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Abstract

Background Tuberculosis (TB) is a contagious disease and the second leading cause of death worldwide. The

Bacille Calmette—Guérin (BCG) vaccine, the only licensed TB vaccine, has insufficient protective efficacy in adults,
necessitating the development of new TB vaccines. Ag85B, a protein-subunit TB vaccine, is a promising candidate
due to its high immunogenicity. However, its hydrophobicity presents challenges in manufacturing, expression, and
purification, and Ag85B alone does not elicit sufficient immune stimulation. To overcome these limitations, this study
aimed to design a temperature-responsive amine-terminated polylactic acid (PLA)-based nanosponge (aPNS) as both
a nanoadjuvant and an efficient delivery carrier for Ag858.

Methods Ag85B was produced using an EZtag fusion tag vector, achieving high product yield and purity. It was
then loaded into aPNS, a nanoparticle system with a PLA core and Pluronic shell, through a temperature-responsive
process at 4 °C that preserved protein bioactivity. The stability and sustained-release profile of Ag85B@aPNS were
evaluated. In vitro cytotoxicity and cellular uptake studies were conducted using macrophages. Protective efficacy
and immunogenicity were assessed in M. tuberculosis-challenged mice and BCG-primed mice.

Results The Ag85B protein was successfully produced and loaded into aPNS, which exhibited good colloidal stability
and a sustained-release profile. Neither the synthesized Ag85B nor the aPNS showed significant cytotoxicity. aPNS
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enhanced the cellular uptake of antigens by macrophages. Compared to BCG, Ag85B@aPNS demonstrated superior
protective efficacy against M. tuberculosis in mice and improved immunogenicity in BCG-primed mice.

Conclusion Ag85B@aPNS is a viable candidate for TB vaccination, showing potential as both a standalone vaccine
and a BCG-booster. Its ability to enhance immunogenicity and provide protection highlights its promise in addressing

the limitations of current TB vaccines.
Plain language summary

Tuberculosis (TB) remains a major global health challenge, and while the current BCG vaccine provides some
protection, its effectiveness varies and it does not fully prevent the disease in adults. To address this, researchers
are developing new vaccines and boosters that enhance the immune system’s ability to fight TB. This study
introduces a novel vaccine candidate called Ag85B@aPNS, which combines a TB-specific protein (Ag85B) with

a specialized nanoparticle delivery system (aPNS). The researchers designed the aPNS to carry and protect

the Ag85B protein, ensuring it remains stable and active for a longer time. These nanoparticles also respond

to temperature changes, making them more effective in releasing the protein under human body conditions.
Experiments showed that Ag85B@aPNS was safe for cells and enhanced the ability of immune cells to recognize
and process the protein. This means the vaccine can better stimulate the immune system without causing harm.
In animal studies, the vaccine was tested in mice infected with TB bacteria. Mice that received Ag85B@aPNS$
had fewer bacteria in their lungs and less lung damage compared to those given the standard BCG vaccine.
Furthermore, when used as a booster in BCG-primed mice, the vaccine strengthened the immune response
significantly. These findings suggest that Ag85B@aPNS is a promising candidate for improving TB vaccination
strategies, either as a replacement for BCG or as a booster to enhance its effects. This could lead to better

protection against TB in the future.
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Introduction

Tuberculosis (TB), induced by Mycobacterium tuberculo-
sis, is a contagious disease and the second leading cause
of death worldwide [1-3]. In the past few years, global
healthcare efforts have primarily focused on COVID-19,
resulting in the deprioritization of strategies for eradicat-
ing TB [4]. According to the World Health Organization,
in 2023, 7.5 million people were diagnosed with TB, and
1.3 million people died of TB [3, 5]. Because the sever-
ity of TB is aggravated with increased occurrence and
mortality annually, a new breakthrough for diagnosis and
appropriate prevention is urgently required [5, 6]. Bacille
Calmette—Guérin (BCG)—an attenuated form of Myco-
bacterium bovis—is the only licensed vaccine against
TB, and the protection BCG offers varies [7, 8]. The BCG
vaccine frequently fails to provide adequate protective
efficacy in adults and thus is a potential factor contribut-
ing to TB transmission in adults and adolescents [8, 9].
Current efforts to develop new TB vaccines are aimed at
addressing this challenge.

Vaccine platforms, including inactivated subunits and
DNA vaccines, are being extensively investigated. Inac-
tivated and subunit TB vaccines, such as MTBVAC and
M?72/AS01, are considered the most promising candi-
dates in clinical trials [10]. Subunit vaccines, particularly
protein-subunit vaccines, offer the highest safety during
manufacturing and use [11]. For example, the Ag85 com-
plex, which comprises the abundantly secreted antigens
Ag85A, Ag85B, and Ag85C, is considered a promising

candidate for producing TB vaccines. Ag85 is involved
in cell wall biosynthesis as a mycolyl transferase [12, 13].
In cases of TB infection, Ag85 activates the production
of IFN-y, stimulates the generation of Th1l lymphocytes,
and induces cytotoxic lymphocytes, resulting in protec-
tive immunogenicity [14, 15]. Ag85B in the Ag85 com-
plex is a highly immunodominant antigen with T-cell
epitopes and has been detected in specific cell-mediated
and humoral immune responses in infected patients [16].
However, unlike the process of manufacturing soluble
proteins, manufacturing Ag85B is challenging owing to
its hydrophobic characteristics of Ag85B [14, 17]. There-
fore, innovative strategies are required to optimize the
manufacturing process of Ag85B.

