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Yields and Immunomodulatory Effects of Pneumococcal
Membrane Vesicles Differ with the Bacterial Growth Phase

Mina Mehanny, Tobias Kroniger, Marcus Koch, Jessica Hoppstädter, Dörte Becher,
Alexandra K. Kiemer, Claus-Michael Lehr, and Gregor Fuhrmann*

Streptococcus pneumoniae infections are a leading cause of death worldwide.
Bacterial membrane vesicles (MVs) are promising vaccine candidates because
of the antigenic components of their parent microorganisms. Pneumococcal
MVs exhibit low toxicity towards several cell lines, but their clinical translation
requires a high yield and strong immunogenic effects without compromising
immune cell viability. MVs are isolated during either the stationary phase (24
h) or death phase (48 h), and their yields, immunogenicity and cytotoxicity in
human primary macrophages and dendritic cells have been investigated.
Death-phase vesicles showed higher yields than stationary-phase vesicles.
Both vesicle types displayed acceptable compatibility with primary immune
cells and several cell lines. Both vesicle types showed comparable uptake and
enhanced release of the inflammatory cytokines, tumor necrosis factor and
interleukin-6, from human primary immune cells. Proteomic analysis revealed
similarities in vesicular immunogenic proteins such as pneumolysin,
pneumococcal surface protein A, and IgA1 protease in both vesicle types, but
stationary-phase MVs showed significantly lower autolysin levels than
death-phase MVs. Although death-phase vesicles produced higher yields, they
lacked superiority to stationary-phase vesicles as vaccine candidates owing to
their similar antigenic protein cargo and comparable uptake into primary
human immune cells.
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1. Introduction

Streptococcus pneumoniae is a bacterial
pathogen that colonizes the upper respi-
ratory tract and can invade other tissues
leading to serious opportunistic diseases
such as sepsis, meningitis and pneumo-
nia. Approximately 1.5 million mortalities
occur annually due to pneumococcal infec-
tions, especially in immunocompromised
individuals, infants and older adults.[1–3]

Thus, the World Health Organization
considers Streptococcus pneumoniae a pri-
ority bacterium that requires urgent novel
antibiotics or anti-infective strategies.[4]

Pneumococci exhibit high genetic diver-
sity owing to variation in the capsular
polysaccharide structure, which is the
main virulence determinant and dominant
immunogenic structure. The introduction
of the pneumococcal conjugate vaccine,
which consists of a polysaccharide capsule
conjugated to a carrier protein, induced
a significant decline in invasive pneumo-
coccal infections and a decrease in carrier
and transmission cases.[5] However, the
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pneumococcal conjugate vaccine does not offer complete pro-
tection against all 100 known serotypes; it protects against only
13 serotypes. The pneumococcal polysaccharide vaccine (Pneu-
movax23) protects against 23 serotypes. Both vaccines face an in-
creased prevalence of non-vaccine bacterial serotypes.[6–9] There-
fore, researchers continue to seek additional, safe and effective
vaccines against pneumococci.

Bacterial membrane vesicles (MVs) are lipid-bilayer structures
with particle sizes ranging from 20 to 500 nm.[10,11] Previously,
only gram-negative microorganisms were thought to release vesi-
cles from their outer membrane and were thus called outer
MVs (OMVs), whereas gram-positive bacteria were overlooked
because their thick cell walls were considered to prevent vesic-
ular secretion. However, over the last decade, many scholars
isolated and tested MVs from gram-positive bacteria.[12] Gram-
positive cell walls undergo local lysis and cytoplasmic membrane
bulging, leading to bacterial vesicle and nanotube secretion.[13]

MVs carry several cellular components that interact with the im-
mune system, including immunogenic determinants and vir-
ulence factors; hence, they are being investigated in vaccine
development.[14] MVs can interact with mammalian cells and
successfully deliver their antigenic payload into immune cells.
Consequently, they can induce considerable innate and adaptive
protective immune responses against pathogenic bacteria in a
safe and effective vaccine formulation.[11,15]

Nevertheless, bacterial MV production suffers from low and
variable yields. Many factors influence the MV production pro-
cess, yield and characteristics. Several studies devised methods
to stimulate vesicular secretion, including application of sub-
lethal antibiotic concentrations into bacterial cultures, a process
that causes membrane perturbations and MV release. Gentam-
icin, polymyxin and colistin are among the most commonly
used antibiotics.[16,17] Disturbing lipid-bilayer maintenance us-
ing bile salt sodium taurocholate is another technique to increase
vesiculation.[18] Stress factors in the surrounding medium can
enhance MV release, including altered oxygen tension and nutri-
ent depletion.[19,20] Another technique is nitrogen cavitation to
stimulate the generation of double-layered vesicles applied on
Pseudomonas aeruginosa for vaccination purposes.[21] However,
how such stress-induced MVs affect primary human immune
cell viability and whether these MVs may be applied clinically re-
mains unclear.

Application of bacterial MVs as vaccination avenues may suffer
drawbacks including scarce and variable yields, low cellular up-
take, unwanted cytotoxicity in primary human cells and weak pro-
tective immune responses. Therefore, we investigated how time
of harvest during either, the stationary phase (24 h of bacterial
growth) denoted stationary-phase membrane vesicles (sMVs) or
death phase (48 h of bacterial growth) denoted death-phase mem-
brane vesicles (dMVs), affects vesicular physicochemical proper-
ties. We assessed the effects, including enhanced yields of iso-
lated vesicles, improved cellular uptake, altered proteomic pro-
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files and potentiation of their immunostimulating effects, to gen-
erate bacterial MVs with promising vaccination potential.

2. Results and Discussion

Bacterial MVs are promising candidates as vaccination tools be-
cause they carry many microbial contents including lipopolysac-
charides, cytosolic and membrane proteins, lipoproteins, and nu-
cleic materials, which can interact with immune cells and ini-
tiate a protective immune response.[22] Pneumococcal MVs are
considered miniature structures, with contents similar to those
of their parent microorganisms.[11] We explored whether isola-
tion during the death phase or the stationary phase, would affect
vesicular yields, composition and immunogenicity to achieve bet-
ter vaccine applicability.

