-coated nanoparticle
(Figure 1). After a single, low-dose vaccination using NT[PA],
the nanovaccine elicited strong and long-lasting immunity that
protected mice against subsequent challenge with anthrax
toxins.

B RESULTS AND DISCUSSION

Fabrication and Characterization of NT[PA]. To
fabricate a biomimetic nanoparticulate substrate capable of
efficiently complexing with PA, the membrane from murine
J774 macrophages was purified and coated onto self-assembled
poly(lactic-co-glycolic acid) (PLGA) cores to yield macro-
phage membrane-coated nanoparticles (M®-NPs). J774 cells
were chosen based on their established CMG2 expression,*”
and Western blotting was used to verify that the receptor for
anthrax PA was retained throughout the M®-NP fabrication
process (Figure 2a). Next, the nanoparticle solution was
adjusted to pH 5.6 and 1 mM Mg**, which helped to facilitate
proper binding with PA after 30 min of coincubation.”** The
resulting NT[PA] was purified via centrifugation. The loading
efficiency of PA onto the nanotoxoids was evaluated at varying
J774 membrane protein to PA antigen weight ratios using a
fluorescently labeled version of PA (Figure 2b). Loading
saturation was observed at ratios above 100:1, which was
chosen to fabricate NT[PA] for subsequent studies. PA
loading was also confirmed by Western blotting analysis, which

revealed the strong presence of the anthrax antigen on
NT[PA], but not on M®-NPs (Figure 2c). Dynamic light
scattering (DLS) showed that after PA complexation the size
of NT[PA] was comparable to that of M®-NPs (Figure 2d),
and the zeta potential remained unchanged (Figure 2e). A
clear core—shell structure was observed when viewing the
nanoparticles under transmission electron microscopy (TEM)
images with negative staining, further confirming successful
membrane coating (Figure 2f). In addition, the final NT[PA]
formulation demonstrated excellent stability, retaining its size
in solution for up to 7 weeks when stored at 4 °C (Figure 2g).
Quantitative Western blot analysis revealed that the PA
remained strongly associated with the nanoparticles even
after 24 h of incubation in biological buffer, further supporting
the stability of NT[PA] (Figure S1).

Adjuvant Loading, Safety, and Uptake. To further
enhance the potency of the nanotoxoid vaccine, CpG 1826, a
nucleic acid-based adjuvant that is an agonist for Toll-like
receptor 9 (TLR9),* was encapsulated into the polymeric core
through a double emulsion fabrication technique.”' The
encapsulation efficiency was approximately 40%, resulting in
a loading of 2.4 ug of CpG per 1 mg of PLGA (Figure 3a). The
prolonged release of CpG and other oligonucleotides from
PLGA nanoparticle cores, including those coated with cell
membrane, has been previously established.**™** All sub-
sequent studies were conducted using NT[PA] fabricated with
a CpG-loaded PLGA core. Next, the safety of NT[PA] was
evaluated in vitro using bone marrow-derived dendritic cells
(BMDCs) (Figure 3b). Given that PA itself is not cytotoxic in
the absence of anthrax LF or edema factor (EF),* it was
unsurprising that NT[PA] also did not display any toxicity at
an equivalent antigen dose. Because of the fact that
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Figure 4. In vivo immune stimulation. (a) Representative histological sections of skin samples collected from naive mice or mice 24 h after
subcutaneous injection with NT[PA] (scale bar = 250 ym). (b, c) Expression of maturation markers CD80 (b) and CD86 (c) by CD11c" dendritic
cells in the draining lymph nodes after subcutaneous administration of free PA with CpG, free PA with alum, or NT[PA] (1 = 4, mean + SD). (d)
Secretion of IFN-y by splenocytes pulsed ex vivo with PA for 7 days, the splenocytes were derived from mice 10 days after vaccination using free PA
with CpG, free PA with alum, or NT[PA] (n = 3, mean + SD). *p < 0.05, *¥p < 0.01, ***p < 0.001, NS = not significant (compared to naive); one-