Despite its immunodominant properties, Ag85B
alone does not induce an adequate protective immune
response because the number of antigens is limited.
Therefore, appropriate adjuvants such as immunostimu-
latory or delivery systems are necessary to elicit T cells
and local immunity [18]. Previous studies have demon-
strated that adjuvants play a significant role in effective
TB treatment [11, 19]. Numerous nanomaterials are cur-
rently being explored as delivery systems capable of pro-
tecting antigens from degradation post-immunization
[18]. Nanoparticles composed of polylactic acid (PLA),
poly(lactic-co-glycolic acid) (PLGA), hyaluronic acid,
chitosan, and cellulose are particularly favored due to
their ability to prevent antigen degradation, ensure sus-
tained antigen release, and facilitate intracellular delivery
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of antigens to antigen-presenting cells, depending on
the administration site. These nanoparticles also exhibit
advantageous physicochemical properties and surface
chemistry [20—24]. Balleter et al. [25] developed a syn-
thetic vaccine delivery platform by conjugating Ag85B to
Pluronic-stabilized polypropylene sulfide nanoparticles
via a reducible disulfide bond (NP-Ag85B) to enhance
protection against TB. NP-Ag85B was administered to
mice alongside the immunostimulatory oligonucleotide
CpG. In dendritic cells, NP-Ag85B activated the inflam-
masome and increased IL-6 production in the presence
of the Th1-promoting TLRI ligand CpG. Vaccinated mice
exhibited Th17 responses and enhanced polyfunctional-
ity of Th1 responses. Malik et al. [26] evaluated a bivalent
fusion antigen composed of ESAT6 and Ag85B protein
(H1) encapsulated in PLGA NPs (H1 NP) using a water-
oil-water solvent evaporation method. The nanoparticles
exhibited a nanodiameter range of 200-280 nm, a nega-
tive surface charge, and over 85% encapsulation effi-
ciency. In H1 NP-immunized mice, both humoral and
cell-mediated immune responses were enhanced. Addi-
tionally, the mice demonstrated improved protection effi-
cacy, as evidenced by a significant reduction in bacterial
load in the lungs and spleen. Based on these reports, to
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enhance the immune response of the antigen, it is nec-
essary to encapsulate the antigen into nanoparticles with
additional immunostimulatory effects or to combine var-
ious antigens through fused conjugates. Consequently,
there is a need for a novel delivery carrier that can suf-
ficiently stimulate the efficacy of antigens even without
supplementary immunostimulatory components or the
use of fused antigens.

In this study, we developed a novel PLA-based nano-
vaccine, temperature-responsive  amine-terminated
PLA-based nanosponge (aPNS). The aPNS consists of a
PLA core and a Pluronic shell, serving as both a nano-
adjuvant and an efficient delivery carrier for Ag85B. This
system was fabricated through a simple nanoprecipita-
tion method without the need for covalent conjugation,
aiming to achieve effective TB vaccination (Fig. 1). In
addition, Ag85B was successfully produced with a high
product yield and purity using an EZtag fusion tag vec-
tor. The purified Ag85B was efficiently loaded into aPNS
with volume expansion behavior at 4 °C in the absence
of organic solvents, which helped preserve protein bioac-
tivity. The Ag85B-loaded aPNS (Ag85B@aPNS) showed
good colloidal stability after lyophilization, even without
the addition of cryoprotectants; moreover, the colloidal
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Fig. 1 Schematic representation of the in vivo application of Ag85B@aPNS as a novel TB vaccine and BCG-booster vaccine for TB treatment
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stability was maintained for four weeks in a physiologi-
cal environment. A sustained Ag85B release profile from
aPNS was observed for 21 days. In addition, neither
Ag85B nor aPNS showed notable cytotoxicity in mac-
rophages, and aPNS improved the cellular uptake of
the antigen. Moreover, Ag85B@aPNS stimulated better
Thl immune responses and reduced the lung load and
inflamed areas in M. tuberculosis-infected mice. Fur-
thermore, Ag85B@aPNS increased humoral and cell-
mediated immune responses in BCG-primed mice. In
summary, our results demonstrate that Ag85B@aPNS
enhances the protective efficacy against M. tuberculosis
challenges compared to BCG immunization and boosts
the immunogenic effects of the BCG vaccine in BCG-
primed mice. Therefore, we conclude that Ag85B@aPNS
can serve as an effective BCG booster vaccine.

Materials and methods

Materials

Escherichia coli strain BL21(DE3) was purchased from
Enzynomics (Yuseong-gu, Daejeon, Republic of Korea).
Terrific Broth was purchased from Invitrogen (Waltham,
Massachusetts, USA). Phenylmethanesulfonyl fluoride
(PMSF) and ampicillin were purchased from Sigma-
Aldrich (Burlington, Massachusetts, USA). Isopropyl
B-D-1-thiogalactopyranoside (IPTG) was purchased
from LPS Solution (Daedeok-gu, Daejeon, Republic of
Korea). MonoQ and desalting columns were purchased
from Cytiva (Amersham, England, UK). Tobacco etch
virus (TEV) protease was purchased from GenScript
(Piscataway, NJ, USA). Pierce high-capacity endotoxin
removal spin columns were purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, USA). The
EZtag vector was purchased from ToolBio (Yuseong-gu,
Daejeon, Republic of Korea), and the pBT7-N-His vec-
tor was purchased from Bioneer (Daedeok-gu, Daejeon,
Republic of Korea).

