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A highly immunogenic vaccine platform against encapsulated
pathogens using chimeric probiotic Escherichia coli membrane
vesicles

Ryoma Nakao (®'®, Hirotaka Kobayashi?, Yusuke Iwabuchi@®'?, Kazuyoshi Kawahara®, Satoru Hirayama
Yuki Sasaki@’, Michiyo Kataoka?, Yukihiro Akeda' and Makoto Ohnishi®

!>, Madeleine Ramstedt ®°,

Vaccines against infectious diseases should elicit potent and long-lasting immunity, ideally even in those with age-related decline in
immune response. Here we report a rational polysaccharide vaccine platform using probiotic Escherichia coli-derived membrane
vesicles (MVs). First, we constructed a probiotic E. coli clone harboring the genetic locus responsible for biogenesis of serotype 14
pneumococcal capsular polysaccharides (CPS14) as a model antigen. CPS14 was found to be polymerized and mainly localized on
the outer membrane of the E. coli cells. The glycine-induced MVs displayed the exogenous CPS14 at high density on the outermost
surface, on which the CPS14 moiety was covalently tethered to a lipid A-core oligosaccharide anchor. In in vivo immunization
experiments, CPS141tMVs, but not a mixture of free CPS14 and empty MVs, strongly elicited IgG class-switch recombination with a
Th1/Th2-balanced IgG subclass distribution without any adjuvant. In addition, CPS14"MVs were structurally stable with heat
treatment and immunization with the heat-treated MVs-elicited CPS14-specific antibody responses in mouse serum to levels
comparable to those of non-treated CPS14*MVs. Notably, the immunogenicity of CPS14"MVs was significantly stronger than those
of two currently licensed vaccines against pneumococci. The CPS14*tMV-elicited humoral immune responses persisted for 1 year in
both blood and lung. Furthermore, the CPS14"MV vaccine was widely efficacious in mice of different ages. Even in aged mice,
vaccination resulted in robust production of CPS14-specific IgG that bound to the pneumococcal cell surface. Taken together, the
present probiotic E. coli MVs-based vaccine platform offers a promising, generalizable solution against encapsulated pathogens.
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INTRODUCTION

Bacteria produce structurally stable nanoparticles called mem-
brane vesicles (MVs) that are shed into the extracellular milieu.
MVs have versatile functions in bacteria—host interactions by
serving as vehicles carrying toxins, enzymes, immunomodulatory
molecules and a wide range of signals for communications'™.
MVs contain both their outermost surface antigens and pathogen-
associated molecular patterns (PAMPs), such as lipopolysaccharide
(LPS), as well as lipoprotein, peptidoglycan, flagella, and DNA/RNA.
Therefore, MVs function as acellular nanoparticle vaccines that
protect against the pathogens from which they are derived. In
clinical settings, MVs of group B meningococci have been used
not only as a vaccine against invasive meningococcal disease
since the 1980s°, but, very recently, also as a promising adjuvant
against SARS-CoV-2°.

On the other hand, new approaches to produce semisynthetic
MVs through innovative bioengineering technologies are also
emerging. Generalized modules for membrane antigen (GMMA)
technology for Salmonella MV vaccines is a representative
technology that could be employed to deliver Salmonella
lipopolysaccharide O-antigen to the immune system’. Irene
et al. recently reported chimeric MVs expressing exogenous
proteins were engineered with by using a lipoprotein transport

pathway?®. Exogenous polysaccharides were also introduced into E.
coli MVs by tethering to the integral outer membrane protein
PgaA®. Price et al. previously studied glycoengineered MVs made
from an E. coli laboratory strain as a pioneering study, and
reported that serum killing activity in mice intraperitoneally
vaccinated with the MVs was comparable to that in mice
vaccinated with PCV13'°, However, so far, no genetically modified
MV vaccine has been used in humans due to the lack of obvious
advantages over currently licensed vaccines in the contexts of
both safety and immunomodulatory capacity.

E. coli Nissle 1917 (EcN) is a probiotic strain commonly used in
humans for improvement of gastrointestinal tract symptoms'''2,
The EcN MVs showed an immunomodulatory effect on mamma-
lian cells via TLR2'® and NOD1'%. Rosenthal et al. reported that EcN
MVs carrying a foreign protein antigen elicited Th1-biased
immune responses, and proposed the applicability of ECN MVs
as a vaccine vehicle for protein antigens'®. On the other hand, the
biotechnological breakthrough of detoxification of LPS-laden MVs
and improvement of MV productivity are important matters to be
addressed for the practical applications of MV vaccines in humans.
We have recently reported a simple and efficient method using
glycine to produce MVs that significantly reduced the amount of
LPS from a flagella-deficient EcN derivative'®'”. The
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Fig. 1 Schematic representation of the manufacturing process of probiotic E. coli MVs expressing pneumococcal CPS14. A large quantity
of MVs with reduced endotoxin content was isolated from the supernatant of a flagella-deficient probiotic E. coli clone (EcN AflhD) cultured in
LB broth supplemented with 1% glycine'®"”. A pneumococcal CPS14 expression vector containing the entire CPS biosynthesis-related gene
locus'® was introduced into the EcN AflhD strain. The resultant MVs expressed a chimeric LPS in which an E. coli O6 antigen repeating unit was
replaced by a pneumococcal CPS composed of the serotype 14-specific tetra-saccharide repeating unit galactose-1-phophate-($1-4)-N-
acetylglucosamine-1-phosphate-(B1-3)-galactose-1-phophate-(p1-4)-glucose-'&.

bioengineered MVs was a potent adjuvant for the protein antigen
in vivo despite of a dramatical decrease in the endotoxin
content'®'”. However, it remains to be investigated whether the
detoxified ECN MVs have adjuvanticity to elicit immune responses
of free polysaccharide antigen, and whether EcN MVs carrying
exogenous polysaccharide antigen are immunogenic.

Streptococcus pneumoniae (pneumococcus) is one of major
respiratory tract diseases worldwide. The capsular polysaccharide
(CPS), of which >100 serotypes exist'®'?, is one of its the most
important virulence factors, as well as a promising vaccine target.
Until now, pneumococcal vaccines have been developed as free
CPS and protein carrier-conjugated CPS, which are currently
licensed as the 23-valent pneumococcal polysaccharide vaccine
(PPSV23) and the 10-valent or 13-valent pneumococcal conjugate
vaccine (PCV10, PCV13), respectively. In response to other
emerging serotypes beyond PCV13 due to the natural compe-
tence phenotype of this microorganism?°, new PCV vaccines with
broaden serotype, such as PCV15 or PCV20, are being tested in a
range of clinical trials globally?!, and have been already approved
for use in adults in a few countries?>?3, However, as the
polysaccharides are per se T-cell independent antigen, insufficient
immunogenicity not only of free purified CPS, but also of protein
carrier-conjugated CPS has been described?®. In addition, the
manufacturing processes of both vaccines are complicated due to
the need for CPS to be purified from the large-scale culture of the
pathogens at a biosafety level 2 (BSL2) facility. Therefore, those
vaccine products are expensive, and the cost-effectiveness is still
controversial®’.

In the present study, the glycine-induced probiotic E. coli MVs
that display pneumococcal CPS at high density on their outermost
surface were bioengineered and characterized to assess the
applicability of this novel platform for vaccine development. Our
findings highlight that the probiotic E. coli MV-based CPS vaccine
significantly outperformed the currently available pneumococcal
vaccines with respect to immunological responses in an in vivo
study. Furthermore, the clinical applicability of the probiotic MVs-
based vaccine platform is discussed in terms of safety,
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immunogenicity, and its utility for those with dampened immune
responses such as the elderly.

