
Glycine significantly enhances bacterial membrane
vesicle production: a powerful approach for isolation of
LPS-reduced membrane vesicles of probiotic
Escherichia coli

Satoru Hirayama1,2 and Ryoma Nakao1*
1Department of Bacteriology I, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku, Tokyo,
162-8640, Japan.
2Japan Agency for Medical Research and Development,
20F Yomiuri Shimbun Bldg. 1-7-1 Otemachi, Chiyoda,
Tokyo, 100-0004, Japan.

Summary

Bacterial membrane vesicles (MVs) have attracted
strong interest in recent years as novel nanoparticle
delivery platforms. Glycine is known to induce mor-
phological changes in the outer layer of bacteria. We
report here that glycine dramatically facilitates MV
production in a flagella-deficient mutant of the non-
pathogenic probiotic Escherichia coli strain Nissle
1917. Supplementation of culture medium with 1.0%
glycine induced cell deformation at the early expo-
nential phase, eventually followed by quasi-lysis dur-
ing the late exponential to stationary phase. Glycine
supplementation also significantly increased the
number of MVs with enlarged particle size and
altered the protein profile with an increase in the
inner membrane and cytoplasmic protein contents
as compared to non-induced MVs. Of note, the endo-
toxin activity of glycine-induced MVs was approxi-
mately eightfold or sixfold lower than that of non-
induced MVs when compared at equal protein or
lipid concentrations respectively. Nevertheless, gly-
cine-induced MVs efficiently induced both immune
responses in a mouse macrophage-like cell line and
adjuvanticity in an intranasal vaccine mouse model,

comparable to those of non-induced MVs. We pro-
pose that the present method of inducing MV pro-
duction with glycine can be used for emerging
biotechnological applications of MVs that have
immunomodulatory activities, while dramatically
reducing the presence of endotoxins.

Introduction

During various phases of growth, bacteria produce mem-
brane vesicles (MVs) that contain much of the biological
content derived from their parent bacterial cells, such as
phospholipids, lipopolysaccharides (LPS), proteins,
enzymes, toxins, DNA and RNA (Kaparakis-Liaskos and
Ferrero, 2015). MVs are anticipated to have a wide range
of applications in medical and healthcare settings (Toy-
ofuku et al., 2015; Wang et al., 2015). In particular, MVs
are now attractive as a potential proteoliposomal carrier of
vaccines (van der Pol et al., 2015), thanks to the advan-
tages of nano-sized admixtures, their immunological prop-
erties and their structural stability. On the other hand, the
benefit of their potent immunogenicity and adjuvanticity
must be weighted against their safety and reactogenicity
(often related to LPS in MVs) in the context of risk/benefit
in vaccine design (Boutriau et al., 2007; van der Ley and
van den Dobbelsteen, 2011). Therefore, the development
of a novel MV vaccine platform that can achieve protec-
tive immunity without side-effects is highly desirable.
Escherichia coli Nissle 1917 (EcN) is the most com-

monly used Gram-negative probiotic strain and is mar-
keted in several countries as the drug product Mutaflor
(Ardeypharm, Herdecke, Germany) (Behnsen et al.,
2013), where it is widely used to treat enteric diseases,
including infectious diarrhoea and inflammatory bowel
disease in humans (Rembacken et al., 1999; Kruis et al.,
2004). EcN cells compete with enteric pathogens in the
murine gut via microcin secretion (Sassone-Corsi et al.,
2016). In addition, EcN cells and their MVs enhance the
host cell-mediated immune response, and modulate the
balance between pro- and anti-inflammatory cytokines
(Behnsen et al., 2013; Fabrega et al., 2016). EcN MVs
have also been shown to induce self-adjuvanted protec-
tive humoral immune responses in a mouse model
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(Rosenthal et al., 2014); thus, they have also drawn
attention for their potential utility as antigen carriers in
humans.
Glycine is frequently used as a food additive in many

countries, because of its sweetness, low cost, high solu-
bility in water and safety in humans (Shibasaki, 1982;
European Commission, 2014; U.S. Food and Drug
Administration, 2018). Glycine also has an antibacterial
effect via inhibiting peptidoglycan (PG) synthesis by sub-
stitution of glycine for DL-alanine of PG during bacterial
growth (Hammes et al., 1973; de Jonge et al., 1996). By
using this PG-weakening effect, glycine has also been
utilized for genetic transformation (Beringer, 1974; Holo
and Nes, 1989; Thompson and Collins, 1996; Ito and
Nagane, 2001; Larsen et al., 2007) and spheroplast for-
mation (Chatterjee and Williams, 1963; John and Rus-
sell, 1963; Sato et al., 1966).
MV productivity differs among bacterial species and

strains, and that variability of productivity is an important
consideration to be addressed for practical applications
of MVs. Although the mechanism of MV formation has
not been fully elucidated, several models have been pre-
sented. For example, MVs might be induced by PG
endopeptidase activity and/or accumulation of sub-
stances such as PG fragments in the periplasm (Sch-
wechheimer and Kuehn, 2015). In addition, McBroom
et al. demonstrated that disruption of some genes
related to PG synthesis enhanced MV production in
E. coli (McBroom et al., 2006). Recently, a novel mecha-
nism of MV formation by ‘explosive’ cell lysis was pro-
posed, which is initiated by the action of a phage-
derived peptidoglycan-degrading enzyme, endolysin
(Turnbull et al., 2016; Toyofuku, 2019). From these find-
ings, we hypothesized that glycine, which has a PG-
weakening effect, can facilitate bacterial MV production.
In the present study, we report that glycine can be uti-
lized to easily and efficiently enhance production of flag-
ella-free MVs from the culture supernatant of an EcN
derivative. Moreover, glycine-induced and non-induced
MVs have been morphologically and immunologically
characterized in both in vitro and in vivo assays. Nota-
bly, glycine-induced MVs could elicit strong immune
responses at levels comparable to those of non-induced
MVs, despite dramatically reduced endotoxin activity.
Here, we discuss the broad applicability of glycine-in-
duced MVs as a novel drug delivery platform in medical
and healthcare settings.