Ovalbumin (OVA), Pluronic F127 (PF127), and ace-
tone were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Amine-terminated PLA was obtained from
Polysciences, Inc. (Warrington, PA, USA). Hypure water
(deionized water, DIW) and phosphate-buffered saline
(PBS) solution (x1) were obtained from Hyclone (Logan,
UT, USA). The bicinchoninic acid (BCA) protein assay kit
was purchased from TaKaRa (Ohtsu, Shiga, Japan). RAW
264.7 macrophage were obtained from ATCC (TIB-71,
Manassas, VA, USA). RPMI-1640 medium, fetal bovine
serum (FBS), penicillin/streptomycin (P/S), and Dul-
becco’s phosphate-buffered saline (DPBS) were obtained
from Gibco (Waltham, MA, USA). The 3-(4,5-dimethil-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay kit was purchased from Abcam (Cambridge,
Cambridgeshire, UK). Albumin-fluorescein isothio-
cyanate conjugate (OVA-FITC) was purchased from

Page 4 of 17

Sigma-Aldrich (St. Louis, MO, USA). All substrates and
ELISpot kits were purchased from BD Biosciences (San
Diego, CA).

Preparation of Ag85B protein

Ag85B was synthesized by Bioneer (Daejeon, Republic of
Korea) in a pBT7-N-His vector and subsequently cloned
into the EZtag vector. His-Ag85B and EZtag-Ag85B plas-
mids were transformed into E. coli strain BL21(DE3).
IPTG (1 mM) was then added, and the cells were cul-
tured at 20 °C for 18 h to induce transformation. The
grown cells were centrifuged for 20 min at 4000 rpm until
harvesting. The cell pellet was re-suspended in 25 mL of
20 mM Tris-HCI (pH 7.0) and stored at — 80 °C.

To purify EZtag—Ag85B, the harvested cell lysate was
thawed, 1 mM PMSF was added, and the cells were dis-
rupted via pulse sonication. EZtag—Ag85B was purified
from the resulting soluble fraction by precipitation and
anion-exchange chromatography using a mono Q col-
umn. TEV protease was then added and allowed to react
overnight at 30 °C. Pure Ag85B was obtained by remov-
ing the EZtag. Finally, the endotoxin in the purified
Ag85B protein was removed using an endotoxin removal
kit. The purified Ag85B protein was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% gels.

Preparation of Ag85B@aPNS

Ag85B-loaded aPNS (Ag85B@aPNS) was prepared via
a simple nanoprecipitation method, which was slightly
modified to prevent the formation of covalent bonds in
proteins using a previously reported method [27]. First,
amine-terminated PLA (10 mg) was completely dissolved
in acetone (1 mL) and added to PF127 (20 mg). The mix-
ture was allowed to react for 2 h. The resulting mixture
was added dropwise to DIW (5 mL) under constant stir-
ring and then placed in a fume hood overnight to remove
acetone. After preparing the aPNS, various amounts of
Ag85B (0, 0.1, 0.5, and 1 mg) were added to the aPNS
solution and reacted at 4 °C under rotary shaking for
2 h. Finally, to purify Ag85B, which was not loaded into
aPNS, Ag85B@aPNS was centrifuged using an Amicon
Ultra-15 centrifugal filter unit with a molecular weight
cut-off of 300 kDa.

The physicochemical characteristics of Ag85B@aPNS,
namely the hydrodynamic diameter, hydrodynamic size
distribution, polydispersity index (PDI), and zeta poten-
tial, were measured using a Zetasizer (ELS-Z2, Otsuka
Electronics Co., Tokyo, Japan). The morphology of
Ag85B@aPNS was observed using a transmission elec-
tron microscope (TEM; JEM-2100Plus HR, JEOL Co.,
Akishima, Tokyo, Japan). The Ag85B@aPNS suspension
was dropped onto a TEM grid (Cu grid, 200 mesh) and
air-dried in a desiccator for 72 h. Ag85B, which was not
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loaded into the aPNS, was assessed using micro-BCA to
calculate the loading content and loading efficiency of
Ag85B.

Stability of Ag85B@aPNS$S

The colloidal stability of Ag85B@aPNS was investigated
by lyophilization in a freeze-dryer (FDU-8606, Operon
Co., Ltd., Gimpo, Republic of Korea) for 72 h. The sta-
bility of the Ag85B@aPNS lyophilizates was assessed by
completely re-suspending the lyophilizates in DIW and
subsequently comparing the physicochemical proper-
ties, such as the hydrodynamic diameter and PD], of the
Ag85B@aPNS solution before and after lyophilization
[27].

The long-term stability of the Ag85B@aPNSs was
examined in PBS, which mimics the physiological envi-
ronment. Powdery Ag85B@aPNSs were immersed in
PBS and maintained at 37 °C under gentle stirring. The
characteristics of the Ag85B@aPNS solution were ana-
lyzed once every week for four weeks using a Zetasizer.

In vitro release profile of Ag85B@aPNS

The release profile of Ag85B from Ag85B@aPNS was
determined in accordance with a previously reported
method [28]. Three dialysis devices (Float-A-Lyzer G2;
molecular weight cut-off =100 kDa) containing Ag85B@
aPNS solution (1 mL) were established and subsequently
placed in pre-warmed PBS (10 mL) in an incubator main-
tained at 37 °C under steady stirring (100 rpm). PBS
containing released Ag85B from the dialysis device was
collected at predetermined time points, and PBS in the
dialysis device was replaced with fresh PBS. After 21
days, the amount of Ag85B in PBS collected at each time
point was evaluated using a micro-BCA assay. The sam-
ple (25 pL) and mixture (200 pL) of micro-BCA reagents
A and B were sufficiently reacted at 37 °C, and the color-
changed samples were then examined at 562 nm using a
microplate reader.