RESULTS

Characterization of MVs released from EcNAflhD cells in the
presence of glycine

Figure 1 shows a schematic of the method for mass producing
EcNAflhD MVs expressing CPS14. As shown in Fig. 2A, exogenous
CPS14 was found to be expressed as diffuse band signals in
EcNAfIhD cells harboring a pneumococcal CPS14 expression
vector (pNLP80) by IPTG induction (Fig. 2A, lane 3). Similar signals
appeared when detected with the anti-lipid A-core oligosacchaide
antibody (Supplementary Fig. 1, lane 3). In the CPS14-probed
western blot (Fig. 2A), strong signals were also detected in the
wells (*) and sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) stacking gel (") of 2 different serotype
14 strains of S. pneumoniae, ATCC 700676 and KSP 1094 (lanes 7
and 8). CPS14-specific immunoreaction to CPS14-expressing
EcNAfIhD (EcNAflhD/pNLP80) cells was confirmed by the CPS14-
probed dot-blot analysis, which also showed strong signals with
both the serotype 14 strain (ATCC 700676) and purified CPS14,
used as positive controls (Supplementary Fig. 2), demonstrating
exogenous expression of pneumococcal CPS14 in ECNAfIhD cells.
In QDB analysis using purified CPS14 as a standard, a single cell of
EcNAfIhD/pNLP80 was found to contain 1.31 +0.175 fg of CPS14
(mean +SD) (Fig. 2B). On the other hand, the amount of EcN-
derived LPS (serotype 06), which appeared as a characteristic
semi-rough type without long O-polysaccharides (Fig. 2A and
Supplementary Fig. 3) as previously reported'%2%, was significantly
reduced in the CPS14-expressing EcNAfIhD/pNLP80 cells as
compared to the EcNAfIhD/pWSK129 cells (vector control) (Fig.
2A, B, and Supplementary Fig. 3). In the sugar composition analysis
of LPS purified from whole cells of the EcCNAfIhD strains, we
observed an increase in galactose (Gal) to 129% and a reduction in
mannose (Man) by 46% when CPS14 was exogenously expressed
(Supplementary Table 1). The increase in Gal (Supplementary
Table 1) was probably due to the partial replacement of O6-LPS by
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CPS14-LPS, because Gal is contained in the tetra-saccharide
repeating unit of CPS14 (one Glu, one GIcNAc, and two Gal
residues)'®, but not in the pentasaccharide repeating unit of 06
(one Glc, one GIcNAc, one GalNAc, and two Man residues)?®. On
the contrary, the reduction in Man (Supplementary Table 1) was
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also probably due to the partial replacement of O6-LPS by CPS14-
LPS, because Man is contained in 06 but not in CPS14'82%, Taken
together, we suggest that exogenous CPS14 production in
EcNAfIhD cells interferes with the 06 production due to binding
competition between CPS14 and 06 for the lipid A-core
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Fig. 2 Pneumococcal CPS expression on EcN AflhD cells. A Western blot using anti-CPS14 (left panel) and anti-O6 antisera (middle panel),
with sliver staining (right panel) as the loading control. The bacterial strains used in this experiment are shown with lane numbers at the lower
right. For CPS14- and O6-probed western blot, the whole cells of all examined E. coli strains were standardized at an ODg, of 4.0, and the
whole cells of all examined S. pneumoniae strains were standardized an ODg, of 8.0 using SDS-PAGE sample buffer. Twenty microliters of each
sample was applied to the 12.5% polyacrylamide SDS-PAGE, electro-transferred onto a PVDF membrane, and probed with an anti-lipid A-core
oligosaccharide antibody. For silver staining, 10-fold diluted whole-cell samples were prepared, i.e., whole cells of E. coli and S. pneumoniae
were standardized an ODgg of 0.4 and 0.8, respectively, and twenty microliters of each sample was applied to the 12.5% polyacrylamide SDS-
PAGE. Asterisk and dagger on CPS14-probed western blot membrane (left panel) denote CPS14-specific signals detected in the wells and the
stacking gel of SDS-PAGE gel, respectively, shown in lanes 7 (S. pneumoniae, strain ATCC 700676 [serotype 14]) and 8 (S. pneumoniae, strain
KSP1094 [serotype 14]). B Amounts of exogenous pneumococcal CPS14 (left panel) and E. coli original O6 (right panel) in whole cells of
EcNAfThD/pWSK129 (vector control, n = 3) and EcNAfIhD/pNLP80 (CPS14", n = 3). All whole-cell samples used for analysis were collected from
independent experiments. Data are expressed as the mean + SD from results obtained in three independent experiments. *p < 0.05, when
performed with a Mann-Whitney U-test. C Immuno-FE-SEM. EcN AflhD cells harboring CPS14% vector and the vector control, and S.
pneumoniae strain ATCC 700676 (serotype 14) were probed with anti-CPS14 antibody (a-CPS14) or non-immunized rabbit serum (Control Ab).
Primary antibodies were used at 1:500 dilutions. Anti-rabbit IgG antibody conjugated with 12-nm colloidal gold were used as the secondary
antibody at 1:50 dilutions. Shown are representative images with scale bars indicated at the lower right. Bars: 200 nm. D Immuno-TEM. Whole
cells of EcN AflhD harboring CPS14™" vector and the vector control were incubated with a-CPS14 or the control Ab. The primary antibodies
were used at 1:500. Anti-rabbit IgG antibody conjugated with 12-nm colloidal gold was used as the secondary antibody at 1:50 dilutions.
Shown are representative images with scale bars indicated at the lower right. Bars: 200 nm. E Subcellular fractionation of CPS14-expressing
EcN AflhD cells. Subcellular fractions (cytoplasm [CP], inner membrane [IM], periplasm [PP], and outer membrane [OM]) were probed with o-
CPS14, and with antisera against the following subcellular marker proteins: Crp [CP], RodZ [IM], DsbA [PP], and OmpA [OM]. Subcellular
fractions were also stained with CBB. A 20-fold concentrated cytoplasmic fraction (CP), a 100-fold concentrated inner membrane fraction (IM),
a 20-fold concentrated periplasmic fraction (PP), and a 100-fold concentrated outer membrane fraction (OM) were prepared from the bacterial
suspensions standardized to ODggo = 2.0. Ten microliter of each sample was analyzed by SDS-PAGE.

Table 1. Glycine-induced MVs (vector control) and CPS14TMVs.,

Numerical information MVs (vector control) CPS14+*MVs
Yield (mg, protein equivalent/1L culture supernatant)*’ 8.23+3.48 24.34+13.46
Number of MVs (particles x 10/ng, protein equivalent)*? 2.11+0.159 2.38+0.867
Diameter (nm)*? 60.5 +0.635 63.5+2.03
Lipid A activity, protein equivalent (EU x 10%/ng)** Not determined 10.2 +6.82
Pneumococcal CPS14 amount (ag/single particle)** 0.00 +0.00 5.54+256
E. coli 06 amount (unit [06]/single particle) *' 0.196 + 0.0372 0.0372+0.0221

*1: Shown are results (mean * SD) obtained from glycine-induced MVs (vector control, n = 3) and glycine-induced CPS14*MVs (n = 5). A statistically significant
difference was detected between the groups (p < 0.05). The yields of both MVs after induction with glycine was ~20- and 60-fold, respectively, higher than that
of the non-induced EcNAfIhD strain without any vector (0.406 + 0.0868 mg, protein equivalent, per one-liter culture supernatant, mean £ SD, n = 3).

*2: Shown are results (mean + SD) obtained from glycine-induced MVs (vector control, n = 3) and glycine-induced CPS14*MVs (n = 5). There was no significant
difference between the groups. Note: NanoFCM used in the present study is a state-of-the-art flow cytometry system for nanoparticles, though has a technical
limitation making it unable to detect particles smaller than 40 nm in diameter. Therefore, the number of smaller particles is not included.

*3: Lipid A activity was determined as endotoxin unit (EU) using limulus assay with LPS of E. coli O111:B4 as the standard. Shown are results (mean + SD)
obtained from glycine-induced CPS147MVs isolated from EcNAfIhD/pNLP80 (n = 3). Activity of the glycine-induced MVs (vector control) was not examined. On
the other hand, the activity level of glycine-induced CPS14"MVs was determined to be ~3-fold lower than that of non-induced MVs isolated from the
EcNAfIhD strain without a vector (32.58 + 12.67 [x10% EU/ng], n = 3). There was a significant difference between the groups (P < 0.05).

*4: Shown are results (mean + SD) obtained from glycine-induced MVs (vector control, n = 3) and glycine-induced CPS14*MVs (n = 5).

oligosaccharide moieties that serves as anchors of LPS tethered to
the outer membrane. In addition, the subcellular localization of
CPS14 was examined by immuno-FE-SEM (Fig. 2C), immuno-TEM
(Fig. 2D) and subcellular fractionation-based assay (Fig. 2E),
demonstraing that CPS14 is localized mainly at the outer
membrane of EcNAflIhD cells.