2.1. dMVs Showed Higher Yields and a Slightly Higher Size
Range to Those of sMVs

At 48 h, pneumococcal dMV yields were several folds higher
(≈1012 particles mL−1) than the sMV yields, as determined via
a nanoparticle-tracking assay. However, at 24 h, sMVs yielded
≈1011 particles mL−1 (Figure 1A). The yield was almost 10-
fold higher, upon doubling the harvest time. We previously
reported that fractions 6, 7, and 8 had the highest vesicle
concentrations.[23] The dMVs exhibited a protein concentration
of 404.33 μg mL−1, which is ≈4 × 10−10 μg per vesicle, while the
sMV protein concentration was 218.33 μg mL−1, which is ≈2 ×
10−9 μg per vesicle. We determined the vesicle concentration in
terms of the number of particles per unit volume rather than the
protein mass per fraction because proteins can originate from
both vesicle membrane proteins and traces of nutrient medium
as soluble protein impurities. Vesicular surface proteins, ligands,
and/or antigens are biologically active, with suitable conforma-
tional structures and are located only on intact vesicles for rel-
evant receptor binding. This is in contrast to soluble proteins,
which can be ineffective or inactive.[24]

dMVs had a mean particle size of 150–200 nm, while sMVs
ranged from 120 to 180 nm (Figure 1B). Size exclusion chro-
matography (SEC) enables adequately purifying vesicles while
maintaining their biological activity, as we previously reported.[25]

We successfully purified the resuspended pellet obtained after ul-
tracentrifugation, as bicinichoninic acid assay (BCA) confirmed
adequate separation of MVs from soluble protein impurities. Vi-
sualizing dMVs via cryogenic transmission electron microscopy
(cryo-TEM) enabled studying their morphology in detail (Fig-
ure 1C–H). Pneumococcal dMVs exhibited patterns similar to
those of sMVs. Filtration allowed removing most of the pro-
tein impurities; thus, the pellet exhibited a clean background.
Both vesicles showed very heterogeneous morphologies, with
several arrangements and structures that included rounded, rod-
shaped, irregular and chain-like vesicular forms. Additionally,
some MVs showed darker contrast, suggesting different contents
from those of other structures (Figure 1F). Many vesicles were
detected within other vesicles; some smaller vesicles were bud-
ding from larger vesicles. Cryo-TEM investigation showed vari-
ous particle sizes from 20 to 30 nm to ≈200 nm in diameter. In-
terestingly, some vesicles had double membranes, and others had
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Figure 1. Nanoparticle tracking analysis results for stationary-phase membrane vesicles (sMVs) and death-phase membrane vesicles (dMVs). A) Av-
erage particle concentration of the collected size-exclusion chromatography vesicle-rich fractions, where all dMV-isolated fractions showed statistically
significantly higher concentrations than did the sMV fractions as per unpaired two-tailed t-tests comparing individual fractions. B) Average particle size
of collected vesicle-rich fractions, where most dMV fractions exhibited significantly increased particle sizes compared with those of sMVs as per unpaired
two-tailed t-tests for individual fractions. The average number of independent experiments was n = 3, where each sample was recorded in triplicate; *p
< 0.05, **p < 0.01, ***p < 0.001, and n: non-significant (C–H). Cryogenic transmission electron microscopy investigation of isolated pneumococcal
sMVs and dMVs. C, D) Isolated dMV pellet after ultracentrifugation; the white arrows show darker content structures E) and chain-like vesicle assembly
F). Purified dMVs after size-exclusion chromatography, where the white arrows show superimposed G) and one-inside-another H) vesicle arrangement.
Some vesicles were seen within each other (smaller vesicles were budding from larger vesicles). Particle size varied greatly, ranging from 20 to 30 to
≈200 nm in diameter.

darker contents, indicating that they may harbor different cargo
than do other vesicular forms. Supporting Information Figures
S3 and S4 show more cryo-TEM images of sMVs and dMVs.

Nanoparticle tracking analysis data showed a relatively larger
particle size range for dMVs than sMVs, while both having
a wide size range as determined by cryo-TEM images. The
mechanism of vesicular biogenesis in gram-positive bacteria
remains poorly understood; however, a complex global gene
network is likely to be involved in MV production.[26] Heat-
inactivated bacteria reportedly cannot produce MVs in their su-
pernatants; only metabolically active microorganisms can un-
dergo vesiculogenesis.[27] In both the stationary and death
phases, viable and active bacterial cells can secrete their vesi-
cles into the surrounding environment. This process starts with
budding of the cytoplasmic membrane and depends on the tur-
gor pressure of the membrane. Some lipidomic studies found
similar fatty acid and phospholipid contents,[28] whereas other
studies found differences in the phospholipid content between
membrane vesicles and cell membranes.[29] dMVs showed sig-
nificantly higher yields (i.e., more particles detected in the field),
possibly because of collapsing cells or bubbling cell death via au-
tolysin (Q7ZAK4);[12] our proteomic analysis data confirmed an
abundance of autolysin in both vesicle types, especially in dMVs.

The higher yield might arise from increased MV release due
to loss of membrane integrity or fragmented parts of the dy-
ing microorganism. Toyofuku et al. reported an increased release
of MVs during lysis of Bacillus subtilis. Expression of prophage-

encoded endolysin in bacteria produced holes in the peptido-
glycan wall, allowing MVs to protrude through it.[30] Neverthe-
less, a former study reported lower yield from dying pneumococ-
cal cells, in contrast to our observation.[31] The bubbling mech-
anism from dying cells could explain the heterogeneous nature
of pneumococcal vesicles isolated under both conditions, where
dMVs are more abundant in terms of particle numbers. This is
consistent with the findings of Resch et al. of heterogeneously
sized circular structures, presumably for extracellular MVs from
group A Streptococci.[27] Pneumolysin, a pore-forming toxin har-
bored on vesicles, can insert pores into lipid bilayers with protein-
membrane aggregation of synthetic liposomes, causing mem-
brane deformation and wrinkling and a layer-by-layer peeling of
giant vesicles.[32] Pneumolysin (Q7ZAK5) was detected in our
proteomic study of pneumococcal vesicles under both conditions.
Therefore, pneumolysin may play a role in the heterogeneous
morphology of pneumococcal vesicles.

2.2. Primary Human Immune Cells

2.2.1. Pneumococcal MVs Induced no Severe Cytotoxicity in Primary
Human Immune Cells

To better understand the behavior and interactions of pneumo-
coccal MVs inside the human body and confirm the suitability
of applying bacterial vesicles for vaccinations, we examined the
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Figure 2. Confocal laser scanning microscopy images of primary human A) monocyte-derived macrophages (MDMs) and B) monocyte-derived dendritic
cells (DCs) live-dead staining after treatment with stationary-phase membrane vesicles (sMVs) and death-phase membrane vesicles (dMVs) compared
with live and dead controls and LPS-treated cells (250 ng mL-1 for 8 h), where calcein (green) indicates live cells, and ethidium homodimer-1 (red)
indicates dead cells (scale bar = 50 μm)

compatibility with various epithelial and immune cells. We pre-
viously confirmed the excellent compatibility of pneumococcal
MVs with cell lines as an initial indication of their safety;[23] thus,
we assessed them with primary human immune cells to ensure
their applicability for a safe and effective human vaccine.