In vitro cytotoxicity and cellular uptake

The cell viability assay was conducted using the MTT
assay. Brieflyy, RAW 264.7 macrophages (50,000 cells/
well) in a 96-well plate were treated with Ag85B and
aPNS at increasing concentrations (0.05, 0.1, 4.1, 12.3,
and 37.0 pg/mL) in a complete medium: RPMI-1640
medium supplemented with 10% FBS and 1% P/S. Before
the assay, each well was washed with DPBS to remove
extracellular materials and cell debris and treated with
the MTT reagent. The plates were incubated in the dark
at 37 °C for 3 h. Thereafter, 150 uL of MTT solvent was
added to each well and left on a shaker in the dark for
15 min to dissolve the formazan crystals. Each well was
pipetted to ensure adequate mixing, and the absor-
bance was measured at 590 nm using a Spectramax i3x
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(Molecular Devices, San Jose, CA, USA). Cell cytotoxic-
ity data were calculated using the following equation:

Viability (%) = [100% — cytotozicity (% )]

where cytotoxicity (%) = (absorbance value of the sam-
ple —absorbance value of untreated cells) x 100%.

To evaluate the cellular uptake capability of aPNS,
a fluorescent-labeled model antigen (OVA-FITC) was
loaded onto aPNS (OVA-FITC@aPNS). RAW 264.7
macrophages were seeded in 8-well chamber slides with
500,000 cells/well in 500 pL. of DMEM and incubated
for 12 h at 37°C in 5% CO,. Adherent cells were treated
with 5 pg/mL of OVA-FITC and OVA-FITC@aPN$ in
a serum-free medium. After 6 h, the cells were washed
twice with PBS and treated with 1 uM LysoTracker
(Invitrogen, MA, USA) for 1 h at 37°C. For fixation, the
cells were initially treated with a fixative solution (4%
paraformaldehyde in PBS) for 10 min at 25°C. The cells
were washed with PBS and then treated with 0.1% Tri-
ton™ X-100 (Sigma-Aldrich, St. Louis, USA). The cells
were blocked in blocking buffer (1% bovine serum albu-
min (BSA) in PBS) for 30 min and counterstained with
4,6-diamidino-2-phenylindole (DAPIL Invitrogen) for
30 min. The slides were washed, dried, and mounted for
confocal fluorescence microscopy. Fluorescent images
were obtained using a confocal laser scanning micro-
scope (Carl Zeiss LSM 880, Baden-Wiirttemberg, Ger-
many), and images were acquired using the software ZEN
9.0 (Carl Zeiss).

Animals and ethics statement

Four-to-five-week-old female C57BL/6 mice were pur-
chased from Samtako (Seoul, Republic of Korea). The
mice were maintained under standard environmental
conditions with ad libitum access to commercial food
and tap water (ad libitum). All mouse studies were per-
formed in accordance with the guidelines provided by
the Laboratory Animal Welfare and Ethics Committee,
Korea Disease Control and Prevention Agency (KDCA),
and in compliance with the Institutional Animal Care
and Use Committee guidelines (Permit Number:
KDCA-TACUC-22-035).

Preparation of M. bovis BCG and M. tuberculosis cultures

BCG Pasteur 1173P2 and M. tuberculosis Erdman were
provided by the KDCA and were grown in a medium
containing Middlebrook’s 7H9 broth (Difco Laboratories,
Detroit, MI, USA) supplemented with 10% oleic albumin
dextrose catalase growth supplement (Becton Dickinson,
Sparks, MD, USA) and 0.2% glycerol at 37 °C on a shaker
at 100 rpm for 14—20 days. To prepare single-cell suspen-
sions, mycobacterial cells were harvested via centrifuga-
tion at 10,000 x g for 20 min and washed three times with



Yun et al. Cell Communication and Signaling (2025) 23:159

PBS (pH 7.2) [29]. The pellets were passed through 70-,
50-, 40-, 30-, 20-, 15-, and finally, 10-um filters (Millipore
Corp., MA, USA). The final stock was stored in small ali-
quots at —80 °C until further use. Colony-forming units
(CFUs) per milliliter of stock were measured using a
counting assay on 7H10 agar plates.

Animal immunization and aerosol infection

To assess the efficacy of the new TB vaccine, mice (5-6
weeks old; n=5) were vaccinated with Ag85B@aPNS
(aPNS encapsulates 25 pg of Ag85B) twice at an interval
of three weeks via subcutaneous or intramuscular injec-
tions. One week after the final immunization (on day 28),
mouse blood (7 =5) was collected to harvest sera for the
measurement of antigen-specific IgG titers. Three weeks
after the final immunization (after 6 weeks), the mice
were challenged with the M. tuberculosis Erdman strain
using a Glas-Col aerosol generator (Glas-Col LLC,, IN,
USA). The infection conditions were calibrated to expose
each mouse to approximately 100 CFU [30].

To evaluate the immunogenicity of the BCG booster
vaccine, mice (5—-6 weeks old; n=5) were subcutane-
ously, intramuscularly, and intranasally vaccinated (week
0) with BCG Pasteur 1173P2 (200,000 CFUs/mouse).
This was followed by immunization with Ag85B@aPNS$
(aPNS-encapsulating 25 ug of Ag85B) twice at an inter-
val of three weeks starting on day 42 (after 6 weeks) after
BCG priming via subcutaneous injection. Three weeks
after the final immunization (on day 84), the mice (n=5)
were euthanized by CO, inhalation to analyze their
immunogenicity. The immune response in mouse lung
lymphocytes and splenocytes was assessed by measuring
ex vivo responses using the ELISpot assay and IgG titer
measurements.