Results

Construction of flagella-deficient EcN mutant and
isolation of flagella-free MVs

In the present study, we chose the probiotic strain EcN as
an MV producer for prospective MV application because

of its established safety in humans (Rembacken et al.,
1999; Kruis et al., 2004). MV fractions prepared from EcN
wild-type strain were heavily contaminated with flagella,
which also strongly adhered to the MVs (Fig. 1A). In order
to isolate flagella-free MVs from EcN, the MV preparation
was first subjected to density gradient centrifugation. How-
ever, this purification method was not suitable for EcN
MVs, as the separation method not only failed to com-
pletely remove flagella from the MV preparations, but also
dramatically decreased the MV yield (data not shown),
which was in agreement with a published report (Chutkan
et al., 2013). To completely exclude flagella from the MV
preparation without any sample loss, we constructed a
non-polar flhD deletion mutant (EcNDflhD) that lacks the
flagellar transcriptional activator FlhD. Whole cells of
EcNDflhD did not express any flagellin FliC (Fig. S1), and
thus, flagella-free pure MVs were successfully isolated
using a simple, one-step approach by ultracentrifugation
of the culture supernatant (Fig. 1A and B). We did not
observe significant differences regarding MV morphology
between the EcN and isogenic EcNDflhD strains
(Fig. 1A). Furthermore, SDS-PAGE analysis results
revealed no obvious difference in the protein profile of the
MVs between these strains, except for the absence of a
sharp band corresponding to FliC in the MV preparations
of the EcNDflhD, as anticipated (Fig. 1B).
On the other hand, we unexpectedly observed some

differences in the whole-cell protein profiles ranging from
15 to 20 kDa (Fig. S1), though the reason for those
remains unclear. Nevertheless, given that the synthesis
and operation of flagella require significant energy (Sou-
tourina and Bertin, 2003), it is not surprising that minor
changes in the protein profile occur as a result of flhD
mutation. We have also found some filamentous struc-
tures thinner than the flagella in the MV preparations
from both the EcN and EcNDflhD strains (Fig. 1A, white
arrowheads), which is in good agreement with a previ-
ous proteomic study of MV preparations from EcN strain,
in which some fimbrial proteins were detected (Aguilera
et al., 2014).

Glycine induced quasi-lysis during stationary phase

A growth assay was performed to evaluate the effect of
glycine on cell growth of the EcNDflhD strain. The
EcNDflhD was aerobically cultured in Luria–Bertani (LB)
broth supplemented with or without glycine at different
concentrations (Fig. 2A). Exponential-phase growth was
inhibited in a dose-dependent manner by glycine supple-
mented at final concentrations of 1.2%, 1.5% and 2.0%,
but not by lower glycine concentrations of 0.5% and
1.0% (Fig. 2A). However, the OD values significantly
dropped at the stationary phase over time, when 1.0%
glycine was used (Fig. 2A). Morphologically, all
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EcNDflhD cells were deformed when cultured in the
presence of 1.0% glycine for at least 3 h (Fig. 2B). The
whole cells of EcNDflhD cultured in 1.0% glycine-supple-
mented LB broth appeared as spindle-like, distorted rods
at 3 h (Fig. 2B). The morphological abnormality caused
by 1.0% glycine further progressed with the longer incu-
bation (6 h) (Fig. 2B). Some cells were finally broken at
16 h (Fig. 2B), whereas no broken or deformed cells
were found under non-induced conditions at the same
time points (Fig. 2B). These data clearly indicated that
supplementation with 1.0% glycine deformed the cell
structure despite a normal exponential growth curve,
which was followed by quasi-lysis during the stationary
growth phase.

Glycine significantly enhanced MV production

SEM data also showed emergence of large membrane
blebs on the cell surface, as well as large MVs released
from the cells when cultured for 6 and 16 h in 1.0%

glycine-supplemented LB broth (red arrowheads, Fig. 2B
and C). In addition, more small MVs were produced
under glycine-induced conditions, and the number of
small MVs increased especially at 16 h (yellow arrow-
heads, ‘Gly’, Fig. 2C), while fewer small MVs were pro-
duced under non-induced conditions (yellow arrowheads,
‘N’, Fig. 2C). The dramatic increase in MV production
was confirmed by the pellet formation following ultracen-
trifugation of culture supernatants of EcNDflhD
(EcNDflhD; Fig S2). We obtained similar results in the
case of another E. coli laboratory strain (BW25113
DflhD; Fig S2). Some MVs were shown to be with fila-
mentous structures (white arrowheads, Fig. 2C), as also
seen in TEM analysis (Fig 1A).
We then employed different qualitative approaches for

MVs, which revealed that protein or lipid amounts
increased 69- or 51-fold, respectively, by supplementa-
tion with 1.0% glycine (Table 1). Normalized by corre-
sponding OD600 value, both of protein and lipid amounts
increased in a dose-dependent manner due to addition

Fig. 1. Characterization of EcNDflhD mutant.
A. TEM images of MV fractions of EcN wild type (WT) and the DflhD mutant (DflhD). The samples were diluted to a protein concentration of
150 and 60 ng µl�1, respectively, for observation. Black arrowheads and white arrowheads denote flagella and fimbriae respectively. Scale bars
represent 100 nm.
B. Protein profiles of MV preparations from WT and DflhD. MV samples were analysed by SDS-PAGE using 12.5% polyacrylamide gels and
stained with CBB. The same MV protein amounts were loaded into each lane. ‘M’ represents the marker (precision plus protein all blue stan-
dards, Bio-Rad, Hercules, CA). Asterisk denotes FliC.

ª 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 13, 1162–1178

1164 S. Hirayama and R. Nakao



of glycine (0–1.5%) (Fig. S3). A glycine concentration of
2.0% was considered to be a critical level to severely
inhibit growth (Fig. 2A), resulting in low yield of MVs
(Fig. S3). The particle size of glycine-induced MVs dis-
tributed wider than that of non-induced MVs, and the
mean diameter of glycine-induced MVs (mean � SD:
36.3 � 15.0 nm) was significantly greater than that of
non-induced MVs (28.2 � 9.54 nm) (Fig. 3A–C). Of
note, regardless of the quasi-lysis that occurred in the
glycine-supplemented conditions (Fig. 2B), the percent-
age of MV with abnormal morphology, which was
defined as irregular, shrunken and/or flattened membra-
nous structures instead of rounded structures, was only
1.36% (Fig. 3D). There was no significant difference in
the ratio of abnormal MVs to total MVs between non-in-
duced and glycine-induced conditions (Fig. 3D).