By using the glycine-induction metho , an abundance of
MVs was isolated from EcNAfIhD/pWSK129 (vector control) and
EcNAfIhD/pNLP80 (CPS14™). The amounts of glycine-induced MVs
(vector control) and glycine-induced CPS14"MVs (protein equiva-
lent, per one-liter culture supernatant, mean + SD) were found to
be 8.23 +3.46 and 24.3 +13.5mg, respectively (Table 1). While
the mechanism causing the higher yield in the glycine-induced
CPS14*MVs as compared to the glycine-induced MVs (vector
control) remains unclear, the yield of those MVs induced by
glycine was ~20- and 60-fold higher, respectively, than that of the
non-induced EcNAfIhD strain without a vector (0.406 + 0.0868 mg,
n = 3) (Table 1). In nano-flow cytometry analysis, the approximate
number (per ng of protein) and size were comparable between
the glycine-induced MVs (vector control) and glycine-induced

d16,'|7
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CPS14 * MVs at ~2 x 108 particles/ng and 55-60 nm in diameter
(Table 1 and Supplementary Fig. 4). Using limulus assay findings,
the amount of LPS in glycine-induced CPS14"MVs was calculated
to be 10.2+6.82 (endotoxin units [EU]x03/ng) (Table 1),
significantly less than the amount in non-induced MVs of
EcNAfIhD strain without a vector (32.6 + 12.7 EU x 103/ng) (Table
1), again demonstrating that the present glycine-induction
method is useful for isolation of MVs with significantly reduced
LPS amounts.

TEM and FE-SEM analysis showed that both MVs (vector
control) and CPS14TMVs were spherical particles that range in
size from 20 to 100 nm in diameter (Fig. 3A), which was in good
agreement with the the nano-flow cytometry findings (Table 1
and Supplementary Fig. 4). Those preparations did not contain
any flagella, which was confirmed by FE-SEM analysis (Fig. 3A)
and flagellin-probed western blot analysis'®. Although no
difference was observed in the morphology (Fig. 3A), surface
roughness (Fig. 3B and Supplementary Fig. 5) and relative
composition of lipid, sugar, and protein (Fig. 3C and
Supplementary Fig. 6), between MVs (vector control) and
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Multiplex western blot

CPS14"MVs, CPS14 molecules were highly expressed on the
outermost surface of CPS14TMVs, but not the vector control
MVs (Fig. 3D, E). The amount of CPS14 in a single particle of
CPS14TMVs was estimated to contain 5.54 +2.56 ag (mean %
SD, n = 3) (Fig. 3F), with a dramatic reduction in the amount of
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06 in the CPS14™MVs as compared with the MVs (vector
control), suggesting that CPS14 production interferes with the
06 production in MVs as well as whole cells. In addition, a
multiplex western blottng, in which CPS14"MVs were probed
with 2 antibodies against lipid A-core and CPS14, was
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performed (Fig. 3E). The findings confirmed that CPS14"MVs
had a reduced amout of one 06-linked LPS and instead
expressed polymerized CPS14 that exists as a lipid A-core
oligosaccharide conjugate, i.e., a chimeric LPS.

In a comparative analysis of the constituents among whole cells,
MVs, and the supernatant after ultracentrifugation (Fig. 3G), different
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Diameter (um)

than whole cells, MVs were found to contain abundant OmpA [OM],
while MBP ([PP]), RodZ ([IM]), and Crp [CP] were only wealky detected.
It was also confirmed that hypervesiculation following glycine
addition was not the result of cell lysis, but rather “quasi-lysis” as
previously reported', because the supernatant contained a high level
of MBP [PP], while Crp [CP] was undetectable (Fig. 3G). These findings
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Fig. 3 Characterization of CPS14"MVs. A Morphological analysis of MVs. Shown are representative images (TEM at low and high
magnification, FE-SEM) with scale bars indicated at the lower right. Bars of TEM (low): 500 nm. Bars of TEM (high): 200 nm. Bars of FE-SEM
(1000 K): 20 nm. FE-SEM 3D images are also shown at the right panel. B Surface roughness analysis of MVs by image-based profilometry. The
surface roughness was quantified from five different areas (625 nm?) cropped from the center of both MVs (vector control) and CPS14*MVs
(Supplementary Fig. 5). The results are expressed as the mean + SD. ND: no statistically significant difference between MVs and CPS14" MVs,
when performed with a Mann-Whitney U-test. € MV surface compositions estimated from cryo-XPS data. Data are expressed as the
mean + SD from results obtained in three independent experiments. ND: no statistically significant difference between MVs and CPS14" MVs,
when performed with a Mann-Whitney U-test. D Immuno-FE-SEM of MVs. MVs (vector control) and CPS14TMVs were probed with a-CPS14 or
the control Ab. The primary antibody was probed with anti-rabbit IgG antibody labeled with 12-nm colloidal gold. Shown are representative
images with scale bars indicated at the lower right. Bars: 50 nm. E Multiplex western blotting of MVs (vector control) and CPS14"MVs for
detection of both CPS14 and lipid A-core oligosaccharide on the same membrane. MV samples were prepared from EcNAflhD/pWSK129
(vector control) and EcNAflhD/pNLP80 (CPS14™") cells, and standardized at 4 ug/mL. Twenty microliters of each sample was applied to 12.5%
polyacrylamide SDS-PAGE, electro-transferred to a PVDF membrane, and simultaneously probed with rabbit anti-CPS14 and mouse anti-lipid
A-core oligosaccharide antibodies. Those primary antibodies were then simultaneously probed with SBB520-labeled anti-rabbit 1gG and
SBB700-labeled anti-mouse IgG as secondary antibodies, respectively. MV samples were also subjected to CBB staining as the loading control
(left panel) and for O6-probed western blot (right panel). Square bracket at the right of the multiplex western blot membrane image denotes
ladder signals corresponding to CPS14-linked lipid A-core oligosaccharides. Single bands of semi-rough type 06 LPS between 10 and 15 kDa
are denoted by arrowheads at the right of the merged blot and O6-probed western blot membranes. F Amount of exogenous pneumococcal
CPS14 (top panel) and E. coli original 06 (bottom panel) in MVs (vector control, n=3) and CPS14TMVs (n =5). Data are expressed as the
mean = SD from results obtained in 3 or 5 independent experiments. All MV samples used for analysis were collected from independent
experiments. *p < 0.05, when performed with a Mann-Whitney U-test. G MVs-tethered CPS14. Whole cells (WCs), MVs, and supernatants after
ultracentrifugation (Sup) were prepared from the ECNAfIhD cells expressing CPS14. Protein profiles and the presence of CPS14 were examined
by CBB staining and Western blot probed with CPS14 antibody, respectively. The same sample set was also separately probed with antisera
against the subcellular marker proteins Crp [CP], RodZ [IM], MBP [PP], and OmpA [OM]. The WC sample was standardized at 4.0 (ODgqo). The
MV sample was standardized at 4 ug/mL. Using precipitation with trichloroacetic acid, the Sup sample had a 100-fold greater concentration
than the original culture supernatant. Ten or twenty microliter of each sample was applied to 12.5% polyacrylamide SDS-PAGE. H Stability of
CPS147MVs after heat treatment (100 °C, 30 min). The total protein profiles of CPS14"MVs were examined following CBB staining (lower left
panel) and CPS14-probed western blot. Appearance of CPS141TMVs without or with heat treatment are observed by FE-SEM. Bars in electron-
micrographs at high magnification (top panels): 20 nm. Bars in electron-micrographs at low magnification (bottom panels): 200 nm. DLS
results of MVs without (blue dots) and with heat treatment (red dots) are shown as scatter plots with vertical bars that denote the mean value.
ND: no statistically significant difference, when performed with a Mann-Whitney U-test.

suggest that glycine disrupted the integrity of the outer membrane, Long-term follow-up after administration with CPS14"MVs or

while that of the inner membrane was maintained.

