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Tuberculosis (TB) is one of the leading causes of death due to infectious disease. The
sole established vaccine against TB is the Mycobacterium bovis Bacillus Calmette—
Guerin (BCG) vaccine. However, owing to the lack of durable immunity with the BCG
vaccine and its risk of infection, safer vaccines that can also be used as boosters are
needed. Here, we examined whether membrane vesicles (MVs) from BCG (BCG-MVs)
isolated from BCG statically cultured in nutrient-restricted Sauton’'s medium (s-MVs)
and from BCG planktonically cultured in nutrient-rich medium commonly used in the
laboratory (p-MVs) could be used as novel TB vaccines. MVs are extracellular vesicles
produced by various bacteria, including mycobacteria. Differences in the culture
conditions affected the morphology, contents, immunostimulatory activity and
immunogenicity of BCG-MVs. s-MVs presented greater immunostimulatory activity
than p-MVs via the induction of TLR2 signaling. Mouse immunization experiments
revealed that s-MVs, but not p-MVs, induced mycobacterial humoral and mucosal
immunity, especially when administered in combination with adjuvants. In a BCG
challenge experiment using BCG Tokyo type | carrying pMV361-Km, subcutaneous
vaccination with s-MVs reduced the bacterial burden in the mouse lung to a level
similar to that after intradermal vaccination with live BCG. Furthermore, the
administration of s-MVs induced a significant lipopolysaccharide-induced
proinflammatory response in macrophages in vitro. These results indicate that BCG-
MVs obtained from static culture in Sauton's medium induce not only humoral
immunity against mycobacteria but also trained immunity, which can allow the
clearance of infectious agents other than mycobacteria. Together, these findings
highlight the immunological properties of BCG-MVs and the availability of acellular TB
vaccines that confer broad protection against various infectious diseases.
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1 Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is
one of the oldest infectious diseases in human history and remains a
leading cause of death worldwide. In 2022, 1.3 million people died from
TB (1). The administration of a vaccine derived from Mycobacterium
bovis bacillus Calmette-Guerin (BCG) is the sole established
vaccination strategy against TB (1). The BCG vaccine prevents TB
occurrence and severe forms of TB infection, such as meningitis and
miliary disseminated TB, in infants (2, 3). On the other hand, the
efficacy of the BCG vaccine against TB in adults is limited (3). Thus,
there is a need to develop a more effective vaccine against TB for adult
use. Recent studies have shown that intravenous administration of the
BCG vaccine confers much stronger protection against Mtb infection
than does conventional intradermal administration (4, 5). However, it
remains unclear whether intravenous BCG vaccination confers
protection against TB in all age groups or if it is applicable for
human use. BCG is a live vaccine that sometimes causes adverse
events, such as local infection in the bone, joints or skin and
disseminated infection (6). To avoid such adverse events, a safer
BCG or more effective acellular vaccine needs to be developed.

Bacterial membrane vesicles (MVs) are exosome-like nanoscale
extracellular vesicles produced by bacteria. MVs contain various
molecules derived from their donor bacteria, such as proteins,
nucleic acids and lipids. Recently, MVs have been considered
novel vaccine candidates because of their immunostimulatory
properties (7-10). A previous study revealed that mycobacterial
MVs from Mtb have greater adjuvanticity and immunogenicity
than MVs from BCG (BCG-MVs) do (11). This difference in
vaccine efficacy between Mtb-derived MVs and BCG-MVs may
be caused by the presence of Mtb-specific antigens, such as CFP-10
and ESAT-6, in the Mtb-derived MVs (12, 13). However,
vaccination with CFP-10- or ESAT-6-containing MVs may
interfere with the latent TB diagnostic test and make
distinguishing latent TB from controlled TB difficult (14, 15).
Moreover, with respect to the biosafety of and ease of handling
MV-donor bacteria, BCG may be more favorable than Mtb.

Owing to their exosome-like properties, MVs may serve as
carriers that mediate intercellular communication among bacteria
and between bacteria and the host (9). MVs as vaccines induce both
adaptive immunity and innate immune memory, also known as
trained immunity (16). For example, recent studies have shown that
the BCG vaccine induces not only TB-specific immunity but also
trained immunity (17, 18). BCG-induced trained immunity results in
hypersensitive innate immune response against nonspecific pathogen-
associated molecular patterns, including those derived from BCG and
Mitb (19, 20). The underlying mechanism of this trained immunity is
that BCG vaccination induces epigenetic alterations in the
hematopoietic stem and progenitor cell (HSPC) compartment in
the bone marrow and functional alterations in HSPCs. However, it
is unclear why BCG vaccination can train HSPCs despite being
administered at sites distant from the bone marrow. Thus,
exosome-like BCG-MV's may be involved in training HSPCs.

In the present study, we investigated whether BCG-M Vs could be
used as novel TB vaccines by performing immunization experiments
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in mice. After generating two different BCG-MV preparations, s-MVs
prepared from static-cultured BCG in nutrient-restricted Sauton’s
medium, which is used to produce the BCG vaccine, and p-MVs
prepared from planktonic-cultured BCG in nutrient-rich medium,
which is commonly used in mycobacterial experiments, we found
that s-MVs induced mycobacterial humoral immunity and reduced
the bacterial burden in mice. In addition, we showed that s-M Vs also
induced trained immunity. In this study, we demonstrated the
possibility of developing novel TB vaccines using BCG-MVs from
static culture in Sauton’s medium, which may also protect against
other infectious diseases.

2 Materials and methods
2.1 Bacterial strains and culture conditions

We used BCG Tokyo type I, an attenuated strain of M. bovis, in
this study. The frozen BCG stock was thawed and cultured in
Middlebrook 7H9 broth (BD, Franklin Lakes, NJ, USA)
supplemented with 0.2% (v/v) glycerol, 0.5% bovine serum
albumin, 0.081% NaCl, 0.2% b-glucose, and 0.05% (v/v) Tween
80 (7H9ADN) (21). The morphology of BCG was assessed by
scanning electron microscopy (SEM) (22).

To isolate static-cultured MVs, when the turbidity of the bacterial
suspension (OD600) reached approximately 1.0, 10 mL of the BCG
culture was added to 200 mL of Sauton’s medium (4.0 g/L L-asparagine
monohydrate, 2.8 g/L Trisodium citrate dihydrate, 0.5 g/L K,HPO,, 0.5
g/L MgSO,-7H,0, 0.05 g/L ammonium iron citrate, and 6% glycerol),
which is commonly used to produce the BCG vaccine. BCG was then
statically cultured for 21 days. To isolate the planktonic-cultured MV,
10 mL of the BCG culture was added to Mueller—Hinton II (MH-II)
broth (BD) supplemented with 0.05% (v/v) Tween 80 or 7H9ADC
broth, which is commonly used for mycobacterial experiments. Then,
BCG was planktonically cultured for 10-14 days with gentle stirring by
the magnetic string bar at 60 rpm.

For the mycobacterial challenge experiment, we used the
pMV361-Km-containing BCG mutant strain (23, 24), which was
kindly provided by Dr. Yoshitaka Tateishi, Niigata University.
Kanamycin (Km) was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan).

2.2 MV isolation

BCG-MVs were isolated via ultracentrifugation according to
previous methods (11, 13, 25). Briefly, the culture supernatant was
harvested via centrifugation (10,000xg for 30 min at 4°C) and passed
through 0.45 um and 0.22 um filters. The supernatant was
subsequently concentrated via ultrafiltration using an Amicon
stirred cell and a 100 kDa Ultracel membrane (Millipore,
Burlington, MA, USA). The MVs were sedimented via
ultracentrifugation (100,000xg for 2 h at 4°C), washed once with
phosphate-buffered saline (PBS) and resuspended in PBS. The BCG-
MV protein concentration was determined via a BCA assay
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(FUJIFILM Wako) according to the manufacturer’s instructions.
MVs from Escherichia coli Nissle 1917 AflhD (EcN-MVs), a
probiotic strain lacking flagella, were purified from the supernatant
of a 16-h bacterial culture of EcN after glycine induction performed
as described previously (26). The ECN-MV protein concentration was
determined via a Bradford assay (Bio-Rad Laboratories, Hercules,
CA, USA). The morphology of the MV's was assessed by transmission
electron microscopy (TEM) and field emission SEM (FE-SEM) (7).
The size distributions of the MV's were assessed using a nanoparticle
size analyzer NanoFCM (NanoFCM Inc., Xiamen, China) (7).