Primary human blood-derived monocyte-derived macro-
phages (MDMs) and monocyte-derived dendritic cells (DCs)
exhibited good viability upon incubation with pneumococ-
cal vesicles for 8 h at concentrations reaching 5000 MVs per
cell, showing minimal changes from the positive live controls
(Figures 2 and 3 and Supporting Information Figure S5),
whereas dMVs showed very faint reddish staining in the confo-
cal images (Figure 2) due to the presence of few dead cells in
MDMs and DCs. Concentrations up to 5000 vesicles per cell did
not produce severe cytotoxicity and caused no major changes
in cellular morphology or membrane integrity (Supporting
Information Figure S6). Green fluorescence accumulated in the
living cells, suggesting good tolerance with primary human cells,
but further in vivo animal experiments are needed to confirm
this finding. Both pneumococcal vesicles scored ≈85% viability
with MDMs and 75% viability with DCs at a concentration of
5000 MVs per cell (Figure 3). No significant difference was

observed between pneumococcal MVs and LPS-treated immune
cells.

However, some studies reported cytotoxic effects from other
streptococcal strain vesicles. A study that isolated MVs from
group B Streptococci showed hemolytic effects and induced cel-
lular death of primary human cells after incubating neutrophils
for 3 h and B and T cells for 1 h with 10 μL of vesicles at 2× 10−4 μg
vesicle protein per cell using an LDH assay.[33] Group B strepto-
coccal MVs disrupted the feto-maternal barrier in lab mice after
intra-amniotic injection due to their matrix-degrading proteases
and pore-forming toxins, causing preterm birth.[34] Our study
showed acceptable compatibility and relative safety of pneumo-
coccal vesicles, possibly owing to more efficient purification us-
ing SEC, and suggesting the vesicles’ promising applicability for
vaccines.

2.2.2. Pneumococcal MVs Showed Excellent Viability with cell Lines

Cellular viability was excellent upon treatment with several dMV
and sMV concentrations for all examined cell lines, and no cyto-
toxic effects were observed (Supporting Information Figure S7).
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Figure 3. Quantitative determination of viability of primary monocyte-derived macrophages (MDMs) and monocyte-derived dendritic cells (DCs) via
flow cytometry, using a live-dead kit. Cell viability percentage of stationary-phase membrane vesicles (sMVs) and death-phase membrane vesicles (dMVs)
compared with live controls for A) MDMs and (B) DCs. Average number of independent samples (n = 4), where each sample was recorded in duplicate,
using cells from four donors. LPS treatment was at concentration of (250 ng mL−1) for 8h. One-way ANOVA was applied, followed by a Tukey post-hoc
test, where * p ≤ 0.05, **** p ≤ 0.0001 and ns = non-significant.

Epithelial cells, including pulmonary cells (A549) and skin cells
(HaCaT), were used to assess the effects of dMVs and sMVs on
these cells as potential routes for vaccine administration. The
pulmonary route is an important infection pathway for pneumo-
cocci. Murine macrophages (RAW264.7) were used as examples
of immune cells to test their potential safety for vaccination inter-
actions. These cells were applied to confirm pneumococcal MV
suitability before further primary human immune cell testing.

All cell lines showed very good tolerance to MVs upon
24 h incubation with concentrations reaching 106 MV per
cell. Cellular viability even exceeded that of the positive live
controls (PBS-treated cells with 100% calculated viability), as
reported previously.[23] Higher vesicle concentrations yielded
higher recorded viability values for A549 and HaCaT cell lines,
while RAW264.7 cells demonstrated similar viability values for
all applied vesicle concentrations. dMVs tended to have higher
calculated viability than sMVs for A549 and HaCaT cells, while
RAW264.7 cells demonstrated almost the same values for both
vesicles, possibly due to consumption of these vesicles for cel-
lular nutrition.[35] MVs might also stimulate the metabolic activ-
ity in the cells, leading to a stronger intracellular environment
to reduce the resazurin PrestoBlue reagent to the fluorescent re-
sorufin, leading to increased overall recorded fluorescence and
hence, viability.[23]

Pneumococcal MVs caused negligible, if any, cytotoxic effects
on all cell lines and at all concentrations applied. All cell lines tol-
erated high concentrations of pneumococcal vesicles up to 106

MVs per cell, without compromising their viability. RAW264.7
cells showed some cytotoxic effects at the highest concentration
(106 MV per cell), with ≈10%–20% cell cytotoxicity.

Consistent with our observations, a study reported that pneu-
mococcal MVs lack cytotoxic effects on A549 cells for both sMVs
and dMVs.[36] Codemo et al. similarly found that pneumococ-
cal MVs could successfully internalize into A549 cells with-
out causing cytotoxic effects after incubation for 24 h. These
authors observed that pneumolysin-deficient mutant MVs pro-
duced no cell death in monocyte-derived DCs.[37] Although pneu-
molysin (Q7ZAK5) was identified in our vesicles, no cytotoxic ef-
fects were recorded in the cell lines or primary human immune
cells.

2.2.3. Pneumococcal MVs were Taken Up Successfully by Primary
Human Immune Cells

For successful vaccine development, vesicles should interact and
colocalize and be successfully taken up by antigen-presenting
cells. Therefore, we assessed the interaction and uptake of pneu-
mococcal vesicles into primary human cells by analyzing DiI
fluorescence-labelled vesicles via flow cytometry and confocal mi-
croscopy.

Both pneumococcal dMVs and sMVs showed gradual time-
dependent uptake into primary human blood-derived MDMs and
DCs. No significant difference in uptake into MDMs was ob-
served except in 4h uptake samples, however sMVs displayed a
slightly higher tendency to interact with human blood-derived
primary MDMs than did dMVs at different time points, while
both MVs exhibited similar uptake with DCs (Figure 4). Flow cy-
tometry assays for uptake/interaction of fluorescent DiI-labelled
vesicles into primary MDMs showed a fast interaction after 1 h of
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Figure 4. Uptake of DiI fluorescence-labelled stationary-phase membrane vesicles (sMVs) and death-phase membrane vesicles (dMVs) into human
primary monocyte-derived macrophages (MDMs) and monocyte-derived dendritic cells (DCs) at 1, 4 and 8 h as per flow cytometry. Percentage uptake
calculated as percentage of positive phycoerythrin (PE) cells at 1, 4 and 8 h compared with PBS-treated negative controls for MDMs A) and DCs (F).
Normalized median fluorescence intensity of MDMs B) and DCs (G) after uptake of DiI fluorescence-labelled sMVs and dMVs compared with PBS-
treated cells at 1, 4 and 8 h. Average number of independent experiments (n = 3), where each sample was recorded in triplicate and compared using
unpaired two-tailed t-tests between individual time intervals; *p < 0.05 and ns: non-significant (C–E and H–J) FlowJo analysis plots of PE-positive cells
compared with PBS-treated cells at 1, 4 and 8 h, respectively. Average number of independent samples (n = 3), where each sample was recorded in
duplicate, using cells from four donors.
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Figure 5. Confocal laser scanning microscopy of uptake of DiI (red) fluorescence-labelled stationary-phase membrane vesicles (sMVs) and death-phase
membrane vesicles (dMVs) into human primary monocyte-derived macrophages (MDMs) at 1, 4 and 8 h (scale bar = 50 μm). Cell membrane glycopro-
teins were stained with fluorescein-wheat germ agglutinin (green) at 10 μg mL−1 for 15 min, fixed in 3.7% w/v paraformaldehyde, and incubated with
1 μg mL−1 DAPI (blue) for 15 min to stain the nuclei. Representative image for three independent experiments.