Comparison of humoral immune responses after
immunization of CPS14"MVs and free CPS14 adjuvanted with
empty MVs

The effectiveness of CPS14"MVs as a nanoparticle-based poly-
saccharide vaccine on acquired immunity was compared with that
of free, nonparticulate CPS14 in an in vivo immunization model
(Fig. 4A). In advance, the suitable dose of CPS14TMVs to elicit
maximal immune responses was determined as 1 pg protein per a
mouse by a preliminary experiment in which CPS14TMVs with
different doses were injected in mice (Supplementary Fig. 7).
Potent IgG responses were observed in both serum and BALF
samples of CPS14TMVs group (Fig. 4B). In addition, we found a
balanced 1gG subclass distribution in the group of CPS14TMVs
(Fig. 4B). In contrast, free, nonparticulate CPS14 elicited a limited
immune responses with only weak IgM production (Fig. 4B).
Neither IgA nor IgE were detected in any group (Fig. 4B). We found
that remarkable 1gG responses were induced by formalin-treated
MVs, but not by MVs destroyed by SDS (Supplementary Fig. 8),
which may indicate the importance of the structural integrity of
MVs for immunogenicity. In addition, the thermostability of
CPS14"MVs was examined (Fig. 3H) and those results showed
that the total protein profiles, CPS14 expression/polymerization,
morphology of the heat-treated CPS14*MVs were very similar to
those without that treatment (Fig. 3H). Of interest, CPS14 was not
detected in the supernatant after ultracentrifugation even after
heat treatment, suggesting that the exogenous polymerized
CPS14 molecules were not released into the supernatant but
rather remained covalently bound to the lipid A core-
oligosaccharide anchor. Furthermore, heat-treated CPS14TMVs
induced a humoral immune response in mice that was as strong
as that without heat treatment (Supplementary Fig. 8). Taken
together, the results indicate that CPS14"MVs are highly
thermostable.
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two licensed pneumococcal vaccines, PPSV23 and PCV13

Next, we compared the intensity and persistence of humoral
immune responses between the CPS14*MVs vaccine and two
currently licensed pneumococcal vaccines, i.e, PPSV23 and PCV13
(Fig. 5A). Administration with only 1pg of EcNAflhD-derived
CPS147MVs, which contains 0.013 pg as CPS14 equivalent, elicited
robust immune responses (Supplementary Fig. 7). On the other
hand, administration with PPSV23 or PCV13 that contain the same
CPS14 amounts (0.013 pg) did not induce immune responses
sufficiently (Supplementary Fig. 7). So, regarding PPSV23 and
PCV13, mice were administered with 90 uL of undiluted PPSV23
(incl. 45ug as CPS14 equivalent), and undiluted PCV13 (incl.
0.39 ug as CPS14 equivalent), as their respective doses induced
immune responses at maximal antibody responses (Supplemen-
tary Fig. 7). In the long-term follow-up after immunization, no or
very little IgG was detected in the PPSV23 group through the
1-year timeframe, although a weak IgM production was main-
tained (Fig. 5B). On the other hand, the PCV13 group represented
the strongest IgM responses among the groups, however, only
weak or moderate IgG responses were observed in the PCV13
group (Fig. 5B). The IgG subclass distribution in the PCV13 group
showed a typical Th2-skewed immune responses, i.e., abundant
IgG1 but no or very little IgG2a in blood and lung (Fig. 5C, D). On
the other hand, CPS14"MVs-elicited responses that persisted with
a remarkably high level of I1gG for 1 year (Fig. 5B), with balanced
IgG subclass distributions, in which all IgG subclasses were
strongly elicited in both blood and lung, which was in striking
contrast to the PCV13 group (Fig. 5C, D). Neither IgA nor IgE were
detected in any group during the timeframe of this study.
Furthermore, T-cell response in mice following vaccination with
PCV13 or CPS14"MVs was investigated (Fig. 5E). At 3 weeks after
vaccination, the spleen was excised and CD4™T cell response was
examined (Fig. 5E). There was no statistically significant difference
regarding IFN-y*T-cell population between the PCV13 and
CPS14TMV groups (Figs. 5F and S9). On the other hand, the
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CPS14"MVs group showed a significantly larger IL-47CD4 " T-cell
population as compared to the PCV13 group (Figs. 5F and S9). The
ratio of IFN-y"CD4"T cell/IL-47CD4'T cell in mice of the
CPS14"MVs group was significantly higher than those of the
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PCV13 group (Figs. 5F and S9). Taken together with findings
showing elicitation of both Th1- and Th2-associated IgG subclass
responses (Fig. 5C, D), it is considered that CPS14*MVs mitigate
the risk of vaccine-induced immune enhancement by a Th1/Th2-
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Fig. 4 Comparison of humoral immune responses after vaccination with CPS14" MVs or empty MVs mixed with different amounts of
soluble CPS14. A Timeline of immunization. CPS14TMVs vs. soluble CPS14 antigens with CPS14-free MVs (Empty MVs). Six-week-old female
BALB/c mice (n = 24) were subcutaneously immunized twice at weeks 0 and 3, with MVs alone, different amounts of CPS14 (0.01, 0.1, 1, and
10 pug) with empty MVs, and CPS14"MVs (n =4, each). At 5 weeks, serum, nasal wash, and BALF samples were obtained. CPS14-specific
antibody responses were analyzed by ELISA in which wells were coated with purified CPS14. B Serum IgM, IgG, IgA, and IgE (top panels) serum
1gG subclasses (IgG1, 1gG2a, IgG2b, IgG3) (middle panels), and IgG and IgA in nasal wash and BALF (bottom panels) were examined. In all
ELISAs except serum IgG, samples were used at 1:100 dilution. Serum samples for IgG detection were used at 1:1000 dilution. The results are
expressed as ODg4os values (mean * SD) after a 30-min incubation with AP substrate. ND: no statistically significant difference when compared
to Grp. 1 (PBS). *p <0.05 when compared to Grp. 1 (PBS). ****p < 0.0001 when compared to Grp. 1 (PBS). One-way ANOVA followed by Tukey’s

multiple comparison test was used for the statistical analysis in Fig. 4.

balanced response, as compared to vaccination with PCV13, which
shows a typical Th2-skewed IgG subclass response (Fig. 5C, D).

CPS14"MVs enhanced potent humoral immune responses in
mice of various ages

To examine the effect of age on acquired immunity, three groups
of mice of different ages were immunized with PPSV23, PCV13,
and CPS14"MVs (Fig. 6A). Whereas the levels of serum IgM and
IgG in the PPSV23 and PCV13 groups decreased with age, the
mice in the CPS14"MVs group showed the highest antibody
production at 27 weeks old (Fig. 6B). Among the three groups,
only the mice in the CPS14*MVs group exhibited remarkable
immune responses in both serum and BALF at all the ages (Fig.
6B). Notably, even 62-week-old mice immunized with CPS14TMVs
could elicit robust CPS14-specific IgG responses in both serum and
BALF, which was in contrast to the PPSV23 and PCV13 groups,
which had no or little IgG production (Fig. 6B).

In the mice at 15 weeks old, the trend of IgG production
observed in Fig. 6B was confirmed by immuno-FE-SEM analysis,
which showed that mice in the groups of CPS14"MVs and PCV13
produced IgG antibodies in both 50-fold diluted serum and
undiluted BALF that specifically bound to the outermost surface of
live S. pneumoniae cells, while no or little IgG was detected in both
serum and BALF of the PPSV23 group (Fig. 6C). Serum and BALF
samples were further diluted 20-fold, and the diluted serum (1000-
fold dilution) and BALF (20-fold dilution) samples were subjected
to immuno-FE-SEM analysis again (Fig. 6D and Supplementary Fig.
10). In 15-week-old mice, the reactivity of the CPS14TMV group
was comparable to that in the PCV13 group (Fig. 6D and
Supplementary Fig. 10). On the other hand, in 27- or 62-week-
old mice, CPS14TMVs vaccine was found to elicit functional IgG
antibodies to S. pneumoniae at a higher level than PCV13 (Fig. 6D
and Supplementary Fig. 10).

DISCUSSION

Considering the difficulty of inducing robust and long-lasting
immune responses to polysaccharide antigens, the present study
assessed the applicability of glycine-induced MVs as a novel
vaccine platform against infection by encapsulated pathogens.
EcNAflhD MVs were chosen as a vaccine carrier to investigate the
prospective advantages in terms of: (1) safety based on the
detoxified property with in vivo safety assessment'® and the
practical use of live EcN cells in humans for more than 100 years?’
and (2) the adjuvanticity of ECN MVs'® to be harnessed by a wide
range of ligands of pattern recognition receptors'3~'%,

Our findings revealed that only 1ug of EcNAflhD-derived
CPS14"MVs (0.013 ug as CPS14 equivalent/pug of MVs) elicited
robust T-cell responses and subsequent class-switch recombina-
tion to IgG, which was in sharp contrast to the response elicited by
free CPS14 even when administered at high doses (~10 pg) with
1 pg of empty ECNAflhD MVs as an adjuvant (Fig. 4). Furthermore,
CPS14"MVs strongly elicited 1gG-dominant immune responses
with balanced 1gG subclass distributions, in which all IgG
subclasses were strongly elicited in both blood and lung (Fig. 5).
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Regarding PCV13, the antibody response profiles were IgM-
dominant, and the total IgG level was significantly weaker as
compared to the CPS14"MVs group (Fig. 5B). In addition, in the
PCV13 group, the IgG subclass distribution was predominantly
IgG1, while no or very little lgG2a was detected, suggesting that
PCV13 is a typical Th2-type vaccine (Fig. 5C, D, F). The Th2-biased
immunity is probably due to a Th2-enhancing adjuvant ingredient,
aluminum phosphate?®, which is supplemented in the PCV13
formula in order to make up for the weak immunogenicity of the
conjugate vaccine.