2.3 Macrophage culture

Human monocytic leukemia (THP-1) cells, which were kindly
provided by Dr. Mayuko Osada-Oka, Kyoto Prefectural University,
were cultured in RPMI-1640 medium (FUJIFILM Wako, Osaka,
Japan) supplemented with 10% fetal bovine serum (FBS), and 100
units/mL penicillin plus 100 pg/mL streptomycin (P/S) in a humidified
atmosphere of 5% CO, at 37°C. THP-1 cells were seeded onto 12- or
24-well plates at densities of 5x10° or 2.5x10° cells per well,
respectively. The cells were differentiated into Me@s with 100 nM
phorbol 12-myristate-13-acetate (Cayman Chemical, Ann Arbor, MI,
USA) in Dulbecco’s modified Eagle’s medium (DMEM) (FUJIFILM
Wako) supplemented with 10% FBS and P/S for 24 h (27, 28). Then,
the cells were washed twice with PBS, and the culture medium was
replaced with fresh DMEM containing 10% FBS and P/S for 24 h. The
cells were subsequently stimulated with BCG-MVs for 3 h (for the
RNA experiment) or 24 h (for the multiplex assay).

2.4 Real-time qPCR

Total RNA was extracted with Isogen (Nippon Gene, Toyama,
Japan) and a Direct-zol' RNA MicroPrep kit (Zymo Research,
Irvine, CA) as previously reported (29). After the quality of the
RNA was checked with a NanoDrop 2000 (Thermo Scientific,
Waltham, MA, USA), cDNA was synthesized using ReverTra Ace
qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka,
Japan). Gene expression levels were quantified using Luna
Universal qQPCR Master Mix (New England BioLabs Inc., Ipswich,

TABLE 1 List of qPCR primer used in this study.
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MA, USA). The sequences of the primer sets used in this study are
listed in Table 1. PCR was performed on a 7500 Fast instrument
(Applied Biosystems, Carlsbad, CA, USA). To normalize the data,
the relative expression levels of the target genes were calculated via
the comparative CT (AACT) method and compared with those of
18S rRNA as an internal standard. The experiments were performed
independently three times.

2.5 Multiplex assay

The culture supernatant was collected from THP-1 Mes
stimulated or not by BCG-MVs. The concentrations of cytokines
and chemokines in the supernatants were assessed via the Bio-Plex
Pro'" Human Cytokine 17-Plex assay (Bio-Rad Laboratories)
according to the manufacturer’s instructions. The fluorescence
intensity was measured and the concentrations of the target
factors were calculated with a Bio-Plex 200 system on the basis of
Luminex multiple analyte profiling technology.

2.6 Animals and immunization

All animal procedures were approved by the animal experiment
committee of Osaka City University (approval no. 18077) and were
performed in accordance with our institutional animal care guidelines.
Female BALB/c mice aged 6-8 weeks at the time of immunization
were purchased from Japan SLC (Hamamatsu, Japan). The mice were
randomly divided into cages according to their group, provided ad
libitum access to food and water, and maintained on a 12-h light/dark
cycle at 22 + 1°C. The mice were intranasally or subcutaneously
immunized with 1 ug of MVs per mouse with or without adjuvants at
a 3-week interval (30). The mice in the BCG immunization group
were intradermally vaccinated with 5x10° CFU of wild-type BCG
suspended in 100 UL of sterile PBS. The adjuvants used in this study
were 10 pg of poly(I:C) (Sigma—Aldrich, St. Louis, MO, USA), 100 pg
of Imject Alum Adjuvant (Thermo Fisher Scientific) and 1 ug of EcN-
MVs per mouse. Five weeks after the first immunization, sample
collection was performed as previously reported (7, 30, 31). Briefly,
saliva was collected after intraperitoneal administration of 0.08 mg/
mouse pilocarpine and 0.04 mg/mouse isoproterenol. After saliva

Oligonucleotides used for gPCR

Target gene

Forward primer

Reverse primer

18S rRNA GCAATTATTCCCCATGAACG GGGACTTAATCAACGCAAGC
II-1b ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
Il-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
I-10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG
Mcpl AGTCTCTGCCGCCCTTCT GTGACTGGGGCATTGATTG
Tnfa GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC

IL, interleukin; MCP1, monocyte chemotactic protein 1; TNFa, tumor necrosis factor alpha.
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collection, the mice were anesthetized via intraperitoneal
administration of medetomidine (0.3 mg/kg), midazolam (4 mg/kg)
and butorphanol (5 mg/kg) (MMB) and sacrificed via exsanguination.
To obtain serum, whole blood was centrifuged for 10 min at 3000xg
and 4°C. Additionally, the lungs and nasal cavities were washed with
PBS containing 1% bovine serum albumin.

2.7 Enzyme-linked immunosorbent assays

The development of humoral immunity was confirmed by
ELISAs as described previously, with some modifications (7, 31).
Briefly, whole-cell lysates were prepared from BCG cells via bead
beating 5 times (5000 rpm for 30 s each time) in carbonate buffer
(pH 9.6), followed by centrifugation at 12,000 x g for 20 min at 4°C
and passage through 0.45- and 0.22-pum filters. Then, the lysates were
diluted to a concentration of 20 ug/mL and pipetted into a 96-well
ELISA plate (SUMITOMO BAKELITE, Tokyo, Japan). The BCG
lysates were immobilized overnight at 4°C. After the coated antigen
was blocked by the addition of 5% skim milk in PBS with 0.05%
Tween 20 (PBS-T), the samples collected from the immunized mice
(serum, saliva, nasal wash and lung wash) were diluted in 5% skim
milk in PBS-T and added to the wells. After overnight incubation at
4°C, diluted horseradish peroxidase-linked secondary antibodies
(anti-mouse IgG and anti-mouse IgA antibodies (Cytiva,
Wilmington, DE, USA)) were added to the wells at a dilution of
1:5000. The peroxidase substrate SureBlue (SeraCare Life Sciences,
Milford, MA, USA) was subsequently added, and the reaction was
stopped with 1 M HCl. BCG-specific antibodies were detected via
colorimetry, and the absorbance was measured at 450 nm.

2.8 BCG challenge

Five weeks after the first immunization, the mice were
challenged as previously reported (24). In brief, 5x10° CFU of
BCG containing pMV361-Km was suspended in 40 UL of sterile
PBS and intranasally administered to the mice under anesthesia
with MMB. Two weeks after the challenge, the mice were sacrificed
under anesthesia with MMB. The lungs were subsequently
homogenized in 1 mL of sterile ultrapure water via bead beating
with 28 mm diameter zirconia beads at 5000 rpm for 30 s, and lung
cells were lyzed by 0.1% Triton X-100. The lysate was diluted with
sterile ultrapure water and plated on Middlebrook 7HI10 agar
supplemented with oleic acid, bovine serum albumin, dextrose
and 10 pug/mL kanamycin. The plates were incubated at 37°C for
20 days, after which the CFUs were counted.

2.9 Mass spectrometry

Proteins from two biological replicates of both the s-MVs and p-
MVs were identified via MS. Briefly, MV-associated proteins were
concentrated by trichloroacetic acid precipitation and separated via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
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-PAGE) on a 12% polyacrylamide gel with 10 pg of protein in each
lane. The resulting gel was stained with 10% Coomassie Brilliant Blue
(G-250) solution, and 4 pieces were excised from each lane. The
samples were reduced, alkylated and trypsinized according to an in-gel
digestion method (32). The peptides extracted from the gel were
subjected to nanoscale liquid chromatography (nanoLC)-MS/MS
analysis with a system consisting of an Orbitrap Velos Pro (Thermo
Fisher Scientific) coupled with an Advance UHPLC (Brucker, Billerica,
MA) and an HTC-PAL autosampler (CTC Analytics, Zwingen,
Switzerland). Each peptide sample was separated with both a trap
column (5-pum C18 L-column) and an analytical column (3-um C18
L-column) (Chemicals Evaluation and Research Institute, Tokyo,
Japan) (32). The mobile phases were 0.1% formic acid in water (A)
and 100% acetonitrile (B). Gradient elution of the peptides was
performed from 5-40% B over 40 min and 40-95% B over 1 min,
after which a concentration of 95% B was maintained for 9 min; the
flow rate was 200 nL/min. Full MS spectra were obtained with an
Orbitrap mass spectrometer in the mass/charge (m/z) range of 300-
1800 with a resolution of 60,000 at 400 m/z. For automated gain
control (AGC), the 12 most intense precursor ions were selected for
MS/MS analysis. The raw data were processed using ProteoWizard
msConvert (https://proteowizard.sourceforge.io/) and searched
against the M. tuberculosis H37Rv protein sequence database (the
SwissProt_2019_11 database) using the MASCOT algorithm (ver.
2.7.0, Matrix Science Inc., Boston, MA, USA).