incubation of up to 40% for sMVs and 25% for dMVs. For sMVs,
uptake reached 67% after 4 h and 75% after 8 h of incubation,
whereas dMVs displayed 34% uptake after 4 h and 49% after 8
h of incubation. Faster uptake was recorded for primary DCs,
reaching ≈60% and 70% after 1 h of uptake for sMVs and dMVs,
respectively. Near complete uptake was achieved after 4 h of in-
cubation for both vesicle types, supporting our previous obser-
vation that pneumococcal MVs are taken up rapidly by antigen-
presenting DCs.[23]

Confocal laser scanning microscopy images showed success-
ful internalization of pneumococcal vesicles into primary MDMs
and DCs (Figure 5). After 1 h of incubation, minimal intracellu-
lar localization occurred in the cells because few red DiI-labelled
MVs were observed within or attached to the green-stained cy-
toskeleton for both vesicle types. Internalization of vesicles inside
macrophages increased gradually after 4 and 8 h, where sMVs ex-
hibited slightly higher uptake than did dMVs. DCs demonstrated
faster uptake, and nearly all cells internalized the vesicles after
only 4 h of incubation. This supports the flow cytometry results
that pneumococcal vesicles can successfully interact and colo-
calize inside immune cells and suggests successful delivery of
loaded antigens for antigen presentation and immune response
elicitation. Another study reported successful uptake of pneumo-
coccal vesicles into monocyte-derived DCs after 2 h of incubation,
supporting our results.[37]

In summary, both sMVs and dMVs demonstrated gradual
time-dependent uptake into primary MDMs. Internalization of
pneumococcal MVs into immune cells might play a role in anti-
genic payload delivery and interaction with cells to elicit an im-
mune response. No statistically significant differences were ob-
served, although sMVs tended to have higher uptake into cells
than did dMVs. This suggests that some dMVs are merely bac-
terial cell fragments and might possess a vesicular structure or
morphology but lack functionality or ability to traverse biological
membranes.

2.2.4. Pneumococcal MVs Stimulated the Release of Inflammatory
Cytokines from Primary Human Immune Cells

We tested the ability of pneumococcal vesicles to stimulate pri-
mary MDMs and DCs to elicit a protective immune response for
vaccination purposes. Measurement of released cytokines into
the supernatant medium of primary MDMs and DCs upon 8-h
incubation with pneumococcal MVs showed stimulated release
of TNF and IL-6 (Figure 6). Both sMVs and dMVs exhibited simi-
lar effects on cytokine release, and no significant differences were
observed. IL-8 could not be quantified because its concentrations
exceeded the detection limit in both untreated and treated sam-
ples. However, four cytokines (IL-1𝛽, IL-2, IL-12p70 and IFN-𝛾)
were undetected in the collected supernatant, possibly because
they are not secreted in large amounts from macrophages or only
secreted after longer times.[38] IL-8 is a major chemokine that
enhances neutrophil and monocyte migration to inflammation
sites. Monocytes and macrophages secrete IL-6 upon stimulation
of their pattern recognition receptors including toll-like receptors
with pathogen-associated molecular patterns. IL-6 plays a crucial
role in host defenses against infection and causes acute-phase
response and fever.[39] TNF is necessary in protecting against
pathogens and is produced from effector T cells and innate im-
mune cells to initiate killing infected cells.[40] TNF and IL-6 lev-
els were elevated upon treatment with pneumococcal vesicles,
thus confirming the ability of pneumococcal MVs to initiate the
inflammatory reaction necessary for a protective immune re-
sponse. This indicates the potential of pneumococcal vesicles as
vaccination tools.

2.3. Proteomic Analysis of Isolated Pneumococcal MVs

In the MV proteomic analysis, we detected 586 proteins
in isolated pneumococcal sMVs (24 h) and dMVs (48 h)
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Figure 6. Determination of immunostimulatory cytokines released after incubation of pneumococcal stationary-phase membrane vesicles (sMVs) and
death-phase membrane vesicles (dMVs) with human primary monocyte-derived macrophages (MDMs) and monocyte-derived dendritic cells (DCs) at
concentration of 5000 MVs/cell, for 8 h compared with lipopolysaccharide (LPS)-treated controls at 250 ng mL−1 Concentrations of released interleukin-
6 (IL-6) from MDMs (A) and DCs (C). Concentrations of released tumor necrosis factor (TNF) from MDMs (B) and DCs (D). Average number of
independent samples (n = 4), where each sample was recorded in triplicate, using cells from four donors. One-way ANOVA was applied, followed by
the Tukey post-hoc test. p-Values are plotted between various samples.

Figure 7. Subcellular localization prediction of shared proteins from the proteomic analysis in both pneumococcal stationary-phase membrane vesicles
and death-phase membrane vesicles, using A) PSORTb and B) CELLO online databases.

(Supporting Information File 1). We used the prediction tools,
PSORTb and CELLO, to analyze the theoretical protein subcellu-
lar localization.

We used PSORTb, version 3.0.2 (https://www.psort.org/
psortb/), an online bacterial peptide subcellular localization pre-
diction database hosted by the Brinkman laboratory, Simon
Fraser University, British Columbia, Canada.[41,42] Most proteins
in the sample (357 proteins) were assigned as cytoplasmic, fol-
lowed by 125 cytoplasmic membrane proteins, thus showing a
possible abundance of pneumococcal integral and transmem-
brane peptide proteins with probable antigenic characteristics.
The program predicted that 16 proteins originated from the cell
wall, and 11 were extracellular and might play roles as antigens
and elicit an immune response. Seventy-seven proteins were con-
sidered to be of unknown origin (Figure 7A).