way ANOVA.
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Figure S. Antibody titers and protective efficacy. (a, b) Anti-PA IgG titers over time (a) or on day 21 (b) in the serum of mice following a single
vaccination using free PA with CpG, free PA with alum, or NT[PA] (n = 3, mean + SD). **p < 0.01, NS = not significant (compared to naive);
one-way ANOVA. (c) Anti-]774 membrane (anti-J774m) IgG titers in the serum of mice on day 28 after vaccination using NT[PA] (n = 3, mean +
SD). NS = not significant; Student’s t-test. (d) Viability of J774 cells 24 h after the addition of anthrax lethal toxin preincubated with various
amounts of immune sera collected from mice 28 days after vaccination using free PA with CpG, free PA with alum, or NT[PA] (n = 9, mean + SD).
##k%p < 0.0001, NS = not significant (compared to naive); one-way ANOVA. (e) Survival of mice challenged with anthrax lethal toxin 21 days

after vaccination using free PA with CpG, free PA with alum, and NT[PA] (n = 4). p-value compared to naive; log-rank test.

nanoparticles are readily internalized by antigen-presenting
cells,"" it was observed that PA was taken up more rapidly and
to a higher degree by BMDCs when incorporated into
NT[PA] rather than in free form (Figure 3c). Additionally,
when delivered via the nanotoxoid formulation for 30 min, PA
began localizing at varying degrees to the endosomes (Figure
3d), which suggested favorable CpG engagement with
endosomal TLR9.>’

In Vitro Dendritic Cell Maturation. To confirm the
biological activity of the encapsulated CpG payload, NT[PA]
and various control samples were first incubated with BMDCs
in vitro. When evaluating the maturation markers CD80 and
CD86 as well as major histocompatibility complex II (MHC-
IT), it was observed that BMDCs pulsed with NT[PA] had the
highest expression (Figure 3e—g). In contrast, equivalent
amounts of free PA with or without free CpG were unable to

induce significant BMDC maturation, likely due to their
inefficient cellular uptake and inability to engage with TLR9 in
the endosomes."" Similar trends were observed when analyzing
secretion of the proinflammatory cytokines interleukin (IL)-6
and IL-12p40, with NT[PA] significantly outperforming the
controls (Figure 3h,). Overall, the data highlighted the
importance of nanoparticulate delivery, which significantly
boosted the activity of CpG for stimulating antigen-presenting
cells.

In Vivo Immune Activation. Encouraged by the safety
and activity of NT[PA] in vitro, we next evaluated the effect of
the formulation when administered in vivo into mice. First,
NT[PA] was injected subcutaneously, and skin samples were
collected after 24 h for histological analysis (Figure 4a). A
moderately higher level of inflammatory infiltrate appeared in
the dermis of vaccinated mice when compared to naive mice,
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which could be attributed to the immunostimulatory nature of
NT[PA]. Otherwise, the epidermis remained intact after
administration of the NT[PA] nanovaccine, suggesting a
favorable safety profile. Next, we aimed to evaluate in vivo
dendritic cell maturation in response to vaccination. Mice were
subcutaneously administered with NT[PA], free PA mixed
with CpG, or PA adsorbed to alum as a clinically relevant
adjuvant.'" The draining lymph nodes were collected after 48 h
to analyze maturation markers by flow cytometry (Figure
4b,c). Compared to free PA with CpG or free PA mixed with
alum, NT[PA] was the most efficient at upregulating
expression of the maturation markers CD80 and CD86 on
dendritic cells. In addition to the stimulation of antigen-
presenting cells, T cell activation has been identified as critical
for achieving complete protection against anthrax.”' ~**
Antigen-specific cellular immunity was thus evaluated ex vivo
using splenocytes that were harvested from mice 10 days after
vaccination. After 7 days of restimulation by coculturing with
PA, only the splenocytes from mice that received NT[PA]
produced levels of interferon y (IFN-y) that were significantly
elevated (Figure 4d). Notably, the splenocytes from mice
receiving PA adjuvanted with alum were unable to produce any
IFN-y, consistent with the fact that alum is ineffective at
eliciting T helper 1 (Th1)-biased immunity.>>