Scaffold (version Scaffold_4.11.0, Proteome Software Inc.,
Portland, OR, USA) was used to validate peptides and proteins
identified via MS/MS. We compared the proteins identified from
the s-MVs and p-MVs and found those that were uniquely expressed
in both types of MV. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses were
performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID; https://david.ncifcrf.gov/home jsp).

2.10 Western blotting

Proteins in the BCG-derived MVs were extracted in an equal
volume of loading buffer containing SDS. Proteins separated by SDS
-PAGE were transferred to Immobilon-P PVDF membranes
(Millipore), and the membranes were probed with antibodies
against lipoarabinomannan (LAM) (clone TB, kindly provided by
Otsuka Pharmaceutical Corporation, Tokushima, Japan) and the
19-kDa lipoprotein LpqH (IT-12, BEI Resources).

2.11 In vitro trained immunity model

THP-1 Me@s were trained as described previously, with some
modifications (33, 34). Briefly, differentiated THP-1 M@s in 24-well
plates were incubated with PBS (negative control) or 1 pg/mL s-
MVs for 24 h. The cells were washed twice with prewarmed PBS and
then incubated for 2 days in culture medium; the medium was
changed 6 h before restimulation. The cells were restimulated with
PBS, 100 ng/mL lipopolysaccharide (LPS) (35-37), 100 ng/mL
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Pam3CSK4 (35, 38) or 1 pg/mL s-MVs for 3 h and then washed
twice with ice-cold PBS. Finally, total RNA was purified using the
Isogen and Direct-zol'" RNA MicroPrep kit.

2.12 Statistical analysis

The data obtained from in vivo or in vitro experiments are
presented as the means and standard errors of the means or the
means and standard deviations, respectively. Comparisons among
more than three groups were performed via one-way analysis of
variance followed by Tukey’s HSD test using GraphPad Prism
(GraphPad Software, Boston, MA). Comparisons between two
groups were performed via unpaired ¢ -tests using GraphPad
Prism. Differences were considered statistically significant at a
value of P<0.05.

3 Results

3.1 Comparison of the BCG-MVs obtained
after culture under different conditions

To investigate whether BCG-MVs could be used as novel TB
vaccines, we first aimed to determine the optimal culture conditions

10.3389/fimmu.2025.1534615

for the MV donor bacilli by comparing MVs obtained from
statically cultured BCG in nutrient-restricted Sauton’s medium (s-
MVs) and those obtained from planktonically cultured BCG in
nutrient-rich medium via ultracentrifugation (p-MVs). We first
examined whether the morphological and biochemical properties of
MVs were affected by the culture conditions of the donor bacilli.
SEM analysis revealed that BCG produced MVs by blebbing
(Figure 1A). We then confirmed the vesicular structure of the
purified BCG-MVs by FE-SEM and TEM (Figure 1B). EM
analysis revealed that smaller MVs (¢ 20-40 nm) were enriched
in p-MVs than in s-MVs. On the other hand, according to the result
of the nanoparticle size analyzer, the mean diameter of the s-MVs
(65.25 + 7.33 nm) was smaller than that of p-MVs (72.43 + 13.45
nm) (Figure 1C). These results showed that differences in the donor
cell culture conditions may affect MV morphology.

3.2 The protein and lipid compositions of
MVs depend on the culture conditions

Because the difference in size distribution between the s-MVs
and p-MVs may be caused by the presence of different proteins and
lipids in the MV's, we compared the proteins expressed in both types
of BCG-MVs (Figure 2A). Global LC-MS/MS analysis revealed that
58 proteins were unique to p-MVs and 110 proteins were unique to

FIGURE 1

;. P-MVs
4
3 72.43 £ 13.45 nm

Particle number (%)

80 100 120 140 160 180
Size (nm)

S-MVs

65.25 +7.33 nm

Particle number (%)
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Morphological analysis of membrane vesicles (MVs) from Mycobacterium bovis BCG cultured under different conditions. (A) Scanning electron
microscopy (SEM) revealed MV blebbing on the BCG surface. (B) Images of MVs from BCG statically cultured in Sauton’'s medium (s-MVs) and BCG
planktonically cultured in Muller—Hinton Il broth (p-MVs) obtained by field emission SEM (upper) and transmission electron microscopy (lower).

(C) Analyses of the MV size distribution and particle number via nanoscale flow cytometry.
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s-MVs, while 235 proteins were expressed in both types of
MVs (Figure 2B). Overall, the number of identified proteins
was greater in s-MVs than in p-MVs. Moreover, functional
annotation clustering via GO and KEGG enrichment analyses
revealed that various metabolic pathways (such as valine
synthesis, gluconeogenesis, TCA cycle, pyrimidine metabolism
and biosynthesis of amino acids) and proteasomal catabolic
pathways, which consist of the prokaryotic ubiquitin-like protein
(pup)-dependent protein degradation system (39), were enriched in
the proteins expressed in the s-MVs (Supplementary Figures S1A,
B). Next, we compared the amounts of LAM and LpqH, which are
components of the mycobacterial cell wall and cell membrane, in
the MVs. These molecules are well-known virulence factors in Mtb
infection and have immunostimulatory properties that are
mediated by Toll-like receptor (TLR) 2 activation (40, 41). The
amounts of LAM and LpqH were significantly greater in s-MVs
than in p-MVs (Figure 2C). These results showed that differences in
the donor cell culture conditions may affect the protein and lipid
composition in the isolated MVs.

3.3 The innate immune response induced
by MVs depends on the culture conditions
of the MV donor bacteria

Next, we examined whether alterations in the molecular
composition of MVs caused by the different donor cell culture
conditions may affect the immunostimulatory properties of the
MVs. Differentiated THP-1 M@s were stimulated with s-MVs or p-
MVs for 3 h (Figure 3A), after which the transcription levels of

10.3389/fimmu.2025.1534615

inflammation-related genes were analyzed. Compared with PBS
treatment, s-MV treatment significantly increased the expression
levels of interleukin (IL)-6. With the exception of monocyte
chemotactic protein 1 (MCP1), the levels of IL-1f, IL-10 and
tumor necrosis factor alpha (TNFo) tended to increase by s-MV
treatment (Figure 3B). However, treatment with p-MVs did not
affect the expression levels of these genes.

Next, the levels of secreted cytokines were analyzed via multiplex
analysis. Treatment with s-MVs increased the production of various
cytokines, such as IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17 and TNFa,
but not interferon gamma or MCP1 (Figure 3C). However, p-MVs did
not affect the production of these cytokines. The immunostimulatory
property of s-MVs depends on the TLR2-mediated signaling pathway
because the increased production of cytokines, except MCP1, induced
by treatment with s-MV's was abolished in TLR2-knockout THP-1 cells
(Supplementary Figure S2). These results showed that the culture
conditions of the MV donor bacteria affect not only the components
of MVs but also their immunostimulatory activities. Moreover, s-MV's
strongly stimulate the host innate immune response via TLR2.