We applied another online tool, CELLO v.2.5, a subcellular lo-
calization prediction tool (http://cello.life.nctu.edu.tw/), ran by
the Molecular Bioinformatics Center, National Chiao Tung Uni-
versity, Taiwan.[43] The platform predicted 405 proteins to be cy-
toplasmic, while 121 and 60 proteins were considered membrane
and extracellular localized proteins, respectively (Supporting In-
formation File 1; Figure 7B).

Autolysin (Q7ZAK4) was detected in both sMVs and dMVs.
Interestingly, autolysin was significantly more abundant in the
dMVs than in the sMVs (Figure 8). Autolysin is considered es-
sential for pneumococcal virulence and for an immune response
against pneumococci. Eleven proteins were detected exclusively
in sMVs, and 30 proteins were exclusive to dMVs (Supporting
Information File 1); none of these carried specific antigenic im-
portance for vaccine development. Further, we studied how SEC
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Figure 8. Volcano plot of potential differences between measured proteins in both size-exclusion chromatography-purified stationary-phase membrane
vesicles (sMVs) and death-phase membrane vesicles (dMVs). Significantly changed proteins are in orange (p < 0.01, log2 fold-change >2); proteins
above the p-value threshold are in green; proteins above the fold-change threshold are in purple. The only significantly different protein between them
was autolysin, which was significantly more abundant in dMVs. Supporting Information File 1 lists all identified proteins.

purification influenced both the sMV and dMV proteomes (Sup-
porting Information Files 2 and 3). Only five proteins were found
exclusively in the isolated sMV pellet, whereas many proteins
were exclusive to SEC-purified sMVs (Supporting Information
Figure S8). SEC-purified dMVs exhibited many exclusive pro-
teins, whereas the pellet showed only sialidase A, as a single
exclusive protein (Supporting Information Figure S9). The low
number of exclusive proteins detected in the pellets after ul-
tracentrifugation confirmed the robust nature of pneumococcal
vesicles to ultracentrifugation and the absence of vesicular lysis
during this process. Previous studies on pneumococcal vesicles
reported that MVs are enriched with transmembrane proteins
and lipoproteins.[31] Another study identified 61 putative anti-
genic proteins in pneumococcal vesicles, which might induce
adaptive immunity.[36] Codemo et al. speculated that pneumo-
coccal MVs are derived from the plasma membrane and carry
some cytoplasmic proteins as well as surface proteins docked to
the membrane.[37]

Proteomic analysis of pneumococcal MVs revealed addi-
tional information about their contents and potential functions
(Supporting Information File 1). Several putative antigenic
proteins and lipoproteins were abundant and identified in
the isolated pneumococcal vesicles (Table 1). Pneumococcal

Table 1. Immunogenic proteins/lipoproteins detected in both stationary-
phase and death-phase pneumococcal membrane vesicles during pro-
teomic analysis.

Abundant immunogenic proteins/lipoproteins in pneumococcal vesicles

• Oligopeptide-binding protein
(AliB)

• Pneumococcal surface protein A
(PspA)

• Autolysin
• Pneumolysin
• Immunoglobulin A1 protease

(IgA1 protease)

• Serine protease (PrtA)
• Pneumococcal surface adhesin A

(PsaA)
• Choline-binding protein A
• Pneumococcal histidine triad

protein D

lipoproteins play crucial roles for bacteria, including nutrient
acquisition, resistance of stress conditions, enzymatic activi-
ties, and pathogenic processes such as adhesion, invasion and
immune evasion. Additionally, lipoproteins trigger host innate
immunity by activating toll-like receptor-2, which elicits strong
cellular and humoral adaptive immune responses. Hence,
lipoproteins are considered promising vaccine candidates.[44,45]

Several lipoproteins were abundant in the analyzed MVs,
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including phosphatidylglycerol-prolipoprotein diacylglyceryl
transferase (EC 2.5.1.145, Lgt) (Q8DPA3). Lgt is considered
a crucial integral membrane enzyme involved in lipoprotein
generation and its presence is essential for bacterial virulence
and hence, immunostimulating effects.[46,47] Manganese ABC
transporter substrate-binding lipoprotein (pneumococcal surface
adhesin A, PsaA) (P0A4G3) was detected in both vesicle types,
which is a surface lipoprotein abundant in all known pneumo-
coccal serotypes and is responsible for manganese transport
and acts as an adhesive for host cell attachment. PsaA was the
third most abundant protein in our analysis. It is considered
a strong virulence factor and highly immunogenic, leading to
antibody formation against it, and is being evaluated for vaccine
development.[48] In addition, other lipoproteins were present in
both MVs including zinc-binding lipoprotein AdcA (Q8CWN2),
lipoproteins (Q8DQ09) and (Q8DRG1) confirming their good
immunogenic potential.

Pneumococcal vesicles harbored oligopeptide-binding protein
(AliB) (P0A4G1), an ATP-binding cassette transporter involved
in nutrient uptake and an important virulence factor that aids
in nasopharyngeal colonization.[49] Autolysin (Q7ZAK4) is an
important virulence factor and immunogenic protein loaded
onto the vesicles, which causes the release of pneumococcal fac-
tors, inflammatory macrophage reactions and oxidative stress in
pneumococcus-infected lung epithelial cells.[50,51] Pneumolysin
(Q7ZAK5) is a key virulence determinant that induces pore
formation, cellular damage, host tissue injury, and host im-
munity escape. It causes inflammatory responses and aids in
transmission, colonization and cell death.[52] Importantly, it ex-
hibits limited variation between different pneumococcal strains;
thus, several studies have demonstrated its protective effect as
an immunogenic agent.[53–55] Alkaline amylopullulanase (ApuA;
Q8DRA6) is a cell-wall-anchored enzyme that hydrolyzes pul-
lulan and glycogen in the nasopharyngeal and oral cavities,
which might enhance mucosal adhesion and could be a virulence
factor.[56] Another cell-wall-associated protein is serine protease
(PrtA) (Q8DQP7), which is highly conserved among many pneu-
mococcal strains. PrtA is a good candidate for vaccine develop-
ment because it has strong immunogenicity, limited genetic vari-
ation and importance for pneumococcal virulence.[57,58] Another
highly conserved pneumococcal protein is pneumococcal histi-
dine triad protein D (Q8DQ08), which has been used in many
studies of pneumococcal antigens for vaccination purposes. This
protein induced functional antibodies and demonstrated a good
safety profile and expanded protection against pneumococci in
animal studies and clinical trials.[59–61]