Th1/Th2-balanced immune responses are essential for minimiz-
ing the risk of immediate hypersensitivity to vaccines, such as IgE-
mediated anaphylaxis. In addition, robust IgG production with
Th1/Th2-balanced immune responses is required for clearing
pathogens, because both neutralizing antibody and cytotoxic
T cells are important to induce protective immunity. Taken
together, our in vivo studies highlight the lack of standard
requirements of PCV13 for future vaccines, as well as the obvious
advantage of the ECNAfThD CPS14MV vaccine over two currently
available pneumococcal vaccines.

A long-term follow-up study after immunization revealed that
the CPS14"MV vaccine elicited strong IgG-dominant immune
responses that were maintained for 1 year (Fig. 5). The finding
indicates the persistence of long-lived antibody-secreting plasma
cells and memory B cells at germinal centers during the timeframe
of the study. We suggest that CPS14"MVs can be delivered to and
remain at the local lymph nodes of the administration site, and
subsequently interact with the immune cellular network, which
can orchestrate T-cell-dependent IgG class switching and ensure
protection against pneumococcal infection.

Successful vaccination of the elderly against pathogens that
cause high morbidity and mortality represents a growing public
health priority?>3°. In particular, a reduction in the immune
response to vaccines with aging is a critical issue to be addressed
in light of our aging society. Thus, there is an urgent need to
develop rational vaccines designed to elicit strong and persistent
immune responses, even in low-responders such as infants and
the elderly. Another in vivo immunization study with mice at
different ages suggested that the CPS14"MVs vaccine was
applicable for all age groups studied, i.e.,, 7-, 19-, and 54-week-
old mice (Fig. 6). Considering the substantial decline in antibody
responses in vaccinated 54-week-old mice in all the groups (Fig.
6), it is particularly meaningful that CPS14*MV-vaccinated, 54-
weeks-old mice achieved robust IgG production in serum and
BALF. This may be true that ECNAflhD MV-based vaccine system is
applicable for subjects with dampened immune responses such as
the elderly.

In contrast to the robust IgG production in mice of the
CPS14"MVs group, IgA antibodies was not elicited by parenteral
administration with CPS14TMVs, as well as PPSV23 or PCV13 (Fig.
4). Considering the importance in secretory IgA for protection at
mucosal surfaces, mucosal administration may offer a more
protective immunity than parenteral administration. Further
studies are required such as in vivo protection assay by
administration with CPS14 + MVs, both parenterally and
intranasally.
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Fig. 5 Long-term follow-up after vaccination with CPS14" MVs or licensed vaccines. A Timeline of immunization: CPS14" MVs vs. two
currently available pneumococcal vaccines, PPSV23 and PCV13. Six-week-old female BALB/c mice (n = 27) were subcutaneously immunized
with PBS, PPSV23, PCV13, or CPS14"MVs at weeks 0, 3, and 6 (PBS: n=3, PPSV23: n=8, PCV13: n=8, CPS14™ MVs: n = 8). In addition, a
booster (4th immunization) was administered at week 30. Serum samples were collected every 4 or 5 weeks starting from week 8. Pre-immune
serum samples were also obtained 1 week before first immunization (week-1). At week 56 or 59, all mice were euthanized, and nasal wash and
BALF samples were collected. Among the 27 mice used in this experiment, only two mice in the PPSV23 group died accidentally at 45 and
56 weeks, respectively. B Transition of CPS14-specific serum IgM and IgG. The OD g5 values (mean * SD) at each time point are connected by a
colored line presenting each group. Arrows indicate the timing of immunization. C CPS-specific IgG subclass responses in serum at different
time points (at weeks 8, 32, and 53). Serum IgG subclasses (IgG1, IgG2a, IgG2b, IgG3) were examined. Data are expressed as the mean * SD.
ND: no statistically significant difference. *p < 0.05. **p <0.01. ***p < 0.001. ****p <0.0001. Shown are the results of statistical analysis using
one-way ANOVA followed by Tukey’s multiple comparison test, when compared to Grp. 1 (PBS) of the same age. D CPS-specific IgG and IgG
subclass responses in BALF at week 56 or 59. ND: no statistically significant difference. *p < 0.05. **p < 0.01. ***p < 0.001. Shown are the results
of statistical analysis using one-way ANOVA followed by Tukey’s multiple comparison test, when compared to Grp. 1 (PBS) of the same age. In
all ELISA except serum IgG, samples were used at 1:100 dilution. In ELISA for serum IgG, the samples were used at 1:1000 dilution. The results
are expressed as OD45 values (mean + SD) after a 30-min incubation with AP substrate. E Timeline of immunization, T-cell response. CPS14"
MVs vs. PCV13. Six-week-old female BALB/c mice were subcutaneously immunized with PBS, PCV13, or CPS14"MVs at weeks 0 and 3 (n = 4 per
group). Spleens were harvested at week 8, and isolated splenocytes were used for intracellular cytokine assays. F After stimulation of
splenocytes with PMA and ionomycin in the presence of GolgiPlug for 6 h, intracellular IFN -y and IL-4 in CD4'T cells were examined. (Top
panels) The percentages of IFN-yIL-4CD4*T cells/Total CD4*T cells (IFN-y *cells) and IFN-y'IL-4TCD4'T cells /Total CD4'T cells (IL-4 " cells) are
indicated in the lower right and upper left of each quadrant of flow cytometry findings. (Bottom panels) The percentages of IFN- ycells and
IL-4*cells, and ratio of IL-4/IFN-y were compared between groups using one-way ANOVA followed by Tukey’s multiple comparison test. Data
are expressed as the mean + SD of the values.

The primary mechanism behind immunological advantages of
glycine-induced EcN MVs over conventional vaccines remains
obscure. A wide range of PAMPs in the ECN MVs and the ratio of
PAMPs contents will be vital for the strong and Th1/Th2-balanced
immune responses'~'>, The structural integrity of MVs seemed to
be vital for triggering the class-switch recombination from IgM to
IgG (Supplementary Fig. 8). We also suggest that the surface
pattern array of CPS14 antigens at high density on the MVs (Fig. 3)
may ensure the favorable Th1/Th2-balanced immune responses
after MV administration, because high-density antigens displayed
on nanoparticle vaccines are known to enhance the antigen
presentation ability of dendritic cells3'3?, B-cell activation via
crosslinking of B-cell receptors®*>=3°, and balanced Th1/Th2
responses>®. It also has been reported that nanoparticle vaccines
ranging from 10 to 100 nm in diameter can drain from interstitial
tissue into lymphatic vessels, and then accumulate within local
lymph nodes®’, which is in good agreement with the physical
property of CPS14TMVs, which ranged in size from 20 to 100 nm
in diameter (Table 1 and Fig. 3A, H), and the subsequent strong
and persistent T-cell-dependent immune responses after
CPS14"MV administration (Figs. 4, 5, and 6).

In a view of the significant cost of producing PCV132%38, our
probiotic MVs-based vaccine platform is able to significantly
reduce the time and cost required for novel vaccine development
by: (1) using an innovative, cost-effective glycine-induction
method, (2) eliminating the need to manufacture at a BSL2
facility, and (3) enabling design flexibility based on a simple vector
construction. In the future, the glycoengineered EcN AflhD MVs-
based vaccine strategy can be applied for vaccine development to
protect against not only other serotypes of pneumococci, but also
other clinically important encapsulated pathogens, such as Group
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B streptococcus, Neisseria meningitidis, Acinetobacter baumannii,
Klebsiella pneumoniae, among others.