3.4 Comparison of p-MV and
s-MV immunogenicity

Next, we examined whether the culture conditions of the MV
donor bacteria affect MV immunogenicity in vivo. We intranasally
immunized mice twice with s-MVs or p-MVs at a 3-week interval
and assessed BCG-specific antibody production (Figure 4A). These
findings showed that the MVs could not induce the production of
BCG-specific antibodies in the absence of an adjuvant. In contrast,
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FIGURE 2

Protein and lipid compositions in BCG-derived membrane vesicles (MVs) obtained from donor bacilli cultured under different conditions. (A) MV-
associated proteins from static and planktonic culture-derived BCG-MVs (s-MVs and p-MVs, respectively) were separated via SDS—PAGE. (B)
Comparison of the s-MV and p-MV protein contents with two sets of biological replicates. (C) The levels of the glycoproteins lipoarabinomannan
(LAM) and 19 kDa lipoprotein (LpgH) in s-MVs and p-MVs were compared via Western blotting with three sets of biological replicates each with three

technical replicates.
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significant induction of BCG-specific IgA was observed in the lung
wash, nasal wash and saliva samples, but BCG-specific IgA in serum
tended to be induced only when the mice were immunized with s-
MVs and poly(I:C) but not alum (Figure 4B). Moreover, significant
induction of BCG-specific IgG was detected in nasal washes and

saliva upon coadministration of s-MVs and poly(I:C) (Figure 4C).
However, p-MVs could not induce antibody production even when
adjuvants were coadministered. These results showed that s-MVs
stimulated adaptive immune responses more strongly than p-MVs
did. Furthermore, s-MVs induced antimycobacterial immunity only
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Differences in the immunogenicity of BCG-derived membrane vesicles (MVs) cultured under different conditions. (A) Immunization regimen. Six- to
eight-week-old female BALB/c mice were intranasally immunized with MVs derived from BCG statically cultured in Sauton’s medium (s-MVs) or BCG
planktonically cultured in Muller-Hinton Il broth (p-MVs) with or without adjuvants (poly(l:C) or alum) twice at a 3-week interval (N=3). Two weeks
after the second immunization, the mice were sacrificed. (B) BCG-specific IgA production was examined via ELISA. (C) BCG-specific IgG production
was examined via ELISA. P, p-MVs; S, s-MVs; plC, poly(l:C). The data are presented as the means and SEMs (N=3, two technical replicates). *P<0.01;

**P<0.001 as determined via Tukey's test.

when combined with poly(I:C). Poly(I:C), a double-stranded RNA,
is an agonist of TLR3 and stimulates the T-helper 1 (Thl)-
polarizing immune response by activating NF-kB-regulated gene
expression (42). On the other hand, alum usually stimulates the
Th2-polarizing immune response (43). Thus, Thl-type adjuvants
may be more favorable than Th2-type adjuvants when combined
with s-MVs.

3.5 Differences in antibody production
according to immunization route

A previous study revealed that ECN-MVs, another Thl-type
adjuvant (44), have greater adjuvanticity than poly(I:C) (26).
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We next investigated whether poly(I:C) or EcN-MVs are more
suitable adjuvants for s-MVs (Figure 5A). First, BCG-specific
antibody production in intranasally immunized mice was
assessed. Compared with the control, both the poly(I:C)
and EcN-MV adjuvants significantly induced the production of
BCG-specific IgA, as detected in the lung washes, nasal washes,
saliva and serum (Figure 5B). However, with respect to
adjuvanticity for IgG production, poly(I:C) tended to be superior
to EcN-MVs. TB-specific secretory IgA production is important
for TB prevention, whereas TB-specific IgG enhances TB infection
(45). However, IgG is not necessarily a harmful factor for TB (46,
47). We also compared the adjuvanticities of poly(I:C) and EcN-
MVs in subcutaneously immunized mice (Figure 5A). Unlike
intranasal immunization, the adjuvanticity of ECN-MVs tended
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FIGURE 5

Differences in the induction of antibody production on the basis of the immunization route using membrane vesicles derived from BCG statically
cultured in Sauton’s medium (s-MVs). (A) Immunization regimen. Six- to eight-week-old female BALB/c mice were intranasally or subcutaneously
immunized with s-MVs with or without adjuvants (poly(l:C)- or flagellar-deficient Escherichia coli Nissle 1917 (EcN)-derived MVs) twice at a 3-week
interval (N=5-6). Two weeks after the second immunization, the mice were sacrificed. (B) BCG-specific IgA and IgG antibody production after
intranasal immunization was examined via ELISA. (C) BCG-specific IgA and 1gG antibody production after subcutaneous immunization was examined
via ELISA. S, s-MVs; S + plC, s-MVs with poly(l:C); S + EcN, s-MVs with ECN-MVs. The data are presented as the means and SEMs (N=5-6, two
technical replicates). *P<0.05; **P<0.005 as determined via Tukey's test.

to be superior to that of poly(I:C) upon subcutaneous
immunization (Figure 5C). MVs have both high adjuvanticity
and high immunogenicity; however, s-MVs alone did not induce
significant production of mycobacterial antibodies upon
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either intranasal or subcutaneous immunization (Figures 4B, C).

data suggest that EcN-MVs are needed to enhance

the mycobacterial humoral immune response induced by
subcutaneous immunization with s-MVs.
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3.6 Immunization with BCG-MVs confers
protection against mycobacterial infection

Next, we investigated whether immunization with s-MVs
confers efficient protection against mycobacterial infection
in a BCG challenge study. Mice that were intranasally or
subcutaneously immunized with s-MVs with or without poly(I:C)
or ECN-MV as an adjuvant twice at a 3-week interval were
intranasally challenged with live Km-resistant BCG (5 x 10°
CFU/mouse) at 5 weeks after the first immunization. Moreover,
mice intradermally immunized with live BCG were also challenged
with live Km-resistant BCG at 5 weeks after immunization. At 2
weeks after challenge, intranasal immunization with s-MVs did not
significantly reduce the bacterial burden in the mouse lungs
(Figure 6) despite inducing BCG-specific antibody production
(Figure 5B). Among the groups receiving subcutaneous
immunization, the combination of s-MVs and EcN-MVs
significantly reduced the bacterial burden in the lungs to a level
comparable to that in the mice intradermally immunized with
BCG (Figure 6).

3.7 s-MV induction of trained immunity
in vitro

The BCG vaccine confers not only TB immunity but also
trained immunity (17, 18, 33). A recent study revealed that MVs
from E. coli induce trained immunity in mice (16). We therefore
investigated whether s-MVs could induce trained immunity in
vitro. We trained THP-1 M@s with BCG-MVs, and the trained
cells were restimulated with the TLR4 agonist LPS, the TLR2
agonist Pam3CSK4, or s-MVs followed by 48 h of rest
(Figure 7A). In the absence of restimulation (PBS treatment), the
basal expression levels of IL-6, IL-1 and TNFo. in THP-1 Mos
tended to increase with training (Figure 7B). The expression level of
IL-6 in trained cells also tended to increase when the cells were
restimulated with Pam3CSK4 and s-MVs (Figures 7C, D,
respectively). Moreover, the expression level of IL-6 in trained
cells significantly increased when the cells were restimulated with
LPS (Figure 7E). These data may indicate that vaccination with s-
MV confers not only specific protection against TB infection but
also broad protection against gram-negative pathogen infection in a
TLR4-dependent manner.

4 Discussion

In the present study, we investigated whether BCG-MV's could
be used as a novel TB vaccine. Upon comparison of two different
BCG-MYV preparations, we found that s-MV’s, obtained from static-
cultured BCG in nutrient-restricted Sauton’s medium, but not p-
MVs obtained from planktonic-cultured BCG in nutrient-rich
medium, induced BCG-specific immunity and reduced the
bacterial burden in mice. In addition, we showed that s-MVs
induced trained immunity. In this study, we demonstrated that
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developing a novel TB vaccine using s-MVs is possible, and such a
vaccine may also protect against other infectious diseases.

Our data revealed that s-MVs, but not p-MVs, contained
increased levels of LAM and LpqH and strongly induced
inflammation in a TLR2-dependent manner. The components of
MV are affected by the milieu of the MV donor bacilli, including
both their nutrient status and culture methodology (planktonic or
static) (25, 48). Baena et al. reported that the difference in the
components of 7H9-based medium and Sauton’s medium affects
the expression of various metabolism-related genes in Mtb and that
cultivation in Sauton’s medium increases lipid and lipoprotein
synthesis-related gene expression (49). These findings support our
observations that MVs from BCG cultured in nutrient-restricted
Sauton’s medium may contain more lipids and lipoproteins than
MVs from BCG cultured in nutrient-rich medium. On the other
hand, Takahara et al. reported that Pseudomonas aeruginosa-
derived MVs from static culture contain more lipids than MVs
obtained after planktonic culture, which results in greater
immunostimulatory properties (48). We expect that differences in
both nutritional status and culture methodology (planktonic or
static) affect bacterial metabolism, resulting in BCG-MVs with
different immunostimulatory properties.

MS analysis of the MV-associated proteins led to the
identification of more proteins in s-MVs than in p-MVs (345
versus 293 proteins, respectively). The subsequent enrichment
analysis suggested that various metabolic pathways and pup-
dependent proteasome catabolic pathways are activated in the s-
MYV donor bacilli compared with the p-MV donor bacilli. Nutrient
restriction activates lipid biosynthesis (49, 50) and the pup-
proteasome system (39) in mycobacteria. Additionally, in
eukaryotes, the activity of the ubiquitin—proteasome system
affects lipid biosynthesis (51). Activation of the pup-proteasome
system in s-MV donor bacilli may result in increased amounts of
the immunostimulatory factors LAM and LpqH.