Pneumococcal surface protein A (Q8DRI0) is a highly im-
munogenic protein, highly abundant on vesicles, and is a com-
mon vaccine candidate. It is expressed on the surface of all pneu-
mococci, which confers promising potential for a protective im-
mune response against pneumococcal infection.[62] It is reported
to induce both systemic and mucosal immune responses, caus-
ing long-term T- and B-cell induction.[63–65] Immunoglobulin
A1 protease (Q59947) is a proteolytic enzyme responsible for
cleaving specific peptide bonds in the host’s immunoglobulin
A1 (IgA1) hinge region sequence. It is a crucial virulence fac-
tor in bacterial infection and colonization.[66] Monoclonal anti-
bodies can inhibit its binding and block infection at the host
interface.[67] Immunization using recombinant IgA1 protease

protected lab mice against lethal meningococcal and pneumo-
coccal infections.[68] Choline-binding protein A (Q8DN05) is a
member of a polypeptide family that anchors proteins to choline
residues in the cell wall. It elicits the release of chemokines from
activated endothelial cells and alveolar macrophages, leading to
the recruitment of neutrophils into the alveolar space in early
pneumonia.[69,70]

Olaya-Abril et al. performed lipidomic analysis of pneumococ-
cal vesicles and confirmed that they are enriched in lipoproteins
with slightly different fatty acid compositions from those of the
bacterial cell membrane. Short-chain saturated fatty acids, espe-
cially lauric, myristic and palmitic acids, were enriched.[31]

These proteomic analysis data confirm the high potential
of pneumococcal MVs as carriers for several highly immuno-
genic proteins and lipoproteins, which are considered promis-
ing multiple-antigen hybrid vaccine candidates against pneu-
mococcal infections as a novel strategy for next-generation
vaccines.[71,72] Our data indicate that dMVs offer no advantage
over sMVs in terms of loaded antigenic proteins and lipopro-
teins, except for autolysin, which is significantly more abundant
in dMVs.

3. Experimental Section

3.1. Microbial Cultures and MV Isolation

We used Streptococcus pneumoniae reference strain R6 (American
Type Culture Collection BAA255, VA, USA), which lacks a capsu-
lar polysaccharide, to maximize the isolated MV yield.

MVs were isolated as described previously.[23] Briefly, we grew
bacteria for 24 h to isolate stationary-phase MVs (sMVs) and 48 h
to isolate death-phase MVs (dMVs) in Bacto brain heart infusion
nutrient medium (BD Biosciences) at 37 °C per 5% CO2 (Sup-
porting Information Figures S1 and S2). we collected the nutrient
medium at 24 and 48 h, then centrifuged it twice at 3800 × g for
15 min at 4 °C to separate bacterial cells and unwanted debris.
we filtered the supernatant using a Strericup Durapore PVDF
0.45 μm pore membrane filter (Merck Millipore, Darmstadt, Ger-
many). Sterility was checked each time via overnight incubation
under the same conditions to observe the absence of turbidity
or changes in optical density at 600 nm. We added filtered su-
pernatant into 70-mL ultracentrifuge polycarbonate tubes (38 ×
120 mm, 355622, Beckmann Coulter, California, USA) and ul-
tracentrifuged the tubes at 100 000 × g for 2 h at 4 °C using
an SW 45Ti rotor (Optima L-90k, Beckman Coulter, California,
USA). We removed the supernatant and resuspended the vesicle-
rich pellet in 500 μL of filtered phosphate-buffered saline (PBS;
Gibco PBS tablets lacking calcium, magnesium and phenol red;
Sigma-Aldrich, Co., St. Louis, MO, USA) filtered through 0.2 μL
cellulose ester filters (Whatman; GE Healthcare UK Limited, Lit-
tle Chalfont, UK)

3.2. Purification

We transferred the resuspended pellet into a size-exclusion chro-
matography (SEC) column packed with Sepharose CL-2B (GE
Life Science, UK) to remove soluble protein impurities and
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obtain purified MVs. Eluted 1 mL fractions were collected in
polypropylene tubes (Axygen, Corning Incorporated, Reynosa,
Mexico).[35] The collected fractions were stored up to 2 weeks at
4 °C until used in further experiments.

3.3. Bicinchoninic Acid Assay

To purify and separate the MVs from the unwanted soluble pro-
tein impurities, we determined the protein concentrations from
the collected SEC fractions using a bicinchoninic acid (BCA) as-
say kit (QuantiPro BCA Kit, Sigma Aldrich) per the manufac-
turer’s recommendations. The samples were analyzed in tripli-
cate using a calibration curve for standard bovine serum albu-
min.

3.4. Particle Size, Concentration and Size Distribution

We measured particle size distribution and MV yields via
nanoparticle tracking analysis (LM-10, Malvern, UK). To achieve
reproducible results, we diluted samples up to 1:1000 in filtered
PBS to keep the MV concentration in the recommended range
of 20–120 particles per frame. Briefly, 400 μL of the diluted MV
samples were introduced into a chamber illuminated by a green
laser. Three 30 s high-sensitivity videos at a camera level of 13–
15 were recorded and processed using Nanosight 3.1 software as
previously described.[73]

3.5. Electron Microscopy

We performed cryogenic transmission electron microscopy (cryo-
TEM) on MV pellets after ultracentrifugation and on purified
SEC fractions as previously described.[23] Briefly, 3 μL of the sam-
ple solution was dropped onto a carbon grid with holes (type
S147-4, Plano, Wetzlar, Germany), then plotted for 2 s before
plunging into liquid ethane at −165 °C using a Gatan CP3 cryo-
plunger (Pleasanton, CA, USA). We transferred the sample un-
der liquid nitrogen to a Gatan model 914 cryo-TEM sample holder
and inspected it at −173 °C via low-dose TEM bright-field imag-
ing using a JEOL (Tokyo, Japan) JEM-2100 LaB6 at 200 kV ac-
celerating voltage. We acquired 1024 × 1024 pixel images using
a Gatan Orius SC1000 CCD camera with 4 s imaging time and
binning 2.

3.6. Cell Cultures

We tested two human epithelial cell lines and one murine im-
mune cell line. The human alveolar adenocarcinoma basal ep-
ithelial cell line, A549, was purchased from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ-ACC 107,
Germany) and cultured in RPMI 1640 (Life Technologies Lim-
ited, Paisley, UK) supplemented with 10% (v/v) fetal calf serum
(FCS). The human skin keratinocyte cell line, HaCaT, was ob-
tained from Cell Lines Service GmbH (CLS-300493, Germany)
and grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) FCS. The murine macrophage

cell line, RAW264.7, was purchased from the European Collec-
tion of Authenticated Cell Cultures (Germany) and cultured in
DMEM supplemented with 10% (v/v) FCS. A549, HaCaT and
RAW264.7 cell lines were split once weekly, starting with 0.2 ×
106 cells/13 mL medium for A549 and RAW264.7 cells and 0.4 ×
106 cells per 13 mL medium for HaCaT cells. Mycoplasma tests
were conducted regularly.