Measurement of serum IgG titer

Flat-bottom 96-well immunoplates (Thermo Fisher Sci-
entific, MA, USA) were coated with 100 ng/mL Ag85B
for 18 h at 4 °C. Serum samples were diluted to 1:200
using PBS containing 3% BSA and incubated for 2 h at
37 °C. The resulting samples were washed, and a 1:2,000
dilution of goat anti-mouse IgG-horseradish peroxidase
(HRP) (Thermo Fisher Scientific) was added and incu-
bated for 1 h at 37 °C. The substrate tetramethylbenzi-
dine (TMB; Thermo Fisher Scientific) was added to each
well, and the plate was incubated at 37 °C for 15-30 min.
Thereafter, a stop solution for TMB was added, and the
plates were read at 450 nm using a spectrophotometer
(Spectramax i3x, Molecular Devices, CA, USA).

CFU measurement and histopathology

To estimate the CFUs of M. tuberculosis in the lungs of
infected mice, the lungs, except for the right superior
lobe, were homogenized in 3 mL of PBS at 6 and 12 weeks
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after the challenge (=5 in each group). Next, 10-fold
dilutions of the tissue homogenates were plated on 7H10
Middlebrook Agar (Difco Laboratories). The plates were
incubated at 37 °C for 3—4 weeks, and the number of
colonies was determined to assess the total CFUs in the
lungs. For histopathological analysis, the right superior
lobes of the lungs of infected mice were fixed in forma-
lin (Sigma-Aldrich) and embedded in paraffin. Paraffin
blocks were cut and stained with hematoxylin and eosin
(H&E). A Motic Easy Scan scanner was used to scan the
histological sections, and the images were analyzed to
quantify granulomatous inflammation. The percentage
of granulomatous tissue in the entire lung was calculated
using Image] software (National Institutes of Health,
Bethesda, Maryland, United States).

Single-cell isolation

To evaluate the immunogenicity of the BCG booster vac-
cine, mouse lung lymphocytes, and splenocytes were
isolated at the single-cell level. For single-cell prepara-
tion, the spleens and lungs were aseptically collected
and pooled for each group. Spleens were homogenized
for immune assays using a gentleMACS pTissue Disso-
ciator (Miltenyl Biotec, Germany), washed in RPMI-1640
medium supplemented with 10% FBS and 1% P/S, rinsed
in ammonium-chloride-potassium buffer to remove
erythrocytes, and passed through a 40 um cell strainer
to generate single splenocytes. To isolate lymphocytes
from mouse lungs, the tissue was incubated with DNase
I (Roche, Basel, Switzerland) and collagenase D (Roche)
in a plain medium at 37 °C for 1 h. The lymphocytes were
separated from 5 to 20 mL of lung cell suspension on a
Lymphoprep gradient (STEMCELL Technologies, Can-
ada) via density centrifugation, passed through a 40 um
cell strainer, and re-suspended in RPMI-1640 medium
containing 10% FBS and 1% P/S.

ELISpot assay for IFN-y secretion

The ELISpot assay was performed using an IFN-y
secretion ELISpot kit. Briefly, a single-cell suspension
(1,000,000 cells) was stimulated with Ag85B and PPD
(1 pg/mL) for 36 h at 37 °C in anti-IFN-y antibody-coated
filter plates. Thereafter, biotinylated anti-IFN-y anti-
body, streptavidin-horseradish peroxidase conjugate, and
3-amino-9-ethylcarbazole were added as substrates to
develop secreted cell spots, which were quantified using
an Immunospot S6 analyzer (Cellular Immunospot Lim-
ited). The results are presented as the mean values of
triplicate wells for each group.

Quantification of cytokines

A single lung lymphocyte cell suspension (500,000
cells) was stimulated with Ag85B for 36 h at 37 °C, and
the supernatant was collected to measure cytokine
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expression. The supernatants were diluted at a 1:2 ratio
using a complete RPMI medium and assayed in tripli-
cate wells for each group. The assays were performed
using the Bio-Plex Pro Mouse Cytokine and Chemokine
panel, which was customized to measure Interleukin-2
(IL-2), IL-12p(40), IL-17, monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-1
alpha (MIP-1a) and beta (MIP-1B), keratinocyte-derived
cytokines (KC), granulocyte/macrophage-colony stimu-
lating factor (GM-CSEF), and IL-1p (Bio-Rad Laborato-
ries; Hercules, CA, USA), following the manufacturer’s
instructions. The results were acquired using a Bio-Plex
MAGPIX reader (Bio-Rad Laboratories), and the mean
values were used to generate the graphs.

Statistical analysis

All measurements were conducted in triplicate, and the
results are presented as mean +standard deviation. Sta-
tistical comparisons of animal experiments were per-
formed using ordinary one-way ANOVA with Dunnett’s
multiple comparisons test and are represented as the
mean and SD. Significance were considered as follows: *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Results and discussion

Preparation of Ag85B protein

The His-Ag85B plasmid was transformed and expressed
in a bacterial host (E. coli) via IPTG induction. As shown
in Figure S1(a), His-Ag85B was well expressed after
IPTG induction. However, almost all His-Ag85B pro-
teins formed insoluble aggregates. Therefore, Ag85B was
cloned into a commercial EZtag fusion tag vector. The
EZtag—Ag85B plasmid was transformed and expressed in
a bacterial host (E. coli) via IPTG induction.

As shown in Figure S1 (b), unlike His-Ag85B, EZtag—
Ag85B was well expressed and soluble. EZtag—Ag85B
was purified via precipitation and anion-exchange chro-
matography. SDS-PAGE indicated that the purity of
EZtag—Ag85B was 95%. Following cleavage with TEV
protease, Ag85B with 97% purity was obtained (Figure S1
(c)and (d)).