The increased number of proteins identified in s-MVs may also
lead to the increased immunogenicity of s-MVs compared with p-
MVs, and s-MVs may contain more protective vaccine antigens
than p-MVs do. Indeed, known protective vaccine antigens against
TB Ag85A, MPT64, HspX and GroEL2 was abundant in s-MVs, as
determined via LC-MS/MS (Supplementary Table S1) (52-55).
However, which antigens in the s-MVs effectively induce TB
immunity remains unclear. Thus, further study is needed to
identify the protective antigens.

TLR agonists, including TLR2 agonists, are a major category of
vaccine adjuvants (42, 56). Although s-MVs exhibited greater
immunostimulatory effects through TLR2 than p-MVs did, neither
intranasal nor subcutaneous administration of s-MVs alone could
effective BCG-specific immunity. There are three possible reasons for
this result. First, the agonistic activity of s-MVs against TLR2 may be
weaker than that of other TLR2 adjuvants and may be inadequate to
induce antibody production. Second, immunization was performed
only twice in this study. Three or more immunizations could
have induced effective TB-specific immunity. Third, the
immunoinhibitory properties of mycobacterial MVs may interfere
with the immunogenicity of BCG-MVs (13, 57).
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Induction of tuberculosis immunity by membrane vesicles derived from BCG statically cultured in Sauton’s medium (s-MVs). The immunization
regimen and protocol are shown in the upper panel. Six- to eight-week-old female BALB/c mice were intranasally (IN) or subcutaneously (SC)
immunized with s-MVs with or without adjuvants (poly(l:C)- or flagellar-deficient Escherichia coli Nissle 1917 (EcN)-derived MVs) twice at a 3-week
interval (N=5). The control mice were intradermally immunized with live BCG (5 x 10° CFU/mouse). Five weeks after the first immunization, the mice
were infected with 5 x 10° CFU of BCG::pMV261-Km (N=5, two technical replicates). Two weeks after infection, the mice were sacrificed, and CFUs
of Km-resistant BCG in the lungs were counted. S + pIC, s-MVs with poly(l:C); S + EcN, s-MVs with ECN-MVs. The data are presented as the means

and SEMs. *P<0.05 as determined via Tukey's test.

Recent clinical trial data have shown that intradermal
revaccination with BCG is effective for preventing Mtb infection
(58, 59). However, the BCG vaccine sometimes causes adverse
events, among which skin abscess at the BCG injection site are
the most common, and severe disseminated BCG infection rarely
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occurs (3, 6). The BRACE study revealed that the risk of adverse
events upon revaccination, such as abscesses at the injection site and
regional lymphadenopathy, increased despite the exclusion of
individuals who experienced adverse BCG infection in initial BCG
vaccination (60, 61). Theoretically, the frequency of severe adverse
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Membrane vesicle (MV)-induced trained immunity in vitro. (A) Experimental procedure by which THP-1 macrophages (Mgs) were trained using
membrane vesicles from BCG statically cultured in Sauton’s medium (s-MVs). THP-1 Mes were trained with st-MVs or treated with PBS (untrained)
for 24 h and then incubated for an additional 48 (h) (B) Basal transcription levels of inflammation-related genes in trained and untrained (CON) THP-
1 Mes treated with PBS for 3 (h) Transcription levels of inflammation-related genes in trained and untrained THP-1 Mgs upon restimulation with s-
MVs (C), Pam3CSK4 (D) or lipopolysaccharide (LPS) (E) for 3 (h) The data are presented as the means and SDs (N=4, more than two technical
replicates). *P<0.05 as determined via Tukey's test. The open triangles (/\) indicate samples in which gene expression could not be detected.

infections associated with BCG revaccination may be similar to or
greater than that associated with initial BCG vaccination, especially
in immunocompromised individuals. Recent studies showed that
intravenous BCG vaccination confers stronger protection against
Mtb infection in an experimental macaque TB model than classical
intradermal vaccination does (4, 5). However, it remains unclear
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whether intravenous BCG vaccination confers protection against
TB in people of all age groups and is applicable for human use. With
respect to these disadvantages, safe vaccines that can be used for
both initial vaccination and revaccination and replace the BCG
vaccine need to be developed (62, 63). We expect MV-based TB
vaccines to be applicable to a safe alternative vaccine for the initial
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BCG vaccination for immunocompromised people and a booster
vaccine for people of all age groups who experienced the initial BCG
vaccination. Further investigations are needed to clarify how long
MV-induced TB immunity continues compared with BCG vaccine,
and whether s-MVs can be applied as a booster vaccine to a
previously administered BCG vaccine.

Recent studies have shown that the BCG vaccine confers not
only TB immunity but also protection against infectious diseases
other than TB (18). The BCG vaccine alters the gene expression
signatures and phenotypes of innate immune cells, especially
HSPCs in bone marrow, through epigenetic reprogramming (17,
34). However, it remains unclear why BCG induces trained
immunity in bone marrow cells, which is far from the site of
inoculation. Nanoparticles, such as exosomes and MVs, can spread
throughout the entire body through the blood and lymphatic
system. Our data revealed that the steady-state expression of IL-6
in THP-1 Mos tended to increase in the BCG-MV-trained group. In
addition, LPS stimulation increased IL-6 production to a greater
extent in the BCG-MV-trained group than in the control group in
vitro. Our data suggest that BCG-MVs may play a key role in the
induction of trained immunity by the BCG vaccine.

Finally, in this study, mycobacterial immunity induced by s-
MVs was confirmed upon infection with BCG, not Mtb. Although
BCG is quite similar to Mtb, further investigations are needed to
confirm the effectiveness of s-MV vaccines.

5 Conclusions

In this study, we showed that BCG-derived MVs are novel TB
vaccine candidates. We also found that the immunogenicity of MV's
depends on the culture conditions of the donor bacilli and that s-
MVs produced by BCG statically cultured in nutrient-restricted
medium are more immunogenic than MVs produced by BCG
planktonically cultured in nutrient-rich medium. Furthermore, s-
MVs activate innate immune memory, also known as trained
immunity. Vaccines based on s-MVs may protect against not
only TB but also other infectious diseases, such as those caused
by gram-negative pathogens, in a TLR4-dependent manner. This
study may provide a rationale for developing novel acellular TB
vaccines using BCG-MVs.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The animal study was approved by the animal experiment
committee of Osaka City University (approval no. 18077). The

Frontiers in Immunology

13

10.3389/fimmu.2025.1534615

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

TY: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Project administration, Validation, Writing — original
draft, Writing - review & editing. NS: Investigation, Validation,
Writing - review & editing. SM: Funding acquisition,
Conceptualization, Project administration, Supervision, Writing -
review & editing. MS: Data curation, Investigation, Writing — review
& editing. MM: Data curation, Investigation, Writing — review &
editing. RN: Funding acquisition, Methodology, Resources, Writing —
review & editing. SH: Methodology, Resources, Writing — review &
editing. YY: Data curation, Investigation, Writing — review & editing.
AN: Investigation, Resources, Writing - review & editing. YO:
Investigation, Resources, Writing - review & editing. ST: Funding
acquisition, Conceptualization, Project administration, Supervision,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Grants-in-Aid for Scientific Research (19K16651,
20K07072 and 21KKO0136) from the Japanese Ministry of
Education, Culture, Sports, Science and Technology; the GSK Japan
Research Grant 2018; and the Japan Agency for Medical Research
and Development (JP18fk0108124, 22gm1610009, and 20£k0108089).

Acknowledgments

We thank Hideki Nakagawa, Yukimi Kira and Yoriko
Yabunaka, members of the Research Support Platform of Osaka
Metropolitan University Graduate School of Medicine, for
providing technical support. We also thank Hirotaka Kobayashi,
Kimihiro Abe and Yukihiro Akeda (National Institute of Infectious
Diseases in Japan). Some of this work was performed as part of the
Cooperative Research Project Program of the Medical Institute of
Bioregulation, Kyushu University. We also thank Ms. Mizuho Oda
and Ms. Emiko Koba for their technical assistance with the mass
spectrometry analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1534615
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamaguchi et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

1. WHO. Global tuberculosis report. (2023). Available at: https://www.who.int/
publications/i/item/9789240083851 (Accessed February 28, 2024).