3.7. Viability of Mammalian Somatic and Immune Cell Lines
upon Incubation with Pneumococcal Vesicles

To examine the mammalian cell viability upon treatment with
several dilutions of pneumococcal MVs, cells were seeded into
96-well plates at 20 000 cells per well (A549 and RAW264.7) or 40
000 cells per well (HaCaT). All cell lines were cultured for 48 h
until they reached 80%–90% confluence. During the assays, the
medium was aspirated, and cells were cultured in fresh phenol
red-free RPMI 1640 medium (Life Technologies Limited, Pais-
ley, UK), not supplemented with FCS, to prevent any false re-
sults due to traces of lactate dehydrogenase (LDH) in the medium
or extracellular vesicles in the serum. Cells were incubated with
100 μL MV suspension in PBS at 104–106 purified MVs per cell
and 100 μL of cell medium for 24 h. Live and dead controls were
performed for each 96-well plate. A live control, in which cells
were treated with PBS (100 μL PBS added to 100 μL medium),
was run and showed no morphological changes. A dead control,
in which cells were treated with 1% (v/v) Triton-X 100 (Sigma-
Aldrich Co.), was run in parallel.

For the cytotoxicity assays, 100 μL of medium was drawn from
each well to perform an LDH assay, which measures the LDH
released into the medium upon cell death and membrane dis-
ruption, and mixed with 100 μL of LDH kit reagent (Roche Di-
agnostics GmbH, Mannheim, Germany) per the supplier’s pro-
tocol. After incubating for 5 min at room temperature (RT), the
absorbance was measured at 490 nm. For the viability assays, we
used the PrestoBlue kit (Thermo Fisher Scientific, Waltham, MA,
USA), which detects the metabolic activity in live cells, in a dilu-
tion of 1:10 with the respective cell culture medium. The remain-
ing medium was aspirated, and 100 μL of diluted PrestoBlue was
added to each well, then incubated for 30 min at 37 °C. The dye
fluorescence was determined at a 560 nm excitation wavelength
and 590 nm emission wavelength using a Tecan Infinity Pro 200
plate reader (Tecan, Männedorf, Switzerland).[74]

3.8. In Vitro Isolation of Primary Human Monocyte-Derived
Macrophages (MDMs) and Monocyte-Derived Dendritic Cells
(DCs) from Buffy Coats

We isolated human monocytes from healthy adult blood donors
(Blood Donation Center, Saarbrücken, Germany) and differenti-
ated them using human macrophage colony-stimulating factor
(M-CSF) (Miltenyi, 130-096-492) as reported previously.[75] Hu-
man material use and handling was reviewed and approved by
the local Ethics Committees (permission no. 173/18; State Med-
ical Board of Registration, Saarland, Germany). We isolated pe-
ripheral blood mononuclear cells (PBMCs) using density gra-
dient centrifugation with Lymphocyte Separation Medium 1077
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(Promocell, C-44010) and Leucosep tubes (Greiner Bio-One,
227290) per the supplier’s recommendations. After washing with
PBS, monocytes were separated from PBMCs by magnetic cell
sorting using anti-CD14 microbeads (Miltenyi, 130-050-201) per
the manufacturer’s instructions, except that only 10% of the rec-
ommended bead amount was used as previously described.[76]

Monocytes were seeded into 24-well plates (5 × 105 cells per
well) and differentiated into macrophages in RPMI 1640 sup-
plemented with 10% FCS, 1% (v/v) penicillin/streptomycin (100
units penicillin and 0.01 mg mL−1), 2 mM glutamine, and 20 ng
mL−1 M-CSF at 37 °C and 5% CO2 for 6 days. DCs were differ-
entiated using the same procedure and culture medium supple-
mented with interleukin-4 at 10 ng mL−1.[77] The culture medium
was changed on days 4 and 6, then further treated with vesicles
on day 6.

3.9. Viability Assessment of Human Primary Human MDMs and
DCs via Live-Dead Staining after Treatment with Pneumococcal
MVs

Human primary MDMs and DCs were seeded at 2 × 105 cells
per well into 24-well plates in 500 μL of the previously described
medium. Cells were treated with pneumococcal vesicle suspen-
sions (100 μL per well) at 5 × 103 vesicles per cell and incu-
bated for 8 h. The MDM viability/cytotoxicity was measured
using a Live/Dead staining kit (Invitrogen, ThermoFisher Sci-
entific, L3224) via flow cytometry and confocal microscopy. In
this assay, intracellular esterase activity in the live cells converts
nonfluorescent cell-permeant calcein AM into intensely green-
fluorescent calcein (excitation wavelength: 495 nm, emission
wavelength: 515 nm). Ethidium homodimer-1 (EthD-1) accumu-
lates in dead cells with damaged membranes by binding to their
nucleic acids, producing a strong red fluorescence (excitation
wavelength: 495 nm, emission wavelength: 635 nm); however,
EthD-1 cannot permeate the intact plasma membranes of live
cells. Cell viability/cytotoxicity was determined using flow cy-
tometry per the manufacturer’s recommendations. Briefly, cells
were detached using Accutase solution (Sigma Aldrich, Germany,
A6964) at 100 μL per well at 37 °C for 30 min. Next, 2 μL of 50 μM
calcein AM and 4 μL of 2 mM EthD-1 were added to 1 mL of cell
suspension (1 × 106 cells mL−1) and gently mixed. Afterwards,
the cells were incubated for 15 min at RT in the dark, then ana-
lyzed using flow cytometry (LSR Fortessa, BD Bioscience, USA).
Within each experimental set, we ran live and dead cell controls.
Live controls were prepared using PBS (100 μL per well), and
these cells showed no changes in viability compared with that
of medium-grown cells. Dead controls were prepared by heating
the detached cell suspension in an 80 °C water bath for 10 min
before conducting flow cytometry. LPS-treated cells were pre-
pared at 250 ng mL−1 as controls. Stained cells were analyzed
via flow cytometry at 488 nm of excitation and set to a 10 000
cell threshold. Cells were gated after excluding debris using two
channels: Phycoerythrin-Texas Red-A (PE-Texas Red-A) for red
fluorescence of EthD-1 within dead cells (610/20 bandpass) and
fluorescein isothiocyanate-A (FITC-A) for green fluorescence of
calcein within live cells (530/30 bandpass). Flow cytometry mea-
surements were further analyzed using FlowJo 10.6.1 software
(FlowJo LLC, USA). Cell viability/cytotoxicity was visualized us-