Physicochemical properties of Ag85B@aPNS

Temperature-responsive aPNS were successfully pre-
pared by simple nanoprecipitation without any covalent
chemistry. The prepared aPNS consisted of an amine-
terminated PLA core and a Pluronic shell with a core-
to-shell ratio of 1:2. According to a previous report [31],
Pluronic displayed similar lower critical solution temper-
ature (LCST) behaviors over wide temperature ranges;
whereas it deswells above its LCST, it swells below it.
These phenomena are caused by entropy resulting from
hydrophobic interactions between the hydrophobic
(PPO) and hydrophilic (PEO) segments of the polymer
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chains [32]. To confirm the temperature-responsive
behavior of aPNS, we examined its temperature depen-
dence. As shown in Fig. 2(a) and (b), the prepared aPNS
exhibited temperature-responsive properties such as
changes in size and PDI: ~400 nm and 0.288 at 4 °C,
~320 nm and 0.223 at 25 °C, and ~170 nm and 0.252
at 37 °C. The volume expansion at low temperatures
can be ascribed to the destruction of the aPNS struc-
ture by the hydrophobic interactions of the shell. In
addition, this behavior was reversible when thermally
cycled at 4-37 °C. As shown in Figure S2, the aPNS did
not show significant changes in diameter after succes-
sive thermal cycles. These results demonstrate that the
aPNS maintained structural stability during repeated
swelling—deswelling.

Based on the above-mentioned characteristics of aPNS,
we loaded Ag85B into aPNS by relying on the tempera-
ture-dependent swelling property of Pluronic. Further-
more, Ag85B was efficiently loaded inside the aPNS via
electrostatic interactions between the positively charged
aPNS and negatively charged Ag85B. The physicochemi-
cal characteristics of Ag85B@aPNSs prepared with
various amounts of Ag85B were evaluated. As shown
in Fig. 2(c), compared to aPNS, there was an increase in
the size of Ag85B@aPNS with over 5 wt% Ag85B was
statistically significant (* p<0.05), whereas the change
in the hydrodynamic diameter (almost 160 nm) up to 1
wt% loading of Ag85B was not statistically significant.
As shown in Fig. 2(d) and (e), Ag85B@aPNS with ~1
wt% Ag85B showed mono-phase, narrow hydrodynamic
diameter distribution, and PDI below 0.3. In contrast,
Ag85B@aPNS with 5 wt% Ag85B displayed bi-phase
distribution and a PDI ranging from 0.24 to 0.32, and
Ag85B@aPNS with 10 wt% Ag85B showed a broad size
distribution despite being mono-phase with a PDI below
0.3. In particular, the change in the zeta potential up to 1
wt% Ag85B was negligible, and the zeta potentials were
in the range of 13-15 mV (Fig. 2(f)). However, when
the amount of negatively charged Ag85B encapsulated
into aPNS increased, the zeta potential changed gradu-
ally from -2 mV (Ag85@aPNS with 5 wt%) to —15 mV
(Ag85B@aPNS with 10 wt%). The morphological changes
in the aPNS before and after encapsulation with 1 wt%
Ag85B were examined via TEM, and the results are
shown in Fig. 2(g). The size and morphology of the aPNS
(Fig. 2(g)-A) were similar to those of Ag85B@aPNS with
1 wt% Ag85B (Fig. 2(g)-B). Additionally, their spherical
morphologies, assessed using a Zetasizer, were compa-
rable. These findings indicate that the 1 wt% Ag85B is
the optimal loading amount for preparing Ag85B@aPNS
without significant changes in the physicochemical and
morphological characteristics of aPNS.
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Stability and drug release behavior

Colloidal stability is an important factor in the develop-
ment of drug-delivery nanoparticle systems because the
instability of nanoparticles can physically affect uncon-
trolled release behavior or particle aggregation [33].
Although lyophilization can promote stability, cryo-
protectants, stabilizers, and surfactants are required to
inhibit stress from crystal formation, ice-water interac-
tions, and phase separation during long-term storage [33,
34]. Unlike most nanoparticles, Ag85B@aPNS comprises
Pluronic as an FDA-approved stabilizer. Therefore, dur-
ing the experiments, the stability of Ag85B@aPNS was
determined via lyophilization without the addition of
cryoprotectants or surfactants. To examine the stabil-
ity of Ag85B@aPNS after lyophilization, changes in the
size and PDI of re-suspended Ag85B@aPNS were deter-
mined. As shown in Fig. 2(h) and (i), the hydrodynamic
diameter and PDI of lyophilized Ag85B@aPNS were not
significantly different from those of Ag85B@aPNS before
lyophilization.

Furthermore, to investigate the functioning of the
nanoparticles under complex biological conditions, aPNS
and Ag85B@aPNS were monitored in a physiological
environment for four weeks. During the experimental
period, they showed sufficient stability, and the changes
in hydrodynamic diameter and PDI were not statistically
significant (Fig. 2(j) and (k)). These observations dem-
onstrate that Ag85B@aPNS can be lyophilized without
additional cryoprotectants, re-suspended without signifi-
cant changes in physicochemical properties, and is stable
for a long period in environments that mimic biological
conditions. Good colloidal stability is advantageous for
achieving long-term pharmaceutical stability during vac-
cination [35].

The sustained-release behavior of Ag85B from aPNS
in PBS at 37 °C was examined for 21 days, as shown in
Fig. 2(1). The amount of released Ag85B reached 30, 70,
and 93% on days 1, 7, and 21, respectively. Thus, the
amount of Ag85B required to maintain therapeutic effi-
cacy can be prolonged by using aPNS without an initial
burst.