Principle of glycoengineering of the chimeric ECNAflhD MVs is
based on the ligation of exogenous polysaccharides from the
pyrophosphate-undecaprenyl (PP-Und) anchor to the lipid A-core
oligosaccharide anchor'®, whose enzymatic reaction is catalyzed
by the O-antigen ligase, Waal3*=*'. Then, the transport of the lipid
A-core polysaccharides takes place from the outer leaflet of the
inner membrane to the outer leaflet of the outer membrane by
the action called “PEZ" model*?. In the present study, a
pneumococcal PP-Und-linked CPS14 was cleaved from PP-Und,
and subsequently linked to the lipid-A core block. The resultant
chimeric LPS were translocated onto outer membrane of ECNAflhD
strain (Fig. 2). The glycine-induced MVs also exogenously
expressed polymerized CPS that existed as chimeric LPS on the
surface (Fig. 3). Although Waal is known to exhibit a highly
relaxed specificity toward the lipid moiety of the donor
substrate®®#4, to what extent LPS biosynthesis system of ECNA hD
allow exogenous polysaccharides with different species and sizes
remains to be elusive. For that reason, further functional studies of
this platform applicability to various polysaccharides should be
assessed with the better understandings of molecular mechanism
of chimeric LPS biosynthesis and expression on MVs.

In conclusion, we succeeded in overproduction of probiotic
EcNAfIhnD MVs with high-density CPS14 on the outermost surface
(Fig. 3). In in vivo immunization experiments, CPS14"MVs strongly
elicited IgG class-switch recombination with a Th1/Th2-balanced
IgG subclass distribution without any additional adjuvant (Figs. 3,
4, 5). The CPS14tMVs-elicited humoral immune responses
persisted for 1 year in both blood and lung (Fig. 5). Notably, the
immunogenicity of CPS14TMVs was significantly stronger as
compared to that of either of the two licensed pneumococcal
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vaccines (Figs. 5 and 6). Furthermore, the CPS14"MVs vaccine was
found to be widely applicable for mice of different ages, because
vaccination, even in aged animals, resulted in robust production of
CPS14-specific 1gG bound to the pneumococcal cell surface (Fig.
6). Taken together, we suggest that the probiotic E. coli MV
vaccine platform can provide a generalizable solution for defense
against capsulated pathogens.
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METHODS

Bacterial strains and growth conditions

A schematic overview of the bioengineering of probiotic E. coli
cells expressing exogenous polysaccharides is shown (Fig. 1). In
brief, a flagella-deficient clone of E. coli strain Nissle 1917
(EcNAfIhD) was used as “a mini factory” for MV production'®'”.
EcNAflIhD was further transformed by a low-copy plasmid
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Fig. 6 Immunization study using mice at different ages. A Timeline of immunization: CPS14MVs vs. PPSV23 or PCV13 in mice at different
ages. Thirty-six female BALB/c mice of different ages (7 weeks [n=12], 19 weeks [n=12], and 54 weeks [n = 12]) were subcutaneously
immunized with PPSV23, PCV13, or CPS14" MVs (PPSV23: n=4 at each age, PCV13: n=4 at each age, CPS14" MVs: n=4 at each age).
B Humoral immune responses against CPS14. Serum IgM and IgG, and BALF IgG were examined. In ELISA for serum IgM and BALF IgG, the
samples were used at 1:100 dilution. In ELISA for serum IgG, the samples were used at 1:1000 dilution. The results are expressed as ODqs
values (mean + SD) after a 30-min incubation with AP substrate. Shown are the results of statistical analysis using one-way ANOVA followed by
Tukey’s multiple comparison test.ND: no statistically significant difference, when compared to Grp. 1 (PPSV23) of the same age. *p < 0.05, when
compared to Grp.1 (PPSV23) of the same age. #p < 0.05, when compared to Grp. 2 (PCV13) of the same age. C Reactivity of mouse serum and
BALF to pneumococcal cells. After analyzing a serotype-14 laboratory strain, ATCC 700676, by immuno-FE-SEM, reactivities of serum and BALF
samples with the cells were evaluated. The samples prepared from all the mice in each group (n = 4) at the same volume were used for the
immuno-FE-SEM. The 50-fold diluted serum mixture and the undiluted BALF sample mixture of 15-week-old mice were used. Shown are
representative the electron-micrographs, which are merge of the secondary electron image and the reflection electron image. Scale bars
indicated at the lower right. Bars: 500 nm. In addition, 100 cells were also randomly selected in each group, and then the cells that were fully
covered with immuno-gold were counted. The results of serum (50-fold diluted) and BALF (undiluted) are indicated by two bar graphs in the
right. D The samples prepared from all the mice in each group (n = 4) at the same volume were used for the immuno-FE-SEM using a clinical
isolate of serotype 14 pneumococcus obtained from patients with. The 1:1,000 diluted serum mixture and the 1:20 diluted BALF sample
mixture of 15-, 27-, and 62-week-old mice were used. In total, FE-SEM images of 100 cells were randomly captured for each group at 5 x 10°-
fold magnification. A rectangular area defined as 180 x 250 nm? was cropped from the center of a pneumococcal cell. The number of

immuno-gold particles on the surface per cell were counted.

pWSK129 (vector control)** or the derivative plasmid pNLP80
which contains an entire locus responsible for pneumococcal
CPS14 biogenesis'®. Both pWSK129 and pNLP80 carry a
kanamycin-resistance marker and an isopropyl-p-o(-)-thiogalacto-
pyranoside (IPTG)-driven lac promoter. All E. coli strains were
grown either in LB broth or on LB agar at 37°C in aerobic
conditions. Kanamycin sulfate (Fujifilm Wako Pure Chemical,
Osaka, Japan) and IPTG (Fujifilm Wako Pure Chemical) were also
supplemented at 50 ug/mL and 0.01 mM, respectively, when
required. Two strains of Streptococcus pneumoniae, ATCC 700676
and KSP1094 were also used as representative serotype-14 strains
of laboratory and clinical strains, respectively, to evaluate the
reactivity of antibodies produced in immunized mice. Both strains
were grown on brain heart infusion-based blood agar at 37 °C in
an 5% CO, incubator or in an anaerobic chamber (miniMACS, Don
Whitley Scientific Ltd., Shipley, UK) in 80% N,, 10% H,, and 10%
CO..

Preparation and chemical analysis of LPS

LPS was isolated from freeze-dried E. coli cells by a hot-phenol
extraction method“®, with some modifications. In brief, E coli cells
were collected from 250-mL culture for 16 h at 37 °C in aerobic
conditions, and freeze-dried. The freeze-dried cells suspended
with 10 mL of distilled water was mixed with 10-mL of 90%
phenol, and stirred for 30 min at 68°C. The water-phase was
collected after centrifugation at 12,000 X g, and dialyzed against
distilled water for 3 days. The dialyzed LPS solution was freeze-
dried (crude LPS). The crude LPS was washed once with distilled
water by ultracentrifugation at 100,000 X g to prepare purified LPS
for chemical analysis. Analysis of sugar and fatty acid composition
was performed by gas-liquid chromatography (GC-1014s, Shi-
madzu, Kyoto, Japan)*’.

MV isolation

Bacterial culture supernatant was collected by centrifugation at
7190 x g for 30 min at 4 °C from 16-h culture of E. coli grown in LB
broth supplemented with 1% glycine. The collected supernatant
was filtered through a 0.22-um-pore PVDF membrane to eliminate
contaminated cells, and was subsequently ultracentrifuged at
100,000 x g for 2h to yield MVs as sediments. Thanks to the
peptidoglycan-weakened effect of glycine, supplementation with
1% glycine to LB broth resulted in an ~70-fold increase in the yield
of MVs as assessed by protein amount when compared to MVs not
induced with glycine'®'”. On the other hand, the endotoxin
activity of glycine-induced MVs was ~8-fold reduced compared to
that of non-induced MVs'®'”. The detoxified MVs were resus-
pended in 20 mM Tris-HCI (pH 8.0) and stored at —20°C. The
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protein concentration of MVs was measured by Bradford assay*®
using bovine serum albumin (BSA) as a standard.

Thermostability of CPS14"MVs

CPS147MVs standardized at a concentration of 1 mg/mL with PBS
(pH 7.4) were treated without or with heating at 100 °C for 30 min.
Following ultracentrifugation of both non- and heat-treated
CPS14™MVs, the resultant sediment and supernatant after
ultracentrifugation were subjected to SDS-PAGE analysis. The
morphology of CPS14"MVs without or with heat treatment was
examined by FE-SEM and a Zetasizer (Zetasizer Pro, Malvern, UK).
MV samples without or with heat treatment were also used for
in vivo immunization experiments. The timeline is shown in Fig.
S8D.