Antibody Production and Protective Efficacy. It is well
established that neutralizing antibodies are the cornerstone of
protective immunity against anthrax.’® To evaluate antibody
generation, mice were subcutaneously vaccinated with various
formulations at a low antigen dose of 50 ng. The serum was
then collected periodically and monitored for antibodies
against PA (Figure Sab). The titers for mice vaccinated with
NT[PA] elevated rapidly in the first 2 weeks and saturated at
approximately 4 weeks, after which they persisted at the same
level for a minimum of 24 weeks. While antigen-specific
antibody production after vaccination using free PA with either
CpG or alum appeared to trend upward in the first few weeks,
anti-PA titer levels were inconsistent over time and lower in
magnitude. The ability of the generated titers to bind PA was
confirmed by Western blotting analysis using serum samples as
the primary probe (Figure S2). To further dissect the immune
response to NT[PA] vaccination, IgG subclassing was
performed (Figure S3). Both IgGl and IgG2 subtypes were
highly present, suggesting balanced immunity along the Th1/
Th2 axis.’® To study the potential risk for generating
autoimmunity, we evaluated the production of antibodies
against J774 macrophage membrane and found that there was
no significant elevation of titer levels over baseline (Figure Sc).

It is vital that the anti-PA antibodies generated from
NT[PA] vaccination can neutralize the activity of anthrax
toxins. As such, we evaluated the ability of immune sera from
vaccinated mice to protect J774 cells from lethal toxin in vitro
(Figure 5d). There was a clear dose-dependent neutralization
effect when employing serum samples collected from mice
vaccinated with NT[PA]. Sera from mice receiving free PA
adjuvanted with alum also exhibited neutralizing activity,
whereas the samples from mice vaccinated with free PA and
CpG had minimal effects on cell viability. Finally, to assess if
the enhanced immunity afforded by NT[PA] vaccination
would translate into enhanced protection against anthrax in
vivo, vaccinated mice were challenged with a high bolus dose of
lethal toxin (Figure Se). Mice in the NT[PA] group exhibited a
median survival that was 20 h longer than that of naive mice,
with the difference between the two groups approaching

significance (p = 0.095). In contrast, mice vaccinated using
soluble PA with CpG or alum as an adjuvant had considerably
shorter median survival times. Overall, the data suggested that
the codelivery of PA together with an adjuvant in nano-
particulate form was critical for maximizing protection against
anthrax lethal toxin.

B CONCLUSION

In conclusion, we have developed a biomimetic nanovaccine
capable of safely and effectively generating protective immunity
against anthrax toxins. By taking advantage of the natural
cellular tropism of PA, a major B. anthracis virulence factor, we
generated a nanotoxoid formulation by utilizing a macrophage
membrane-coated nanoparticle encapsulated with a potent
immunological adjuvant. The nanoparticles were able to
complex with PA upon coincubation, thus enabling the
resulting formulation to effectively codeliver both antigen
and adjuvant to antigen-presenting cells. When administered to
mice, a single low dose of the nanotoxoids elicited strong
humoral and cellular immunity, outperforming free PA
delivered with CpG or the clinically relevant alum as an
adjuvant. Future studies can be conducted to optimize the
dosing regimen and evaluate the potential benefit of booster
vaccinations. Optimization of the membrane coating source,
including the use of genetically engineered cell mem-
branes,”’ >’ could increase the antigen loading capacity of
the nanotoxoids. Overall, this platform demonstrates the
versatility of biomimetic nanotechnology, which enables the
streamlined development of novel vaccine formulations
capable of strongly activating immune responses for protection
against infectious diseases.
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