In vitro cell viability and phagocytosis of Ag85B@aPNS

Cytotoxicity is a key parameter for evaluating the bio-
compatibility of nanoparticles. The physicochemical
characteristics of nanoparticles, such as particle size, can
contribute to potential cytotoxicity. Smaller nanopar-
ticles can easily interact with cellular components—
such as proteins, carbohydrates, nucleic acids, and fatty
acids—potentially inducing cellular damage by enter-
ing the cells [36]. Therefore, we investigated the cyto-
toxicity of Ag85B and aPNS in macrophages. First, we
examined the cytotoxicity of the synthesized and puri-
fied Ag85B. RAW 264.7 macrophages were treated with
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Ag85B at concentrations ranging from 0.5 to 12.3 g/
mL. As shown in Fig. 3(a), Ag85B concentrations below
12.3 pg/mL exhibited no cytotoxic effects, with cell
viability exceeding 85%. Subsequently, we assessed the
cytotoxicity of aPNS at concentrations up to 1 mg/mL.
As shown in Fig. 3(b), aPNS showed no significant cyto-
toxicity or statistical differences within this concentration
range. These results suggest that both Ag85B (at concen-
trations below 12.3 pg/mL) and aPNS (at concentrations
below 1 mg/mL) do not affect cell viability; thus, the non-
cytotoxic concentrations of Ag85B and aPNS were estab-
lished for further cellular uptake experiments.

Additionally, examining macrophage surface receptors
engaged in nanoparticle detection is crucial for under-
standing the adjuvanticity of aPNS. Phagocytosis of
nanoparticles by antigen-presenting cells triggers immu-
nological and inflammatory processes following vaccine
immunization [37]. The cellular uptake capacity of aPNS
was investigated using confocal laser scanning micros-
copy with aPNS-encapsulating FITC-labeled OVA. OVA-
FITC@aPNS exhibited noticeably more intense green
fluorescence in the macrophage nuclei than the OVA-
FITC-treated group (Fig. 3(c)). In addition, the fluores-
cence intensity of OVA-FITC@aPNS was approximately
2.5 times higher than that of free OVA-FITC (Fig. 3(d)).
Moreover, OVA-FITC@aPNS-treated cells showed lyso-
somal distribution, which is a process of phagolysosomes.
These observations confirmed that aPNS were effectively
phagocytized by macrophages without inducing any
cytotoxicity.

Protective effectiveness of Ag85B@aPNS in M. tuberculosis-
infected mice

To investigate the potential of Ag85B@aPNS as a novel
tuberculosis (TB) vaccine, a prime-boost vaccina-
tion strategy was implemented. C57BL/6 mice (n=5
per group) were subcutaneously immunized with PBS
or BCG and either subcutaneously or intramuscu-
larly immunized with aPNS, Ag85B, or Ag85B@aPNS.
Immunizations were administered twice at three-week
intervals, except for BCG, and antigen-specific anti-
body titers were measured three weeks after the final
boost, prior to the challenge (Fig. 4(a)). Previous studies
have indicated that the neutralizing antibody response
against immunodominant pathogen epitopes may con-
tribute to protection against M. tuberculosis through
growth restriction within the lung cells [38, 39]. There-
fore, the levels of Ag85B-specific antibodies (IgG, IgGl,
and IgG2c) were measured in the serum of each group
of mice. IgG subclasses represent T helper cell subsets
related to the immune response. We examined IgGl
and IgG2c, which facilitate T helper type 2 (Th2) and 1
(Th1) responses, respectively. As shown in Fig. 4(b)—(d),
the level of antibody response was regulated according
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Fig. 3 In vitro cytotoxicity and phagocytosis in macrophages. (a) Cytotoxicity of Ag858B protein and (b) aPNS at various concentrations was assessed
using an MTT assay in RAW 264.7 macrophages. Phagocytosis of aPNS by antigen-presenting cells: (a) Representative confocal images of OVA-FITC and
OVA-FITC@aPNS phagocytosed by RAW 264.7 macrophages, showing OVA-FITC (green), nuclei stained with DAPI (blue), and LysoTracker (red); scale bar
=100 um. (b) Quantification of cellular phagocytosis as mean fluorescence intensity relative to unphagocytosed cells

to the administration route and formulation. Unlike the
aPNS-immunized group that showed no difference in
immune responses compared to PBS and BCG, a note-
worthy difference in the levels of IgG, IgG1, and IgG2c
was observed for the Ag85B and Ag85B@aPNS groups.
Remarkably, Ag85B@aPNS-immunized mice treated
with a subcutaneous regimen generated higher Ag85B-
specific and IgG2c titers than the other groups, implying
that Ag85B@aPNS facilitates a Th1 type response, which
is crucial for host defense against M. tuberculosis [40].
Subsequently, to examine the protective effective-
ness of Ag85B@aPNS, C57BL/6 mice were aerosol-chal-
lenged with M. tuberculosis, and the bacterial loads in the
lung after 6 and 15 weeks were recorded. As shown in
Fig. 4(e)—(g), compared with the PBS group, the TB-vac-
cinated mice (BCG, Ag85B, and Ag85B@aPNS groups)
showed a reduction in the bacterial lung load. Notably,
among the various formulations with different adminis-
tration routes, subcutaneously immunized Ag85B@aPNS
mice demonstrated significantly higher efficacy, which
was maintained until 15 weeks post-infection. To fur-
ther support these findings, the lungs of subcutaneously
vaccinated mice were stained with H&E to investigate

inflammatory regions. Ag85B@aPNS-immunized mice
showed the greatest reduction in the frequency of
inflamed areas in autopsied lung tissue at 15 weeks post-
infection (Fig. 4(h), Figure S3). These results demonstrate
that Ag85B@aPNS has a protective effect via the Thl
response, highlighting the potential of Ag85B@aPNS as a
novel TB vaccine.