2. Martinez L, Cords O, Liu Q, Acuna-Villaorduna C, Bonnet M, Fox GJ, et al. Infant
BCG vaccination and risk of pulmonary and extrapulmonary tuberculosis throughout
the life course: a systematic review and individual participant data meta-analysis.
Lancet Glob Health. (2022) 10:e1307-16. doi: 10.1016/S2214-109X(22)00283-2

3. WHO. BCG vaccines: WHO position paper - February 2018. In: Weekly
Epidemiological Record, vol. 8. (2018). p. 73-96. Available at: https://www.who.int/
publications/i/item/who-wer9308-73-96 (Accessed February 28, 2024).

4. Larson EC, Ellis-Connell AL, Rodgers MA, Gubernat AK, Gleim JL, Moriarty RV,
et al. Intravenous Bacille Calmette-Guérin vaccination protects simian
immunodeficiency virus-infected macaques from tuberculosis. Nat Microbiol. (2023)
8:2080-92. doi: 10.1038/s41564-023-01503-x

5. Darrah PA, Zeppa JJ, Maiello P, Hackney JA, Wadsworth 2MH, Hughes TK, et al.
Prevention of tuberculosis in macaques after intravenous BCG immunization. Nature.
(2020) 577:95-102. doi: 10.1038/s41586-019-1817-8

6. Talbot EA, Perkins MD, Silva SF, Frothingham R. Disseminated bacille Calmette-
Guerin disease after vaccination: case report and review. Clin Infect Dis. (1997)
24:1139-46. doi: 10.1086/513642

7. Nakao R, Hirayama S, Yamaguchi T, Senpuku H, Hasegawa H, Suzuki T, et al. A
bivalent outer membrane vesicle-based intranasal vaccine to prevent infection of
periodontopathic bacteria. Vaccine. (2023) 41:4369-83. doi: 10.1016/
j-vaccine.2023.05.058

8. Irene C, Fantappie L, Caproni E, Zerbini F, Anesi A, Tomasi M, et al. Bacterial
outer membrane vesicles engineered with lipidated antigens as a platform for
Staphylococcus aureus vaccine. Proc Natl Acad Sci USA. (2019) 116:21780-8.
doi: 10.1073/pnas.1905112116

9. Cecil JD, Sirisaengtaksin N, O’Brien-Simpson NM, Krachler AM. Outer
membrane vesicle-host cell interactions. Microbiol Spectr. (2019) 7:1128.
doi: 10.1128/microbiolspec.PSIB-0001-2018

10. Krishnan N, Kubiatowicz L], Holay M, Zhou J, Fang RH, Zhang L. Bacterial
membrane vesicles for vaccine applications. Adv Drug Delivery Rev. (2022) 185:114294.
doi: 10.1016/j.addr.2022.114294

11. Prados-Rosales R, Carreiio LJ, Batista-Gonzalez A, Baena A, Venkataswamy
MM, Xu J, et al. Mycobacterial membrane vesicles administered systemically in mice
induce a protective immune response to surface compartments of Mycobacterium
tuberculosis. mBio. (2014) 5:€01921-14. doi: 10.1128/mBi0.01921-14

12. Lee J, Kim SH, Choi DS, Lee JS, Kim DK, Go G, et al. Proteomic analysis of
extracellular vesicles derived from Mycobacterium tuberculosis. Proteomics. (2015)
15:3331-7. doi: 10.1002/PMIC.201500037

13. Prados-Rosales R, Baena A, Martinez LR, Luque-Garcia J, Kalscheuer R,
Veeraraghavan U, et al. Mycobacteria release active membrane vesicles that
modulate immune responses in a TLR2-dependent manner in mice. J Clin Invest.
(2011) 121:1471-83. doi: 10.1172/JCI44261

14. Aguilo N, Gonzalo-Asensio J, Alvarez-Arguedas S, Marinova D, Gomez AB,
Uranga S, et al. Reactogenicity to major tuberculosis antigens absent in BCG is linked to
improved protection against Mycobacterium tuberculosis. Nat Commun. (2017)
8:16085. doi: 10.1038/ncomms16085

15. Ogongo P, Ernst JD. Finding antigens for TB vaccines: the good, the bad and the
useless. Nat Med. (2023) 29:35-6. doi: 10.1038/s41591-022-02123-4

Frontiers in Immunology

14

10.3389/fimmu.2025.1534615

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1534615/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Functional annotation of the proteins identified in BCG-derived membrane
vesicles. (A) Gene Ontology enrichment analysis and (B) Kyoto Encyclopedia
of Genes and Genomes pathway annotation. Related to Figure 2.

SUPPLEMENTARY FIGURE 2

Immunostimulatory properties of BCG-derived membrane vesicles (MVs) in
Toll-like receptor 2-deficient THP-1 macrophages. The data are presented as
the means and SDs (N=3). *P<0.05 as determined via Tukey's test. Related
to Figure 3.

16. Liu G, MaN, Cheng K, Feng Q, Ma X, Yue Y, et al. Bacteria-derived nanovesicles
enhance tumor vaccination by trained immunity. Nat Nanotechnol. (2023) 19:387-98.
doi: 10.1038/s41565-023-01553-6

17. Cirovic B, de Bree LCJ, Groh L, Blok BA, Chan J, van der Velden WJFM, et al.
BCG vaccination in humans elicits trained immunity via the hematopoietic progenitor
compartment. Cell Host Microbe. (2020) 28:322-334 e5. doi: 10.1016/
j.chom.2020.05.014

18. Giamarellos-Bourboulis EJ, Tsilika M, Moorlag S, Antonakos N, Kotsaki A,
Dominguez-Andrés J, et al. Activate: randomized clinical trial of BCG vaccination
against infection in the elderly. Cell. (2020) 183:315-323 ¢9. doi: 10.1016/
j.cell.2020.08.051

19. Kaufmann E, Sanz J, Dunn JL, Khan N, Mendong¢ LE, Pacis A, et al. BCG
educates hematopoietic stem cells to generate protective innate immunity against
tuberculosis. Cell. (2018) 172:176-90. doi: 10.1016/j.cell.2017.12.031

20. Arts RJW, Moorlag SJCFM, Novakovic B, Li Y, Wang S-Y, Oosting M, et al. BCG
Vaccination Protects against Experimental Viral Infection in Humans through the
Induction of Cytokines Associated with Trained Immunity. Cell Host Microbe. (2018)
23:89-100.e5. doi: 10.1016/].CHOM.2017.12.010

21. Shaban AK, Gebretsadik G, Hakamata M, Takihara H, Inouchi E, Nishiyama A,
et al. Mycobacterial DNA-binding protein 1 is critical for BCG survival in stressful
environments and simultaneously regulates gene expression. Sci Rep. (2023) 13:1-16.
doi: 10.1038/s41598-023-40941-9

22. Totani T, Nishiuchi Y, Tateishi Y, Yoshida Y, Kitanaka H, Niki M, et al. Effects of
nutritional and ambient oxygen condition on biofilm formation in Mycobacterium
avium subsp. hominissuis via altered glycolipid expression. Sci Rep. (2017) 7:41775.
doi: 10.1038/srep41775

23. Stover CK, de la Cruz VF, Fuerst TR, Burlein JE, Benson LA, Bennett LT, et al.
New use of BCG for recombinant vaccines. Nature. (1991) 351:456-60. doi: 10.1038/
351456a0

24. Ozeki Y, Hirayama Y, Takii T, Yamamoto S, Kobayashi K, Matsumoto S. Loss of
anti-mycobacterial efficacy in mice over time following vaccination with
Mycobacterium bovis bacillus Calmette-Gueérin. Vaccine. (2011) 29:6881-7.
doi: 10.1016/j.vaccine.2011.07.051

25. Prados-Rosales R, Weinrick BC, Pique DG, Jacobs WR, Casadevall A, Rodriguez
GM, et al. Role for mycobacterium tuberculosis membrane vesicles in iron acquisition. J
Bacteriol. (2014) 196:1250-6. doi: 10.1128/JB.01090-13

26. Hirayama S, Nakao R. Glycine significantly enhances bacterial membrane vesicle
production: a powerful approach for isolation of LPS-reduced membrane vesicles of
probiotic Escherichia coli. Microb Biotechnol. (2020) 13:1162-78. doi: 10.1111/1751-
7915.13572