Compositional changes in MVs due to glycine
supplementation

Next, non-induced and glycine-induced MVs standardized
by protein concentration were subjected to SDS-PAGE to
compare their protein profiles. The overall protein profile
of glycine-induced MVs was similar to that of non-induced
MVs (Fig. 4A). However, a few bands showed obvious
differences in their densities. For example, the density of
the protein band found at 15 kDa was significantly higher
in non-induced MVs as compared to glycine-induced MVs
(denoted as #1, Fig. 4A). Two different fimbrial proteins,
FimA and FocG, were identified as the two most abun-
dant proteins of the #1 band (Table 2).

On the contrary, the protein band found at 100 kDa
was significantly higher in glycine-induced MVs as com-
pared to non-induced MVs (denoted as #2 in Fig 4A).
Acetaldehyde dehydrogenase, AdhE, was identified as
the most abundant protein in the #2 band. Although
E. coli AdhE is known to be involved in anaerobic meta-
bolism (Clark and Cronan, 1980) and gene regulation
(Beckham et al., 2014), the physiological role of extracel-
lularly released AdhE remains unknown. The PSORTb
program predicted the protein to be localized in cytosol
(Table 2).
Western blotting using antisera against subcellular

marker proteins indicated that the expression level of the
outer membrane protein OmpC in non-induced MVs was
equivalent to that in glycine-induced MVs (Fig. 4B). In
contrast, the expression levels of the inner membrane
protein RodZ and the cytosolic protein Crp were mark-
edly increased in glycine-induced MVs (Fig. 4B), which
is in good agreement with the finding of enhanced
expression of AdhE, another cytosolic protein (Fig. 4A
and Table 2). All three subcellular marker proteins in
whole-cell lysates collected from the respective culture
conditions were detected at similar levels, ruling out the
possibility that expression of RodZ and Crp increased at
the cellular level (Fig. 4B).
Regarding LPS amounts in MVs, we compared the

total endotoxin activities between non-induced and gly-
cine-induced MVs, which are collected from the same
volume of the culture supernatant. Surprisingly, the total
LPS amounts in glycine-induced MVs to non-induced
MVs were only 8.1-fold (Table 1), which stands in

Table 1. Comparison the amounts of MVs between non-induced and glycine-induced conditions by different qualitative approaches

Non-induced conditions (N) Glycine-induced conditions (Gly) Fold change (Gly/N)

Protein amount [mg] 0.028 � 0.0042 1.9 � 0.22 69
Lipid amount [mg] 0.17 � 0.040 8.5 � 0.99 51
LPS amount [EU] (0.87 � 0.26)9106 (7.0 � 0.63)9106 8.1

Shown are the data of non-induced (N) and glycine-induced MVs (Gly) with fold change (Gly/N) of the values of the respective parameters. The
values of protein, lipid, and endotoxin are indicated as the amount in MVs collected from a 70 ml culture. Each value represents mean � stan-
dard error of three independent experiments.

Fig. 2. Growth and morphology of whole cells and MVs of EcNDflhD strain in the absence or presence of glycine.
A. Growth curves of the EcNDflhD in the absence or presence of glycine at different concentrations. Error bars represent standard error of the
mean of three independent experiments. The growth curves were generated by sequential measurement of OD at 660 nm. The cells tended to
aggregate when LB broth was supplemented with 1.5% glycine, which is denoted by an asterisk (*).
B. Whole cells of EcNDflhD cultured in the absence or presence of glycine. The EcNDflhD was cultured with shaking for 3, 6 and 16 h in LB
without [non-induced conditions (N), top panels] or with 1.0% glycine [glycine-induced conditions (Gly), bottom panels]. Shown are four repre-
sentative SEM images of cell appearance at each time point. Red arrowheads show the emergence of large membrane blebs on the bacteria.
Scale bars represent 1 lm.
C. MVs of EcNDflhD cultured in the absence or presence of glycine. SEM images of MVs of the EcNDflhD cultured for 3, 6 and 16 h in LB with-
out (N) or with 1.0% glycine (Gly). Red, yellow and white arrowheads denote large MVs, small MVs and fimbriae respectively. Scale bars repre-
sent 50 nm.
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marked contrast to the higher-fold changes in protein
(69-fold) or lipid amounts (51-fold) (Table 1). As a result,
the amount of LPS in glycine-induced MVs was approxi-
mately eightfold or sixfold lower than that in non-induced
MVs, following standardization based on the amount of
total protein (Fig. 4C) or total lipid (data not shown)

respectively. This dramatic reduction in LPS amounts in
glycine-induced MVs was also confirmed by SDS-PAGE,
following application of silver staining and Western blot-
ting using anti-E. coli LPS O6 antiserum (Fig. 4C). In the
silver stain findings, two different types of LPS species
were detected, semi-rough and rough, which were

(A)

(B)

(C)

(B)

Fig. 3. Difference in morphology between non-induced MVs and glycine-induced MVs.
A and B. TEM images of MV fractions of the EcNDflhD cultured in LB media without (A) and with 1.0% glycine (B). The samples standardized
at a protein concentration of 60 ng µl�1 were analysed by TEM. Scale bars represent 100 nm.C. Distribution of the size of MVs. Horizontal bars
represent mean values. Statistical analysis was performed using a Mann–Whitney’s U-test (N, n = 213; Gly, n = 181; **P < 0.01).D. Percentage
of aberrant MV numbers to total MV numbers. The number of MVs with aberrant morphology was calculated by counting the number of MVs
with aberrant morphology in three randomly extracted 1.1 9 1.4 µm2 TEM images. MV with aberrant morphology was defined as irregular,
shrunken and/or flattened membranous structures instead of rounded structures. The mean percentages with standard errors of aberrant MVs
to total MVs are indicated on the pie charts. Statistical analysis was performed using unpaired t-test with Welch’s correction (triplicate experi-
ments, NS: not significant).