Immune response induced by Ag85B@aPNS in a BCG-
primed mouse

Encouraged by the results presented above, we hypoth-
esized that Ag85B@aPNS could also play the role of a
BCG booster vaccine. Therefore, we investigated the
ability of Ag85B@aPNS to boost the immune response
induced by BCG administration. The mice were subcu-
taneously immunized with BCG. Thereafter, they were
subcutaneously immunized with Ag85B@aPNS, Ag85B,
or aPNS twice at three-week intervals via the SC, IM,
and intranasal (IN) routes. On day 84, humoral and
cell-mediated immune responses were assessed (Figure
S3). In the lung lymphocytes of the respective groups,
immunogenicity following BCG and aPNS immunization
was comparable to that of the PBS group. However, the
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Ag85B@aPNS-immunized group exhibited a significantly
higher induction of antigen-specific T-cell responses in
SC immunization. Based on these results, we confirmed
the effectiveness of this approach for subsequent experi-
ments involving SC immunization, following an identi-
cal animal experiment schedule (Fig. 5(a)). The levels of
Ag85B-specific IgG, IgG1, and IgG2c were measured, and
the responses following BCG and aPNS immunization
were similar to those observed in the PBS group. How-
ever, compared to BCG, the levels of Ag85B-specific IgG,
IgG1, and IgG2c in the Ag85B@aPNS immunized group
were high and statistically significant. Although the lev-
els of IgG1 and IgG2c in Ag85B@aPNS- and Ag85B-
immunized mice were similar, total IgG levels were
augmented by Ag85B@aPNS immunization (Fig. 5(b)-
(d)). To determine the number of IFN-y-secreted T cells,
ELISpot assays of mouse splenocytes and lung lympho-
cytes were conducted. The number of IFN-y spot form-
ing units (SFU) was determined after re-stimulation with
Ag85B and PPD. As shown in Fig. 5(e)—(h), cytokine
expression in the splenocytes and lung lymphocytes of
mice immunized with Ag85B@aPNS was significantly
higher than that in the BCG-, Ag85B-, and aPNS-immu-
nized groups re-stimulated with both Ag85B and PPD.
This result implies that the vaccine candidate proposed
herein, Ag85B@aPNS, could boost the immune response
induced by BCG administration.
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In addition, we investigated the vaccine-induced
immune response by measuring the levels of pro-inflam-
matory cytokines and chemokines, including IL-2, IL-
12p40, IL-17, MCP-1, MIP-1a, MIP-1B, KC, GM-CSF,
and IL-1f, in the supernatants of cultured lung lym-
phocytes (Fig. 6). IL-2 and IL-12p40, which are integral
to Thl cell responses, as well as IL-17, a crucial media-
tor of protective immunity via Th17 cell responses [41],
were significantly elevated in the Ag85B@aPNS group
compared to the other groups (Fig. 6(a)—(c). Further-
more, the Ag85B@aPNS group exhibited increased levels
of MCP-1, MIP-1a, and MIP-1p, which play critical roles
in recruiting inflammatory cells and sustaining effector
immune responses related to pathogenesis (Fig. 6(d)—
(f)) [42, 43]. Moreover, the administration of Ag85B@
aPNS resulted in elevated levels of cytokines and che-
mokines associated with the activity of innate immune
cells. Specifically, KC (also known as CXCL-1), which is
produced by peritoneal macrophages in response to TLR
signaling to recruit neutrophils during pathogen invasion
[44], as well as GM-CSF and IL-1p, which modulate the
functionality of innate immune cells [45, 46], were sig-
nificantly increased following Ag85B@aPNS administra-
tion (Fig. 6(g)—(i)). These results suggest that Ag85B@
aPNS enhances immune responses by activating innate
immune cells, such as macrophages, thereby linking Th1
and Th17 cell responses.
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Fig. 6 Cytokine production is related to Th1 and macrophage activation. Lung lymphocytes were harvested from euthanized mice. Cultured superna-
tants of lung lymphocytes were collected for cytokine level measurement after stimulation with Ag85B protein (100 ng/mL) for 36 h at 37 °C. The produc-
tion levels of six cytokines and chemokines: (a) IL-2, (b) IL-12p40, (c) IL-17, (d) MCP-1, (e) MIP-1a, (F) MIP-1B, (g) KC, (h) GM-CSF, and (i) IL-1(3 were examined
using a bead-based multiplex cytokine assay. Values were analyzed using One-way ANOVA with Dunnett’s multiple comparisons test and are represented
as the mean and SD. Significance were considered as follows: *: p <0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001
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Conclusion

In this study, we designed Ag85B@aPNS as a novel
TB- and BCG booster vaccine. Ag85B was successfully
expressed and purified with sufficient yield using a fusion
tag. The successfully assembled Ag85B was encapsu-
lated via electrostatic interactions and swelling of aPNS.
The aPNS favorably loaded with 1 wt% Ag85B without
leading to a change in its physicochemical properties.
In addition, Ag85B@aPNS exhibited good stability after
lyophilization in the absence of cryoprotectants under
long-term physiological conditions. In vitro experiments
showed that aPNS and Ag85B did not exhibit notable
cytotoxicity and that aPNS boosted the phagocytic capa-
bility of Ag85B. Furthermore, Ag85@aPNS adminis-
tered via subcutaneously stimulated an enhanced Thl
and Th17 immune response, resulting in a considerable
reduction in the bacterial load in the lungs and pulmo-
nary inflammatory lesions in M. tuberculosis-challenged
mice. Furthermore, BCG-primed mice immunized with
Ag85B@aPNS showed improved humoral and cell-medi-
ated immune responses. These observations suggest that
Ag85B@aPNS could be used as an alternative to BCG as
well as a BCG booster vaccine candidate against TB.
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