27. Osada-Oka M, Shiota M, Izumi Y, Nishiyama M, Tanaka M, Yamaguchi T, et al.
Macrophage-derived exosomes induce inflammatory factors in endothelial cells under
hypertensive conditions. Hypertens Res. (2017) 40:353-60. doi: 10.1038/hr.2016.163

28. Osada-Oka M, Goda N, Saiga H, Yamamoto M, Takeda K, Ozeki Y, et al.
Metabolic adaptation to glycolysis is a basic defense mechanism of macrophages for
Mycobacterium tuberculosis infection. Int Immunol. (2019) 31:781-93. doi: 10.1093/
intimm/dxz048

29. Samukawa N, Yamaguchi T, Ozeki Y, Matsumoto S, Igarashi M, Kinoshita N,
etal. An efficient CRISPR interference-based prediction method for synergistic/additive
effects of novel combinations of anti-tuberculosis drugs. Microbiol (N Y). (2022)
168:1285. doi: 10.1099/mic.0.001285

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1534615/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1534615/full#supplementary-material
https://www.who.int/publications/i/item/9789240083851
https://www.who.int/publications/i/item/9789240083851
https://doi.org/10.1016/S2214-109X(22)00283-2
https://www.who.int/publications/i/item/who-wer9308-73-96
https://www.who.int/publications/i/item/who-wer9308-73-96
https://doi.org/10.1038/s41564-023-01503-x
https://doi.org/10.1038/s41586-019-1817-8
https://doi.org/10.1086/513642
https://doi.org/10.1016/j.vaccine.2023.05.058
https://doi.org/10.1016/j.vaccine.2023.05.058
https://doi.org/10.1073/pnas.1905112116
https://doi.org/10.1128/microbiolspec.PSIB-0001-2018
https://doi.org/10.1016/j.addr.2022.114294
https://doi.org/10.1128/mBio.01921-14
https://doi.org/10.1002/PMIC.201500037
https://doi.org/10.1172/JCI44261
https://doi.org/10.1038/ncomms16085
https://doi.org/10.1038/s41591-022-02123-4
https://doi.org/10.1038/s41565-023-01553-6
https://doi.org/10.1016/j.chom.2020.05.014
https://doi.org/10.1016/j.chom.2020.05.014
https://doi.org/10.1016/j.cell.2020.08.051
https://doi.org/10.1016/j.cell.2020.08.051
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1016/J.CHOM.2017.12.010
https://doi.org/10.1038/s41598-023-40941-9
https://doi.org/10.1038/srep41775
https://doi.org/10.1038/351456a0
https://doi.org/10.1038/351456a0
https://doi.org/10.1016/j.vaccine.2011.07.051
https://doi.org/10.1128/JB.01090-13
https://doi.org/10.1111/1751-7915.13572
https://doi.org/10.1111/1751-7915.13572
https://doi.org/10.1038/hr.2016.163
https://doi.org/10.1093/intimm/dxz048
https://doi.org/10.1093/intimm/dxz048
https://doi.org/10.1099/mic.0.001285
https://doi.org/10.3389/fimmu.2025.1534615
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamaguchi et al.

30. Hirayama S, Nakao R. Intranasal vaccine study using porphyromonas gingivalis
membrane vesicles: isolation method and application to a mouse model. Methods Mol
Biol. (2021) 2210:157-66. doi: 10.1007/978-1-0716-0939-2_15

31. Nakao R, Kobayashi H, Iwabuchi Y, Kawahara K, Hirayama S, Ramstedt M, et al.
A highly immunogenic vaccine platform against encapsulated pathogens using
chimeric probiotic Escherichia coli membrane vesicles. NPJ Vaccines. (2022) 7:153.
doi: 10.1038/s41541-022-00572-z

32. Tanaka M, Shiota M, Nakao T, Uemura R, Nishi S, Ohkawa Y, et al.
Identification of low-abundance proteins in serum via the isolation of HSP72
complexes. ] Proteomics. (2016) 136:214-21. doi: 10.1016/j.jprot.2016.01.008

33. Arts RIWW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al.
Immunometabolic pathways in BCG-induced trained immunity. Cell Rep. (2016)
17:2562-71. doi: 10.1016/j.celrep.2016.11.011

34. Bekkering S, Arts RTWW, Novakovic B, Kourtzelis I, van der Heijden CDCC, Li
Y, et al. Metabolic induction of trained immunity through the mevalonate pathway.
Cell. (2018) 172:135-146.€9. doi: 10.1016/j.cell.2017.11.025

35. Wu C, Su Z, Lin M, Ou J, Zhao W, Cui J, et al. NLRP11 attenuates Toll-like
receptor signaling by targeting TRAF6 for degradation via the ubiquitin ligase RNF19A.
Nat Commun. (2017) 8:1977. doi: 10.1038/s41467-017-02073-3

36. Yokomizo-Nakano T, Hamashima A, Kubota S, Bai J, Sorin S, Sun Y, et al.
Exposure to microbial products followed by loss of Tet2 promotes myelodysplastic
syndrome via remodeling HSCs. J Exp Med. (2023) 220:¢20220962. doi: 10.1084/
jem.20220962

37. Graaf DM, Teufel LU, Veerdonk FL, Joosten LAB, Netea MG, Dinarello CA,
et al. IL-38 prevents induction of trained immunity by inhibition of mTOR signaling. J
Leukoc Biol. (2021) 110:907-15. doi: 10.1002/JLB.3A0220-143RRR

38. Yang D, Chen X, Wang J, Lou Q, Lou Y, Li L, et al. Dysregulated lung commensal
bacteria drive interleukin-17B production to promote pulmonary fibrosis through their outer
membrane vesicles. Immunity. (2019) 50:692-706.¢7. doi: 10.1016/j.immuni.2019.02.001

39. Elharar Y, Roth Z, Hermelin I, Moon A, Peretz G, Shenkerman Y, et al. Survival
of mycobacteria depends on proteasome-mediated amino acid recycling under nutrient
limitation. EMBO J. (2014) 33:1802-14. doi: 10.15252/embj.201387076

40. Hook JS, Cao M, Weng K, Kinnare N, Moreland JG. Mycobacterium
tuberculosis Lipoarabinomannan Activates Human Neutrophils via a TLR2/1
Mechanism Distinct from Pam3CSK4. | Immunol. (2020) 204:671-81. doi: 10.4049/
JIMMUNOL.1900919

41. Rahlwes KC, Dias BRS, Campos PC, Alvarez-Arguedas S, Shiloh MU.
Pathogenicity and virulence of Mycobacterium tuberculosis. Virulence. (2023)
14:2150449. doi: 10.1080/21505594.2022.2150449

42. Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands as
adjuvants within human vaccines. Immunol Rev. (2011) 239:178-96. doi: 10.1111/
j.1600-065X.2010.00978.x

43. Verma SK, Mahajan P, Singh NK, Gupta A, Aggarwal R, Rappuoli R, et al. New-
age vaccine adjuvants, their development, and future perspective. Front Immunol.
(2023) 14:1043109. doi: 10.3389/fimmu.2023.1043109

44. Kim OY, Hong BS, Park K-S, Yoon YJ, Choi SJ, Lee WH, et al. Immunization
with Escherichia coli Outer Membrane Vesicles Protects Bacteria-Induced Lethality via
Thl and Th17 Cell Responses. J Immunol. (2013) 190:4092-102. doi: 10.4049/
jimmunol.1200742

45, Zimmermann N, Thormann V, Hu B, Kohler AB, Imai-Matsushima A, Locht C,
et al. Human isotype-dependent inhibitory antibody responses against Mycobacterium
tuberculosis. EMBO Mol Med. (2016) 8:1325-39. doi: 10.15252/emmm.201606330

46. Rijnink WF, Ottenhoff THM, Joosten SA. B-cells and antibodies as contributors
to effector immune responses in tuberculosis. Front Immunol. (2021) 12:640168.
doi: 10.3389/fimmu.2021.640168

47. McLean MR, Lu LL, Kent SJ, Chung AW. An inflammatory story: antibodies in
tuberculosis comorbidities. Front Immunol. (2019) 10:2846. doi: 10.3389/fimmu.2019.02846