Table 2. Identification of two representative bands of MV proteins

Ranka Name Locus Tagb
MASCOT
scorea

Theoretical
pI/MWc

Subcellular
localizationd

Lipoprotein signal
peptidee

Signal
peptide f

Band ID #1 at 15 kDa
1 Type-1 fimbrial protein subunit A,

FimA
ECOLIN_05555 480 5.12/

15873.56
Extracellular No Yes/24

2 Type-1 fimbrial protein protein G
precursor, FocG

ECOLIN_05580 244 8.66/
15187.76

Non-cytoplasm No Yes/22

3 Outer membrane lipoprotein, SlyB ECOLIN_08845 202 8.93/
15627.66

Outer
membrane

Yes/17 No

Band ID #2 at 100 kDa
1 Acetaldehyde dehydrogenase ECOLIN_07285 1134 6.32/

96058.13
Cytoplasm No No

a. The list of proteins is ranked by MASCOT score. All candidates with MASCOT score greater than 200 and more than two peptide hits.
b. Locus tags in the whole genome database of Escherichia coli Nissle 1917 (NCBI DB Accession: CP007799.1).
c. Theoretical pI/molecular weight predicted by ExPaSy.
d. Cellular localization predicted by PSORTb 3.02 program.
e. Presence/length of lipoprotein signal peptides predicted by LipoP 1.0 program.
f. Presence/length of signal peptides predicted by SignalP 4.1 program. Total peptide numbers are also shown in parentheses.
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(C)

(B)(A)

Fig. 4. Analysis of the amounts of subcellular marker proteins and LPS.
A. Protein profiles of MVs isolated in different culture conditions, in which the LB broth contained different amounts of glycine (0–2.0%). The
same amount of protein (1.7 µg) was loaded into each lane of the SDS-PAGE. Locations of bands #1 and #2 in the CBB-stained SDS-PAGE
gel are indicated. See also Table 2, in which the results of protein identification of these bands are shown. ‘M’ represents marker.
B. Analysis of subcellular marker proteins. Western blotting analyses of OmpC, RodZ and Crp proteins in MV and whole-cell (WC) samples pre-
pared from LB media supplemented without (N) or 1.0% glycine (Gly). The same amount of protein was loaded into each lane.
C. LPS analyses of MVs. (I) Limulus assay. The amount of LPS in glycine-induced and non-induced MVs. Shown are the mean values with
standard errors of the endotoxin unit (EU) following standardization with the protein amounts (ng). Statistical analysis was performed using
unpaired t-test with Welch’s correction (n = 3, *P < 0.05). (II) Silver stain. Protein profiles of non-induced and glycine-induced MVs of EcNDflhD
were assessed by silver staining. The same amount of protein was loaded into each lane. MV samples were separated by Tris-Tricine SDS-
PAGE using 16.5% polyacrylamide gels and stained with silver nitrate. (III) WB [anti-O6]. The same amount of protein was loaded into each
lane. MV samples were separated by Tris-Tricine SDS-PAGE using 16.5% polyacrylamide gels. LPS O6 antigen in the MV samples was probed
with E. coli O6 antiserum. A single nucleotide mutation is located in the wzy gene (encodes O-antigen polymerase) of the O6 antigen synthesis
gene cluster in the chromosome of the EcN strain (Grozdanov et al., 2002). Due to the single nucleotide exchange in the wzy gene, EcN LPS
lacks long O-antigen. Shown are two different LPS species, a semi-rough-type (Semi-rough) and rough-type (Rough), composed of lipid A-core
oligosaccharide with and without a single O-antigen repeating unit respectively (Grozdanov et al., 2002). Hence, only semi-rough species that
contain one unit of O6 oligosaccharide are detectable with anti-O6 antiserum.
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(A)

(B)

Fig. 6. Assessment of immunomodulatory activity of glycine-induced EcNDflhD MVs.
(A) Experimental design of intranasal vaccine model study using BALB/c mice. The mucosal adjuvanticity of glycine-induced MVs was exam-
ined in this animal study. Female BALB/c mice aged 6 weeks were intranasally immunized three times with the following six conditions (n = 10
mice for each group): (i) PBS, mock immunization, (ii) OVA alone, (iii) OVA + non-induced MVs (N), (iv) OVA + glycine-induced MVs (Gly), (v)
OVA + Poly(I:C) and (vi) OVA + CTB. At 14 days after the third vaccination, serum, saliva and nasal wash samples were collected from mice.
ELISA was carried out to examine OVA-specific serum IgG and IgA, salivary SIgA and nasal wash SIgA.
B. Mucosal adjuvanticity of glycine-induced MVs. At two weeks after the third vaccination, serum, saliva and nasal wash samples were collected
from mice intranasally immunized with the following six conditions (n = 10 mice for each group): (i) PBS, mock immunization, (ii) OVA alone,
(iii) OVA + non-induced MVs (N), (iv) OVA + glycine-induced MVs (Gly), (v) OVA + Poly(I:C) and (vi) OVA + CTB. ELISA was carried out to
examine OVA-specific serum IgG, salivary SIgA and nasal wash SIgA. Shown are A405 or A450 (mean � SE) values. Samples of serum, saliva
and nasal wash were diluted to 1:100, and used as primary antibody of ELISA. All the values except serum IgG were obtained after 60-min
incubations with AP or HRP. The value of serum IgG was obtained after a 30 min of incubation with AP. Statistical analysis was performed
using ANOVA and Tukey’s multiple comparison test. Different alphabet superscripts indicate significant differences (P < 0.05).

Fig. 5. Cytokine expression of murine macrophage-like cells after treatment with glycine-induced EcNDflhD MVs.
A. Expression of Il6, Il12p40 and Tnfa mRNA in J774.1 cells treated with the following MVs: non-induced EcNDflhD MVs (N), glycine-induced
EcNDflhD MVs (Gly) and N. meningitidis MVs. Following incubation of cells with MVs (0.01–1 ng of protein) for 2 h, the mRNA levels of Il6,
Il12p40 and Tnfa were quantified. Shown are the qPCR data following normalization against the level of Actb.
B. Protein expressions of IL-6, IL-12 and TNF-a in J774.1 cells treated with non-induced EcNDflhD MVs (N), glycine-induced EcNDflhD MVs
(Gly) and N. meningitidis MVs. Following incubation of cells with the MVs (0.01–1 ng of protein) for 12 h, expression levels were quantified by
cytokine ELISA. Error bars represent the standard error of the mean of three independent experiments. Statistical analysis was performed using
ANOVA and Tukey’s multiple comparison test. Different alphabet superscripts indicate significant differences (P < 0.05).
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modified with and without a single O-antigen (O6)
repeating unit respectively (Grozdanov et al., 2002).
Notably, the amount of semi-rough-type LPS was signifi-
cantly reduced in glycine-induced as compared to non-
induced MVs (Fig. 4C).