Surface roughness

MV surface topography was evaluated by an indirect, SEM
micrograph-based profilometry by Gwyddion software ver. 2.58
as reported previously*® with some modifications. In brief, for
analysis of MV surface morphology in detail, field emission
scanning electron microscopy (FE-SEM) was operated at an
accelerating voltage of 5kV, a short working distance of 2.0- or
2.1-mm working distance, 10%fold magnification. The edge
detection method was performed by cropping the center areas
(30x30nm?) of MVs with the sizes of 60+ 10nm in diameter.
Fifteen images were randomly selected and analyzed in both MVs
(vector control) and CPS14TMVs, respectively. In the roughness
detection, the different values from adjacent pixels were obtained
regardless of background and curved surfaces like MVs. Since the
zero-crossing often highlights noise, the processing includes
smoothing by the Laplacian of Gaussian and noise reduction by
setting thresholds as follows: the full width at half maximum of
Gaussian is 10 pixels, and the threshold amount of normalized
root-mean-square error is 1.0. The surface roughness of MVs was
calculated as a percentage of outline/total number of pixels.

Nano-flow cytometry (nFCM)

The size and concentration of MV samples were analyzed using a
NanoFCM (NanoFCM Inc,, Xiamen, China) according to the
manufacturer’s instructions. Briefly, a cocktail of silica nanospheres
(SiNPs) with four different diameters (68, 91, 113, and 155 nm)
(NanoFCM Inc.) was used for calibration before nFCM analysis. PBS
(buffer alone) was also analyzed as a background signal. MV
concentration and size distribution were calculated using the
nFCM software package, NanoFCM v. 2.0.
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Quantitative dot-blot (QDB) analysis of pneumococcal CPS14
and E. coli 06 polysaccharide antigens

The amounts of pneumococcal CPS14 and E. coli 06 polysacchar-
ides in whole cells and MVs were quantified by quantitative dot-
blot (QDB) analysis. Bacterial cells were heat inactivated at 100 °C
for 15 min, standardized at ODggo = 2.0, and serially diluted 2-fold
with PBS (pH 7.4). MVs were standardized at 100 ng/pL (calculated
as protein equivalent) were serially diluted 2-fold with 20 mM Tris-
HCI (pH 8.0). For QDB of pneumococcal CPS14, purified CPS14 was
used as the standard (#76943, Statens Serum Institut [SSI], Hillerad,
Denmark). The CPS14 prepared at the concentration of 10 ng/mL
were 2-fold serially diluted. For QDB analysis of E. coli O6
polysaccharides, heat-inactivated whole cells of the E. coli 06
reference strain®® were used as the standard. Whole cells
standardized at ODggo = 2.0 were serially diluted 2-fold with PBS
(pH 7.4). The amount of O6 contained in 1 CFU of the 06 reference
strain was defined as one unit of the O6 amount. The signal
intensity of each sample was quantified based on standard curves
for CPS14 and 06, which were generated based on the average of
signal intensities obtained in duplicate assays of purified CPS14
and the E. coli O6 reference strain, respectively, on the same
membrane. Ten microliter of each solution was blotted onto PVDF
membrane, and evaporated at 50°C for 5min. The blotted
membrane was blocked with 1% skim milk (SM) in PBS containing
0.05% Tween 20 (PBST) for 16 h at 4 °C or for 2 h at 37 °C, and then
was incubated with anti-CPS14 antiserum (#16753, SSI) diluted at
1:10,000 dilution. Horseradish peroxidase (HRP)-labeled anti-rabbit
lgG (GE Healthcare, Buckinghamshire, UK) was used as the
secondary antibody at 1:200,000 dilution. Chemiluminescence
after addition of HRP substrate with high sensitivity (Western BLoT
Hyper HRP Substrate, Takara-bio, Shiga, Japan) or with ultra-high
sensitivity (Immobilon ECL Ultra Western HRP Substrate, Merck,
Darmstadt, Germany) was quantified by a densitometry program
of Fusion solo (Vilber Lourmat, Marne-la-Vallée, France). Relative
CPS14 amounts in MV samples were calculated based on the
standard curve of CPS14 standards. To define the amount of CPS
or 06 per cell, the number of ECNAfIhD cells was estimated based
on the turbidity of the bacterial culture after determining that the
ODgqp at 0.1 corresponded to 5 x 107 CFU. To define the amount
of CPS or 06 per single MV particle, the number of ECNAflhD MVs
was estimated based on the total protein amounts of MVs, using
data obtained from nano-flow cytometry (Table 1), in which one
nanogram of total protein of the MVs (vector control) and
CPS14+tMVs corresponded to 2.11x 10 and 2.38 x 10° particles
(mean + SD), respectively.

Subcellular fractionation

Subcellular fractionation of E. coli cells was performed by a
standard protocol of a different solubilization technique by using
2% N-lauryl sarcosyl®'.

Limulus assay

To quantify LPS, a limulus assay was performed using an
Endospecy ES-50M kit (Seikagaku Co., Tokyo, Japan), according
to the manufacturer’s instructions, with LPS from Escherichia coli
0111:B4 (Sigma) as the standard.

Cryo-X-ray photoelectron spectroscopy (Cryo-XPS)

The chemical surface composition of isolated MVs was analyzed
by using a multivariate curve resolution analysis of carbon 1s
spectra obtained from Cryo-XPS analyses®>>3. Briefly, cryo-XPS
spectra were recorded from frozen suspensions of OMVs in PBS, at
liquid nitrogen temperature (-160 C). Thereafter, C 1s spectra for
each sample were fitted using Matlab (Mathworks Inc) with
spectral envelopes previously determined and published repre-
senting the profiles for three major substance groups, i.e., peptides
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(proteins or peptidoglycan), lipids or polysaccharides. Using this
methodology the content of C atoms from these three building
blocks could be predicted at the outermost portion (less than
~10 nm depth) of the MV surface.

SDS-PAGE and western blot

MV and whole-cell samples were separated by Tris-glycine SDS-
PAGE using 12.5% polyacrylamide gels and stained with
Coomassie brilliant blue (CBB). For Western blotting, gels were
electroblotted onto PVDF membranes. Rabbit polyclonal anti-
bodies against FIiC flagellin®* were used at 1:2000 dilution. Rabbit
polyclonal antibodies against CPS14 (#16753, SSI) were used at
1:10,000 dilution. Mouse monoclonal antibodies against MBP
(E8032, New England Biolabs, Ipswich, UK) were used at a dilution
of 1:10,000. Mouse monoclonal antibodies against lipid A-core
oligosaccharide (Clone WN1 222-5, Hycult Biotech, Uden, Neder-
lands) was used at a dilution of 1:1000. Rabbit polyclonal
antibodies against OmpA, DsbA, RodZ, and Crp were used as
previously described®®. HRP-labeled anti-rabbit IgG (GE Health-
care) was used as the secondary antibody at 1:200,000 dilution.
Following addition of Western BLoT Hyper HRP Substrate (Takara-
bio) or Immobilon ECL Ultra Western HRP Substrate (Merck,
Darmstadt, Germany), chemiluminescence was visualized with
Fusion solo (Vilber Lourmat). For detection of both lipid A-core
oligosaccharide and CPS14 on the same membrane, fluorescence
western blotting was performed using StarBright Blue (SBB) 520-
labeled goat anti-rabbit IgG (Bio-Rad, Hercules, CA, USA) and
SBB700-labeled goat anti-mouse IgG (Bio-Rad) as the secondary
antibodies, in place of HRP-labeled antibodies. Fluorescence was
visualized with Amersham ImageQuant 800 Fluor (Cytiva, Marl-
borough, MA, USA). Excitation was performed by use of a 460-nm
blue light laser for both SBB520 and SBB700, and fluorescence
emission was collected in the green range of the spectrum using a
band pass filter of 525+ 10 nm (emission maximum: 520 nm) for
the SBB520 dye and in the infrared range of the spectrum using a
band pass filter of 715+ 15 nm (emission maximum: 700 nm) for
the SBB700 dye.