Frontiers in Immunology

15

10.3389/fimmu.2025.1534615

48. Takahara M, Hirayama S, Futamata H, Nakao R, Tashiro Y. Biofilm-derived
membrane vesicles exhibit potent immunomodulatory activity in Pseudomonas
aeruginosa PAO1. Microbiol Immunol. (2024) 68:224-36. doi: 10.1111/1348-
0421.13156

49. Baena A, Cabarcas F, Alvarez-Eraso KLF, Isaza JP, Alzate JF, Barrera LF.
Differential determinants of virulence in two Mycobacterium tuberculosis Colombian
clinical isolates of the LAM09 family. Virulence. (2019) 10:695-710. doi: 10.1080/
21505594.2019.1642045

50. Santucci P, Johansen MD, Point V, Poncin I, Viljoen A, Cavalier JF, et al.
Nitrogen deprivation induces triacylglycerol accumulation, drug tolerance and
hypervirulence in mycobacteria. Sci Rep. (2019) 9:8667. doi: 10.1038/s41598-019-
45164-5

51. Loix M, Zelcer N, Bogie JFJ, Hendriks JJA. The ubiquitous role of ubiquitination
in lipid metabolism. Trends Cell Biol. (2024) 34:416-29. doi: 10.1016/j.tcb.2023.09.001

52. Sibley L, Reljic R, Radford DS, Huang JM, Hong HA, Cranenburgh RM, et al.
Recombinant Bacillus subtilis spores expressing MPT64 evaluated as a vaccine against
tuberculosis in the murine model. FEMS Microbiol Lett. (2014) 358:170-9.
doi: 10.1111/1574-6968.12525

53. Tanghe A, Denis O, Lambrecht B, Motte V, van den Berg T, Huygen K.
Tuberculosis DNA vaccine encoding Ag85A is immunogenic and protective when
administered by intramuscular needle injection but not by epidermal gene gun
bombardment. Infect Immun. (2000) 68:3854-60. doi: 10.1128/IA1.68.7.3854-
3860.2000

54. Guirado E, Gil O, Caceres N, Singh M, Vilaplana C, Cardona PJ. Induction of a
specific strong polyantigenic cellular immune response after short-term chemotherapy
controls bacillary reactivation in murine and Guinea pig experimental models of
tuberculosis. Clin Vaccine Immunol. (2008) 15:1229-37. doi: 10.1128/CV1.00094-08

55. Lowrie DB, Tascon RE, Bonato VL, Lima VM, Faccioli LH, Stavropoulos E, et al.
Therapy of tuberculosis in mice by DNA vaccination. Nature. (1999) 400:269-71.
doi: 10.1038/22326

56. Alu A, Chen L, Lei H, Wei Y, Tian X, Wei X. Intranasal COVID-19 vaccines:
From bench to bed. EBioMedicine. (2022) 76:103841. doi: 10.1016/j.ebiom.2022.103841

57. Athman JJ, Sande OJ, Groft SG, Reba SM, Nagy N, Wearsch PA, et al.
Mycobacterium tuberculosis membrane vesicles inhibit T cell activation. ] Immunol.
(2017) 198:2028-37. doi: 10.4049/jimmunol. 1601199

58. dos Santos PCP, Messina NL, de Oliveira RD, da Silva PV, Puga MAM,
Dalcolmo M, et al. Effect of BCG vaccination against Mycobacterium tuberculosis
infection in adult Brazilian health-care workers: a nested clinical trial. Lancet Infect Dis.
(2024) 24:594-601. doi: 10.1016/S1473-3099(23)00818-6

59. Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N, et al.
Prevention of M. tuberculosis infection with H4:IC31 vaccine or BCG revaccination. N
Engl ] Med. (2018) 379:138-49. doi: 10.1056/nejmoal714021

60. Villanueva P, Wadia U, Crawford N, Messina NL, Kollmann TR, Lucas M, et al.
Revaccination with Bacille Calmette-Guerin (BCG) is associated with an increased risk
of abscess and lymphadenopathy. NPJ Vaccines. (2022) 7:6. doi: 10.1038/s41541-021-
00421-5

61. Sanchez-Garcia A, Tamez-Guerra R, Gonzalez-Saldivar G, Rodriguez-Gutiérrez
R, Ramirez-Garcia LA, Barrera FJ, et al. The safety of BCG revaccination in the context
of COVID-19. Hum Vaccin Immunother. (2023) 19:2271760. doi: 10.1080/
21645515.2023.2271760

62. Munseri P, Said J, Amour M, Magohe A, Matee M, Rees CA, et al. DAR-901
vaccine for the prevention of infection with Mycobacterium tuberculosis among BCG-
immunized adolescents in Tanzania: A randomized controlled, double-blind phase 2b
trial. Vaccine. (2020) 38:7239-45. doi: 10.1016/j.vaccine.2020.09.055

63. Sander P, Clark S, Petrera A, Vilaplana C, Meuli M, Selchow P, et al. Deletion
of zmpl improves Mycobacterium bovis BCG-mediated protection in a Guinea
pig model of tuberculosis. Vaccine. (2015) 33:1353-9. doi: 10.1016/j.vaccine.2015.
01.058

frontiersin.org


https://doi.org/10.1007/978-1-0716-0939-2_15
https://doi.org/10.1038/s41541-022-00572-z
https://doi.org/10.1016/j.jprot.2016.01.008
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1016/j.cell.2017.11.025
https://doi.org/10.1038/s41467-017-02073-3
https://doi.org/10.1084/jem.20220962
https://doi.org/10.1084/jem.20220962
https://doi.org/10.1002/JLB.3A0220-143RRR
https://doi.org/10.1016/j.immuni.2019.02.001
https://doi.org/10.15252/embj.201387076
https://doi.org/10.4049/JIMMUNOL.1900919
https://doi.org/10.4049/JIMMUNOL.1900919
https://doi.org/10.1080/21505594.2022.2150449
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.3389/fimmu.2023.1043109
https://doi.org/10.4049/jimmunol.1200742
https://doi.org/10.4049/jimmunol.1200742
https://doi.org/10.15252/emmm.201606330
https://doi.org/10.3389/fimmu.2021.640168
https://doi.org/10.3389/fimmu.2019.02846
https://doi.org/10.1111/1348-0421.13156
https://doi.org/10.1111/1348-0421.13156
https://doi.org/10.1080/21505594.2019.1642045
https://doi.org/10.1080/21505594.2019.1642045
https://doi.org/10.1038/s41598-019-45164-5
https://doi.org/10.1038/s41598-019-45164-5
https://doi.org/10.1016/j.tcb.2023.09.001
https://doi.org/10.1111/1574-6968.12525
https://doi.org/10.1128/IAI.68.7.3854-3860.2000
https://doi.org/10.1128/IAI.68.7.3854-3860.2000
https://doi.org/10.1128/CVI.00094-08
https://doi.org/10.1038/22326
https://doi.org/10.1016/j.ebiom.2022.103841
https://doi.org/10.4049/jimmunol.1601199
https://doi.org/10.1016/S1473-3099(23)00818-6
https://doi.org/10.1056/nejmoa1714021
https://doi.org/10.1038/s41541-021-00421-5
https://doi.org/10.1038/s41541-021-00421-5
https://doi.org/10.1080/21645515.2023.2271760
https://doi.org/10.1080/21645515.2023.2271760
https://doi.org/10.1016/j.vaccine.2020.09.055
https://doi.org/10.1016/j.vaccine.2015.01.058
https://doi.org/10.1016/j.vaccine.2015.01.058
https://doi.org/10.3389/fimmu.2025.1534615
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	BCG-derived acellular membrane vesicles elicit antimycobacterial immunity and innate immune memory
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and culture conditions
	2.2 MV isolation
	2.3 Macrophage culture
	2.4 Real-time qPCR
	2.5 Multiplex assay
	2.6 Animals and immunization
	2.7 Enzyme-linked immunosorbent assays
	2.8 BCG challenge
	2.9 Mass spectrometry
	2.10 Western blotting
	2.11 In vitro trained immunity model
	2.12 Statistical analysis

	3 Results
	3.1 Comparison of the BCG-MVs obtained after culture under different conditions
	3.2 The protein and lipid compositions of MVs depend on the culture conditions
	3.3 The innate immune response induced by MVs depends on the culture conditions of the MV donor bacteria
	3.4 Comparison of p-MV and s-MV immunogenicity
	3.5 Differences in antibody production according to immunization route
	3.6 Immunization with BCG-MVs confers protection against mycobacterial infection
	3.7 s-MV induction of trained immunity in vitro

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