Glycine-induced MVs showed immunomodulatory
activities while reducing endotoxin

To evaluate the immunological properties of different
MVs, we first examined the immune responses of the
murine macrophage-like cell line J774.1 following addi-
tion of different MVs standardized by total protein
amounts (Fig. 5). In addition to both non-induced and
glycine-induced EcNDflhD MVs, Neisseria meningitidis
MVs were also used as a positive control because of
their confirmed immunoactivity in humans (Holst et al.,
2009; Acevedo et al., 2014). When compared to PBS
used as a vehicle control, the expression level of Il6
significantly increased in response to all the three MVs
tested, when used at 1.0 ng (Fig. 5A, Il6), while that of
Il12p40 significantly increased in response to non-in-
duced and glycine-induced EcNDflhD MVs (Fig. 5A,
Il12p40), but not neisserial MVs, when used at 1.0 ng.
The level of Tnfa also increased in response to glycine-
induced EcNDflhD MVs and neisserial MVs at statisti-
cally significant levels (Fig. 5A, Tnfa), but not by non-in-
duced EcNDflhD MVs, when used at 1.0 ng. Level of
each of the three cytokine mRNAs was increased by all
types of MVs in a dose-dependent manner (Fig. 5A).
Similar results were obtained with cytokine ELISAs,
demonstrating a correlation of the cytokine expression
levels between mRNAs in cells and proteins released
into the extracellular milieu (Fig. 5B). Together, the
levels of the three cytokines following glycine-induced
EcNDflhD MVs were comparable to or higher than
those of non-induced EcNDflhD MVs or neisserial MVs
respectively (Fig. 5).
Finally, mucosal adjuvanticity of EcNDflhD MVs was

investigated in our intranasal immunization mouse model
(Nakao et al., 2011; Nakao et al., 2016), according to
the protocol shown in Fig. 6A. Humoral immune
responses were evaluated by production of the following
ovalbumin (OVA)-specific antibodies: serum IgG (total of
all IgG subclasses) and IgA, salivary SIgA and nasal
wash SIgA (Fig. 6B). Results showed that both non-in-
duced and glycine-induced MVs elicited high levels of all
of these OVA-specific antibodies not only in the blood,
but also in the nasal and oral cavities, which were com-
parable and superior to two well-known mucosal adju-
vants, cholera toxin B subunit (CTB) and Poly(I:C)
respectively. (Fig. 6B). There was no difference in adju-
vanticity between non-induced and glycine-induced MVs
(Fig. 6B).

Discussion

It is well known that MV preparation from culture super-
natant is usually contaminated with a range of bacterial
appendages (Ramstedt et al., 2011; Nakao et al., 2012;
Chutkan et al., 2013; Nakao et al., 2014). Like many
other bacteria, abundant flagella were shed from EcN
cells into the culture medium, resulting in heavy contami-
nation with flagella in the MV preparation (Fig. 1A). Flag-
ella is one of the virulence factors of E. coli and many
other bacterial species, as it provides motility (Josen-
hans and Suerbaum, 2002) and serves as a ligand for
TLR5 (Hayashi et al., 2001). Here, we could completely
circumvent the problem of flagella contamination by elim-
inating flagella from MV preparations using a flagella-de-
ficient derivative of EcN (EcNDflhD), which made it
possible to isolate pure MVs by simple ultracentrifuga-
tion. As a result, we could evaluate both pro-inflamma-
tory responses (Fig. 5) and adjuvanticity (Fig. 6) of
flagella-free MVs by excluding the influence of flagella.
Furthermore, we have developed an extraordinarily

efficient way to isolate flagella-free EcN MVs by utilizing
glycine, an amino acid commonly consumed by humans.
Physiologically excessive amounts of glycine (1.0%)
induced deformation of the E. coli cells (Fig. 2B), indicat-
ing loss of integrity of the bacterial cell wall. Along with
the cellular deformation, small-sized MVs emerged even
at the early exponential growth phase (3 h, Fig. 2C).
Very quick turnover of the PG layer of E. coli (Olden
et al., 1975) may accelerate alteration of PG composition
by substitution of glycine for DL-alanine of PG (Hammes
et al., 1973; de Jonge et al., 1996). Later on, quasi-lysis
occurred along with production of large MVs during the
stationary phase growth (Fig. 2B). SEM analysis
revealed that large membrane blebs emerged mainly at
the cell pole or around the septum during cell division
(red arrowheads, Fig. 2B), which is similar to a phe-
nomenon described in a previous report regarding unu-
sual vesicle formation at cell division site of an outer
membrane-compromised E. coli clone (Sutterlin et al.,
2016). Taken together, we assume that glycine induced
production of small MVs from the early exponential
growth phase probably via membrane blebbing, while
production of large MVs takes place only during station-
ary phase growth, which may be associated with cell
lysis and/or an abnormal cell division process. The
mechanism behind glycine-mediated vesiculogenesis
was in good agreement with previous reports of vesicu-
logenesis in which turnover or degradation of PG is
involved (McBroom et al., 2006; Schwechheimer et al.,
2015; Turnbull et al., 2016).
In both TEM and SEM analyses, some filamentous