Electron and immuno-electron microscopy

Morphological analysis of MVs was performed by FE-SEM with
sub-nanometer resolution (Regulus8220, Hitachi High-Tech, Tokyo,
Japan)'®, with modified protocol of sample preparation to be
optimized for MVs. For FE-SEM analysis, MVs standardized at
100 ng/uL with 20 mM Tris-HCI (pH 8.0) were placed on poly-L-
lysine-coated coverslips immobilized in 4-well multi-dishes
(#176740, Thermo Fischer Scientific, San Jose, CA, USA) and
incubated for 150 min at 15-25 °C to allow the MVs to attach on
the coverslips. Subsequently, MVs were fixed with admixture of
2% paraformaldehyde and 2.5% glutaraldehyde for 16 h. The fixed
samples were dehydrated in graded acetone solutions, and dried
in a critical point dryer using CO, (CPD 300, Leica Microsystems,
Wetzlar, Germany). The samples were then coated with osmium
vapor using an osmium plasma coater and finally visualized with
FE-SEM (Regulus8220, Hitachi High-Tech, Tokyo, Japan). The 3D
structure of MVs was constructed from FE-SEM images by Image)
software (version 1.44, National Institutes of Health) equipped
with interactive 3D Surface plot analysis at the following setting
parameters: smoothing 2.0; perspective 0.0; lightning 0.2.

For immuno-FE-SEM, bacterial cells or MVs immobilized on the
coverslips were incubated with 200 pL of 1% BSA in PBS for 30 min
at 15-25°C. After washing once with 0.1% BSA in PBS, samples
were incubated with CPS14 antibody (SSI) or normal rabbit
antibody in 0.1% BSA in PBS for 1h at 15-25 °C. After washing
three times with 0.1% BSA in PBS, samples were incubated with
200 pL of colloidal gold-labeled secondary antibody prepared with
0.1% BSA in PBS for 1 h at 15-25 °C. In the present study, goat anti-
rabbit 19G (H+ L) secondary antibody conjugated with 12-nm
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colloidal gold (#111-205-144, Jackson ImmunoResearch, West
Grove, PA, USA) and goat anti-mouse IgG (H-+L) secondary
antibody conjugated with 10-nm colloidal gold (EMGMHL10, BBI
solutions, UK) were used for probing primary rabbit and mouse
antibodies, respectively. After immunoreaction procedures, fixa-
tion, dehydration, drying and osmium plasma coating were
sequentially performed in the manner described in the previous
paragraph.

For immuno-TEM of E. coli and S. pneumoniae, the cells were
fixed with 4% paraformaldehyde for 2 h. After washing three times
with 0.1 M phosphate buffer, the pellet of cells was embedded in
agar, dehydrated with in a series of ethanol concentrations (50, 70,
80, 90, 95, and 100%), and embedded in LR white resin (Nisshin
EM Co. Ltd., Tokyo, Japan). Ultrathin-sections on nickel grid were
incubated with 1% BSA in PBS for 30min at 15-25°C. After
washing once with 0.1% BSA in PBS, the sections were incubated
with CPS14 antibody (SSI) or normal rabbit antibody in 0.1% BSA
in PBS for 1 h at 37 °C. After washing three times with 0.1% BSA in
PBS, the sections were incubated with 12nm colloidal gold-
labeled anti-rabbit IgG antibody (BBI solutions) 0.1% BSA in PBS
for 1 h at 37 °C. After immunoreaction, the sections were stained
with 4% uranyl acetate and lead citrate, and then analyzed with a
transmission electron microscope (H-7700, Hitach High-Tech). For
assessment of the immunoreactivity of the serum and BALF
samples from mice, FE-SEM images of 100 cells were randomly
captured for each group at 5x10°fold magnification. A
rectangular area defined as 180 x 250 nm? was cropped from
the center of a pneumococcal cell. The number of immuno-gold
particles on the surface per cell was counted.

Animal experiments

All animal experiments were approved by National Institute of
Infectious Diseases (NIID) Institutional Animal Care and Use
Committee (Protocol nos. 118149 and 121046) and performed in
compliance with the commitee guidelines. In Figs. 4A, 5A, E, 6A,
S7A, S8B, and S8D, the experimental overviews are shown with the
timelines of immunization and euthanasia. Six-week-old female
BALB/c mice (Japan SLC, Inc, Hamamatsu, Japan) were subcuta-
neously immunized in the back twice with a 3-week interval with
isolated MVs at a dose equivalent of 1ug of protein containing
0.013 pg of CPS14, CPS14 (SSI) at different doses [0.01, 0.1, 1, and
10 ug, CPS14 equivalent] or the combination of MVs and CPS14,
for which the injection volume was 0.09 mL. In some experiments,
23-valent pneumococcal polysaccharide vaccines (PPSV23, pneu-
movax23, Merck) and 13-valent pneumococcal conjugate vaccines
(PCV13, prevenar13, Pfizer, Rockville, MD, USA) were subcuta-
neously administered in the back of female BALB/c mice in the
same manner. Different doses of PPSV23 (0.5, 1.5, 4.5 ug, CPS
equivalent) and PCV13 (0.043, 0.13, 0.39 pg, CPS equivalent) were
administered to the mice. In an experiment with a 1-year follow-
up for persistence of antibody production, immunization with PBS,
PPSV23 (4.5 ug, CPS equivalent), PCV13 (0.039 ug, CPS equivalent),
and CPS14"MVs (0.013 ug, CPS equivalent) was performed for 4
times at the following ages of mice: 6, 9, 12, and 36 weeks. In
another experiment, 7-, 19, and 54-week-old female BALB/c mice
were subcutaneously immunized 3 times at 3-week intervals in the
back with PPSV23 (4.5 pg, CPS equivalent), PCV13 (0.039 ug, CPS
equivalent), and CPS14TMVs (0.013 ug, CPS equivalent). Serum
and BALF samples were collected 2 weeks after the final
immunization. Serum, nasal wash and bronchoalveolar lavage
fluid (BALF) samples were collected from mice and used for
detection of CPS14-specific antibodies by ELISA. In the procedure
of antigen coating, CPS14 antigen was coated at 125 ng per well
onto ELISA plates. Alkaline phosphatase (AP)-labeled anti-mouse
IgG (H+L) was purchased from Thermo Fischer Scientific, and
used at 1:1000 dilution. AP-labeled anti-mouse IgM, IgE, IgA, 1gGT,
IgG2a, 1gG2b, IgG3 were purchased from Southern Biotech
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(Birmingham, AL, USA), and used at 1:1,000 dilutions. Chromo-
genic development using para-nitrophenyl phosphate were
recorded at absorbance at 405nm at 15, 30, 60, 120 min with
the plate reader Cytation5 (Biotek, Winooski, VT, USA). For T-cell
response study, BALB/c mice were subcutaneously immunized in
the back twice with a 3-week interval with PBS, PCV13 (0.039 pg,
CPS equivalent), and CPS14"MVs (0.013 ug, CPS equivalent). At
3 weeks after the final immunization, the mouse spleens were
collected and analyzed.

T-cell assessment using flow cytometry

Splenocyte suspensions were prepared by physically disrupting
the spleen capsule and then passing the suspension through
nylon mesh filter with a pore size of 70 um. After removal of red
blood cells by treatment with ACK lysis buffer, freshly isolated
splenocytes standardized at 2 x 10° cells in RPMI1640 with 10%
FBS were stimulated with 5puL of a cell activation cocktail with
brefeldin A (#423303, Biolegend, San Diego, CA, USA) in a CO,
incubator for 6 h. After harvesting stimulated splenocytes, surface
staining was performed with the following panel of antibodies
and reagents: PerCP anti-mouse CD3¢ (clone 145-2C11, #100325,
Biolegend), and FITC anti-mouse CD4 (clone GK1.5, #100405,
Biolegend). After fixation and permeabilization with a Cyto-Fast
Fix/Perm Buffer Set (#426803, Biolegend), intracellular cytokine
staining was performed with PE anti-mouse IFN (clone XMGT1.2,
#505807, Biolegend) and APC anti-mouse IL-4 (clone 11B11,
#504105, Biolegend). Stained splenocytes were subjected to flow
cytometry analysis using FACS Canto Il with FACS Diva software
(BD Biosciences, Inc., Franklin Lakes, NJ, USA).

Statistical analysis

Statistical analysis was performed with a Mann-Whitney U-test or
one-way analysis of variance (ANOVA), followed by Tukey's
multiple comparison test. p-values <0.05 were considered to
indicate statistical significance.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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