structures thinner than flagella were also found in the
MV preparations (white arrowheads, Figs 1A and 2C).
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The EcN strain carries an inactive P-fimbrial operon and
lacks S fimbriae (Grozdanov et al., 2004; Sun et al.,
2005), while it expresses type 1 fimbriae (Stentebjerg-
Olesen et al., 1999), F1C fimbriae (Lasaro et al., 2009)
and curli fimbriae (Monteiro et al., 2009). Therefore, the
filamentous structures observed in the MV preparations
were type 1, F1C and/or curli fimbriae. In LC-MS/MS
analysis, we confirmed that two different subunits of type
1 fimbriae, FimA and FocG, were contained in the MV
preparations (Fig. 4A and Table 1). Of note, fimbriae
were tightly associated with MVs (Figs 1A and 2C),
which is in good agreement with previous observations
of MV preparations from Porphyromonas gingivalis
(Nakao et al., 2014; Bai et al., 2015). The presence of
fimbria associated with MVs is most likely responsible
for MV–host cell interaction, because EcN fimbriae are
known to be involved in bacterial adherence, biofilm for-
mation and gut fitness in humans (Lasaro et al., 2009;
Monteiro et al., 2009; Kleta et al., 2014). Nevertheless, a
definitive conclusion regarding the role of fimbriae in
immunomodulatory activity of MVs requires further inves-
tigation.
As shown in Fig. 4A and Table 1, more fimbrial pro-

teins were detected as 15-kDa bands in non-induced
MVs as compared to glycine-induced conditions. Due to
the 69-fold lower yield of non-induced as compared to
glycine-induced MVs (Table 1), non-induced MVs were
isolated from a much larger culture volume than glycine-
induced MVs, which were then subjected to SDS-PAGE
and MS analyses. Hence, considering that the amount of
fimbriae released into culture supernatant may correlate
with cell number, it is not surprising that fimbriae showed
greater concentrations in non-induced MV preparations
(Fig. 4A and Table 1). Therefore, we would like to call
attention to the possible accumulation of bacterial
appendages, such as flagella or fimbriae, in MV prepara-
tions when concentrated from a large volume of culture
supernatant.
In spite of no change in the amount of outer mem-

brane marker protein between glycine-induced and non-
induced MVs (Fig. 4B), the former showed significantly
lower endotoxin activity (Limulus assay; Fig. 4C). LPS
profiling of MVs also revealed that glycine-induced MVs
contained much lower levels of semi-rough LPS than
non-induced MVs [silver stain and WB (anti-O6);
Fig. 4C], suggesting that the lowered endotoxin activity
of glycine-induced MVs is mainly due to a reduced
amount of semi-rough LPS. In addition, the mechanism
behind reduction in semi-rough LPS in glycine-induced
MVs may be explained by an effect of glycine on either
inhibition of O-antigen ligation to lipid A-core oligosac-
charide, or cleavage of O-antigen from semi-rough LPS.
Furthermore, given that MV architecture is influenced by
an imbalance between semi-rough LPS and rough LPS,

glycine-induced changes in the morphology (Fig. 3) and
protein constituents (Fig. 5A and B) of MVs may be
associated with the stoichiometric distribution of different
LPS species.
The amount of LPS per protein in the glycine-induced

MVs was unexpectedly eightfold less than that in non-in-
duced MVs. On the other hand, the glycine-induced MVs
efficiently elicited host immune responses in both in vitro
and in vivo studies (Figs 5 and 6). In general, MVs contain
abundant LPS, which is known to induce a pyrogenic
response and ultimately trigger septic shock. However,
mucosal administration of LPS, apart from the parenteral
administration, is thought to be safe in humans (Illyes et al.,
2008; Inagawa et al., 2011). The established safety of an
oral probiotics, Mutaflor, is a good example of LPS safety,
because Mutaflor contains 2.5–25 9 109 CFU of EcN per
capsule, and thus contains plenty of LPS. Nevertheless,
the mucosal administration of LPS-reduced MVs could be
safer than LPS-enriched MVs in the event that a wound is
accidentally created at the mucosal surface during MV
administration. In addition, removal of bacterial endotoxin
from E. coli-derived products is a time-consuming and
expensive process that is frequently required for the safety
of the final product. Therefore, we are excited that this
promising method can isolate LPS-reduced EcN MVs,
which would be applicable especially for use as vaccines
and adjuvants in humans.
In general, LPS is one of the major constituents of

MVs derived from Gram-negative bacteria, and the lipid
A portion of LPS plays a central role in the host immune
responses through TLR4-mediated signalling (Miller
et al., 2005). For example, TLR4 activation contributes
to the immunogenicity of the N. meningitidis MV vaccine
in a mouse model (Fransen et al., 2010). On the other
hand, Salmonella typhimurium MVs stimulate dendritic
cells through not only TLR4-dependent, but also TLR4-
independent signalling (Alaniz et al., 2007). P. gingivalis
MVs show differential immune responses via TLR2,
TLR4, TLR7, TLR8 and TLR9 (Cecil et al., 2016). Sturm
et al. reported that EcN-derived secreted factors (proba-
bly containing MVs) modulate T-cell activation via TLR2
signalling (Sturm et al., 2005). In the present study, the
immunoactivity of glycine-induced EcNDflhD MVs was
shown to be comparable to that of non-induced MVs
(Figs 5 and 6). The finding indicates that the immune
modulatory activities of glycine-induced EcNDflhD MVs
are dependent on signalling via MV-derived agonist(s)
other than LPS (TLR4 agonist) or flagellin (TLR5 ago-
nist). For example, agonists of TLR2 (lipoproteins), TLR7
(single-stranded RNA), TLR9 (CpG DNA) and/or NOD1/
NOD2 (peptidoglycans) may be involved in these
immune modulatory activities. Further analysis is
required to elucidate the immunological factor(s) in EcN
MVs involved in these activities.

ª 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 13, 1162–1178

1172 S. Hirayama and R. Nakao



Biologically active nanoparticles would be applicable
as immunotherapeutic tools such as vaccines and adju-
vants against not only a wide range of infectious dis-
eases (Kaparakis-Liaskos and Ferrero, 2015), but also
many other diseases including cancers and allergic dis-
eases (Kishimoto and Maldonado, 2018; Ke et al.,
2019). Among various possible nanoparticle-based vac-
cines, bacterial MVs could be developed as novel drug
delivery systems for use in medical and healthcare set-
tings. Furthermore, new generations of semi-synthetic
MVs are emerging through innovative bioengineering
technology (Rosenthal et al., 2014; Stevenson et al.,
2018). On the basis of these findings, we suggest that
glycine-induced EcNDflhD MVs are applicable as a novel
vaccine delivery platform that provides low vaccine reac-
togenicity and high adjuvanticity and immunogenicity.

Experimental procedures

Strains and culture condition

The E. coli probiotic strain EcN (DSM 6601, serotype O6:
K5:H1), its flagella-deficient derivative (EcNDflhD) and the
DflhD mutant of E. coli BW25113 (K-12 strain, National
BioResource Project-E. coli in National Institute of Genet-
ics, Japan) were used in this study. Neisseria meningitidis
strain H44/76 (Holten, 1979) was also used in this study.
All E. coli strains were grown either in liquid LB broth or on
solid medium at 37 °C in aerobic conditions. TheN. menin-
gitidis strain was grown on agar plates with a GC medium
base (Becton Dickinson, Franklin Lakes, NJ, USA), supple-
mented with 1% IsoVitaleX (Becton Dickinson) at 37 °C in
aerobic conditions. To evaluate the effects of glycine, pre-
cultured seeds were inoculated at a dilution of 1:200 into
fresh LB broth supplemented with glycine at different con-
centrations, and incubated at 37 °C with shaking, and
growth curves were generated by sequential measurement
of OD at 660 nm using a bio-photorecorder (TVS062CA,
Advantec, Tokyo, Japan).

Constructions of EcNDflhD

Deletion of the flhD gene in the chromosome of EcN was
conducted according to the method of Datsenko and Wan-
ner (Datsenko and Wanner, 2000) using primers with
homologous sequences to the flhD and KmR genes of the
pKD4 plasmid, which are described in the study of Baba
et al. (2006). The flhD gene was replaced with a KmR cas-
sette, followed by elimination of the cassette by FLP
recombinase (Datsenko andWanner, 2000).

MV preparations

Membrane vesicles were purified as described previ-
ously, with some modifications (Nakao et al., 2011;

Nakao et al., 2016). Briefly, the EcN wild-type and the
DflhD mutant strains were separately cultured in LB
broth with or without extra glycine at 37 °C for 16 h with
shaking. Supernatants were collected by centrifugation
at 7190 9 g for 30 min at 4 °C, then filtered through a
0.45-µm pore-sized filter (Merck, Darmstadt, Germany)
and ultracentrifuged at 103 800 9 g for 2 h at 4 °C. The
resulting MV fraction pellets were suspended in 20 mM
Tris-HCl (pH 8.0). In some experiments, MV preparations
of EcN wild-type strain were subjected to further purifica-
tion using density gradient centrifugation separation, as
described previously (Chutkan et al., 2013), to try to
eliminate contamination of flagella from the MV prepara-
tions.

Measurement of the MV quantity and particle size

Protein concentration in the MV suspensions was deter-
mined using a Bradford assay, with bovine serum albu-
min as the standard. Lipid concentration in the MV
suspensions was determined using FM4-64 dye (Life
Technologies, Carlsbad, CA, USA), with water-soluble
linoleic acid (Sigma, St. Louis, MO, USA) as the stan-
dard. Standards and samples (5 µl) were mixed with
100 µl of 5 µg ml�1 FM4-64 in the 96-well black plate,
and incubated for 10 min at room temperature. Fluores-
cence from FM4-64 (excitation at 535 nm and emission
at 625 nm) was detected with the plate reader Cytation5
(Biotek, Winooski, VT, USA). Limulus assay was per-
formed to quantify LPS using an Endospecy ES-50M kit
(Seikagaku Co., Tokyo, Japan) according to the manu-
facturers’ instructions, with LPS from Escherichia coli
O111:B4 (Sigma) as the standard. MV particle size was
measured from TEM images using the Fiji image pro-
cessing package (a variant of ImageJ) (Schindelin et al.,
2012).

SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as
described previously (Nakao et al., 2012), with some
modifications. MV and whole-cell samples were sepa-
rated by Tris-glycine SDS-PAGE using 12.5% polyacry-
lamide gels and stained with Coomassie brilliant blue
(CBB). For Western blotting, gels were electroblotted
onto PVDF membranes. Rabbit polyclonal antibodies
against flagellin of E. coli (FliC) (Pouttu et al., 2001) and
representative proteins localized in the outer membrane
(OmpC) (Nakao et al., 2012), inner membrane (RodZ,
provided by NBRP-E. coli at NIG) and cytosol (Crp)
(Nakao et al., 2012) were used at dilutions of 1:1600,
1:400, 1:400 and 1:1000. Two different molecular
weights of LPS bands (Grozdanov et al., 2002) were
separated by Tris-tricine SDS-PAGE using 16.5%
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polyacrylamide gels, and determined by silver stain (Tsai
and Frasch, 1982), as well as Western blot using rabbit
polyclonal antibodies against E. coli O6 antiserum
(85002, SSI Diagnostica, Hillerød, Denmark). The O6
antiserum was used at dilution of 1:50,000. Horseradish
peroxidase-labelled anti-rabbit IgG (GE Healthcare,
Buckinghamshire, UK) was used as the secondary anti-
body at a dilution of 1:200 000. Following addition of the
substrate, chemiluminescence was visualized with a
FUSION SOLO.7S.EDGE (Vilber Lourmat, Marne-la-
Vall�ee, France).

Protein identification by LC-MS/MS

Following SDS-PAGE, CBB-stained protein bands were
excised and subjected to in-gel digestion with sequencing
grade modified trypsin (Promega, Madison, WI, USA) as
previously described (Bahk et al., 2004). Briefly, the
resulting tryptic peptides were separated and analysed
using reversed-phase capillary HPLC directly coupled to
a Finnigan LCQ ion trap mass spectrometer (LC-MS/MS)
(Zuo et al., 2001, with a slight modification). Both a
0.1 9 20 mm trapping column and a 0.075 9 130 mm
resolving column were packed with Vydac 218MS low tri-
fluoroacetic acid C18 beads (5 lm in size, pore size
300 �A; Vydac, Hesperia, CA, USA) and placed in-line.
Next, the peptides were bound to the trapping column for
10 min with 5% (v/v) aqueous acetonitrile containing
0.1% (v/v) formic acid; then, bound peptides were eluted
with a 50 min gradient of 5–80% (v/v) acetonitrile contain-
ing 0.1% (v/v) formic acid at a flow rate of 0.2 ll min�1.
For tandem mass spectrometry, the full mass scan range
mode was m/z = 450–2000 Da. After determination of
the charge states of ions in zoom scans, product ion
spectra were acquired in MS/MS mode with a relative col-
lision energy of 55%. Individual spectra from MS/MS were
processed using the TurboSEQUEST software package
(Thermo Quest, San Jose, CA, USA). Generated peak list
files were used to query the NCBIprot database, using
the MASCOT program (http://www.matrixscience.com/cgi/
search_form.pl?FORMVER=2&amp;SEARCH=PMF).
Peptide mass tolerance for Mascot analysis was set at
modifications of methionine and cysteine, peptide mass
tolerance of 2 Da, MS/MS ion mass tolerance of 0.8 Da,
allowance of missed cleavage at 2 and charge states (+1,
+2, +3). PSORTb ver. 3.0.2 (https://www.psort.org/psortb/
), SignalP ver. 4.1 (http://www.cbs.dtu.dk/services/Signa
lP/), LipoP ver. 1.0 (http://www.cbs.dtu.dk/services/LipoP/
) and Compute pI/Mw Tool of ExPASy (https://web.expa
sy.org/compute_pi/) were the applications used for pre-
dicting subcellular localization, presence and location of
signal peptide cleavage sites in the amino acid
sequences, and theoretical pI (isoelectric point)/MW
(molecular weight) respectively.

TEM and SEM

TEM observation of MVs was conducted as previously
described (Bai et al., 2015). SEM observations of cells
were conducted as previously described, with some
modifications (Nakao et al., 2011). Briefly, bacterial cell
suspension was fixed with 5% glutaraldehyde and 4%
paraformaldehyde in PBS at the ratio of 1:1. The prepa-
ration was placed on poly-L-lysine-coated coverslips for
16 h to allow the cells to attach. After washing three
times with PBS, the samples were dehydrated in graded
acetone solutions, and dried in a critical point dryer
using CO2 (CPD 030, BAL-TEC AG, Balzers, Liechten-
stein, Germany). The samples were then coated with
osmium vapour using an osmium plasma coater and
finally visualized with SEM (Regulus8220, Hitachi High-
Technologies, Tokyo, Japan).

Cytokine expression in murine macrophage-like cells

Quantification of Il6, Il12p40 and Tnfa mRNAs in
J774.1 cells was conducted by qPCR as previously
described, with some modifications (Nakao et al.,
2016). Expressions of the cytokines IL-6, IL-12 and
TNF-a in J774.1 cells were also quantified by using an
enzyme-linked immunosorbent assay (ELISA) as
described previously (Obana et al., 2017). Briefly, cells
from the mouse macrophage-like cell line J774.1 were
grown in RPMI 1640 medium (Sigma), supplemented
with 10% heat-inactivated fetal calf serum,
100 units ml�1 of penicillin and 0.1 mg ml�1 strepto-
mycin at 37°C in a humidified atmosphere containing
5% CO2. Cells (6.6 9 105) were then incubated with
MVs for 2 or 12 h. Whole cells were collected after 2 h
and used for RNA extraction and cDNA synthesis, per-
formed using an RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) and ReverTra Ace qPCR RT Master Mix with
gDNA Remover (Toyobo, Tokyo, Japan), respectively,
according to the manufacturers’ instructions. TaqMan
qPCR was performed using an Applied Biosystems
7500 Fast Real-Time PCR System (Thermo Fisher Sci-
entific, Waltham, MA, USA) with Premix Ex Taq (Probe
qPCR) (Takara Bio, Shiga, Japan). The mRNA levels
of Il6, Il12p40, Tnfa and Actb were quantified by qPCR
using specific primer pairs and probes, as previously
described (Ichinohe et al., 2005). The expression levels
of Il6, Il12p40 and Tnfa mRNA in each sample were
normalized to those of Actb mRNA. Culture super-
natants collected at 12 h were used for detection of IL-
6, IL-12 and TNF-a with sandwich ELISA kits (900-
M50, 900-M97, 900-M54; PeproTech, Rocky Hill, NJ,
USA). MVs of N. meningitidis H44/76 were also used
as a positive control. Meningococcal MVs were har-
vested from confluent-grown bacteria on agar plates.
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Immunization and ELISA

All animal experiments were approved by our Institu-
tional Animal Care and Use Committee (Protocol No.:
118059), and performed in compliance with our institu-
tional guidelines. In Fig. 6A, the experimental design is
shown with the timeline of OVA immunization with or
without different adjuvants. Female BALB/c mice
(Japan SLC, Inc, Hamamatsu, Japan) aged 6 weeks
were intranasally immunized three times at three
weeks of intervals by dropping 10 ll into nostrils (5 ll
each) with 5 lg of ovalbumin (OVA; Sigma) alone or
5 lg of OVA with the following materials: 1 lg of non-
induced MVs, 1 lg of glycine-induced MVs, polyri-
boinosinic polyribocytidylic acid (Poly[I:C]; Sigma) and
cholera toxin B subunit (CTB; Wako). At two weeks
after the third immunization, sera, nasal washes and
saliva specimens were collected and used for ELISA,
as described previously (Nakao et al., 2011) except for
the procedure of antigen coating, in which OVA anti-
gen at 10 lg per well was coated onto ELISA plates.
Alkaline phosphatase (AP)-labelled anti-mouse IgG
(H + L) (A16069, Thermo Fisher Scientific, San Jose,
CA, USA) and horseradish peroxidase (HRP)-labelled
anti-mouse IgA (14-18-01, KPL, Gaithersburg, MD,
USA) were used at 1:1000 dilutions. OVA-specific anti-
bodies were detected by chromogenic development
using para-nitrophenyl phosphate and 3,5,3’,5’-tetram-
ethylbenzidine as the substrates for AP and HRP
respectively. The reaction of HRP was stopped by 1N
HCl. Absorbance at 405 and 450 nm was measured to
detect enzyme reactions of AP and HRP respectively.

Statistical analysis

Statistical analysis was performed using unpaired t-test
with Welch’s correction, Mann–Whitney’s U-test or one-
way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test. P-values of 0.05 or lower were
considered to be statistically significant.
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