ing confocal microscopy per the manufacturer’s manual. Briefly,
20 μL of 2 mM EthD-1 was diluted in 10 mL sterile PBS and added
to 5 μL of 4 mM calcein AM, then vortexed thoroughly to achieve
a working solution of 2 μM calcein AM and 4 μM EthD-1. Next,
150 μL of working solution was added to the cells on glass slides
and incubated for 45 min at RT. The cells were washed with PBS,
and a drop of mounting medium (ThermoFisher, Germany) was
added. The slides were then sealed with coverslips without dam-
aging or shearing the cells. Images were captured using a Leica
TCS SP8 confocal laser scanning microscope (CLSM, Leica Mi-
crosystems, Germany). Calcein was visualized using a 488 nm
laser; EthD-1 was visualized using a 561 nm laser. Images were
captured under a 25 × water-immersion objective lens at a 1024
× 1024 resolution. Captured images were processed with LAS X
software (LAS X 1.8.013370, Leica Microsystems).

3.10. Assessment of Uptake/Colocalization of Pneumococcal
MVs within Primary Mammalian Immune Cells

After ultracentrifugation, the pelleted MVs were fluorescence-
labelled via incubation with 2 μL DiI (DiI Cell-labelling solution
Vybrant, Thermo Fisher, Germany) for 30 min at 37 °C. Non-
incorporated dyes were removed through an SEC column, and
the fractions with the strongest fluorescence were further inves-
tigated.

Human primary blood-derived MDMs and DCs were seeded
on 24-well plates (2 × 105 cells per well) and incubated for 6 days,
then 100 μL of labelled MVs were added at 5000 MVs per cell onto
cells in 400 μL of nutrient medium and incubated for 1, 4, and 8
h at 37 °C per 5% CO2.

Cells were washed twice with PBS to discard any traces of
labelled MVs, detached with 100 μL per well Accutase solution
(Sigma Aldrich, Germany, A6964) at 37 °C for 30 min, collected in
5 mL polystyrene round-bottom tubes (12 × 75 mm style, 352054,
Falcon, Corning, USA) and diluted with 2% FCS in PBS until flow
cytometry analysis (LSR Fortessa, BD Bioscience, USA).

3.11. Confocal Imaging of Cells for Uptake Study

Primary human blood-derived MDMs and DCs were seeded at 2
× 105 cells per well on 8-well imaging slides (SPL Life Sciences,
Korea), incubated for 6 days, treated with 100 μL DiI-labelled MVs
per well at the indicated concentration (5000 MVs per cell), and
incubated for 1, 4, and 8 h. The supernatant was discarded, and
cells were washed twice with sterile PBS, then incubated with
fluorescein-wheat germ agglutinin (Vector Laboratories, USA) at
10 μg mL−1 for 15 min at 37 °C per 5% CO2 to stain cell mem-
brane glycoproteins.

Cells were then washed twice with PBS and fixed with 3.7%
w/v paraformaldehyde for 20 min at RT. Nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies,
Germany) at 1 μg mL−1 for 15 min at RT. The cells were washed,
then a few drops of fluorescence mounting medium (Dako North
America, USA) were added, and the slides were coverslipped.

Images were captured using a Leica TCS SP8 CLSM (Leica Mi-
crosystems), using a 488 nm laser to visualize fluorescein (green),
a 405 nm laser to visualize DAPI (blue) and a 561 nm laser to vi-
sualize DiI (reddish-orange). We applied a 25 × water-immersion
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objective lens with a minimum resolution of 1024 × 1024 and
speed of 200 for image capturing. Captured images were further
processed using LAS X software (LAS X 1.8.013370, Leica Mi-
crosystems).

3.12. Determination of Released Cytokines from Human Primary
MDMs and DCs upon Treatment with Pneumococcal MVs

Cytokines released from primary human blood-derived MDMs
and DCs were quantified with a cytometric bead array human
soluble protein master buffer kit (BD, USA, 558278) and human
soluble protein flex set for seven cytokines: interleukin (IL)-1𝛽
(BD, 558279), IL-2 (BD, 558270), IL-6 (BD, 558276), IL-8 (BD,
558278), IL-12p70 (BD, 558283), tumor necrosis factor (TNF)
(BD, 558273), and interferon-𝛾 (IFN-𝛾) (BD, 558269). The assay
was performed per the manufacturer’s recommendations. PBS
and lipopolysaccharide (LPS)-treated cells (250 ng mL−1) were
prepared as controls. Briefly, standards were prepared by pooling
lyophilized standards together and reconstituting them in 4 mL
of assay diluent, diluted from 1:2 to 1:256. Fifty microliters of
standard dilutions and test samples were mixed gently with an
equal volume of mixed capture beads and incubated for 1 h at
RT. Next, 50 μL of mixed phycoerythrin (PE) detection reagent
was added to the assay tubes and incubated for 2 h at RT. One
milliliter of wash buffer was added to each tube and centrifuged
at 200 g for 5 min. The supernatant was discarded, and 200 μL
of wash buffer was added and vortexed to resuspend the sedi-
mented beads, then measured via flow cytometry (LSR Fortessa,
BD Bioscience, USA) after setting the software (BD FACSDiva) as
per the supplier’s manual. Data were further analyzed using BD
FCAP Array software, version 3.0. Cytokine concentrations were
determined and compared with the standard calibration curves.

3.13. Proteomic Analysis of Pneumococcal MVs

3.13.1. S-Trap Protein Digestion and High-pH Reversed-Phase
Peptide Fractionation

sMV and dMV samples containing 20 μg protein were subjected
to proteomic analysis. Samples were analyzed before and after
purification to account for the influence of SEC purification. Pro-
tein concentrations from the samples were determined via BCA
assay. S-Trap proteins were digested as per the manufacturer’s
protocol (www.protifi.com) with minor modifications. Briefly, 2
× lysis buffer (10% sodium dodecyl sulfate and 100 mM triethy-
lammonium bicarbonate [TEAB], pH 7.55) was added to 20 μg
of protein 1:1 (v/v). Afterwards, proteins were reduced in 20 mM
dithiothreitol for 10 min at 95 °C and alkylated in 40 mM iodoac-
etamide for 30 min in the dark. Samples were acidified by adding
phosphoric acid to a final concentration of 1.2% (v/v) and diluted
1:7 (v/v) with S-trap binding buffer (90% methanol and 100 mM
Tris HCl buffer, pH 7.1). The proteins were digested with 1:50
trypsin in 50 mM TEAB for 3 h at 47 °C in S-Trap microcolumns.
The peptides were eluted from the columns using 50 mM TEAB,
followed by 0.1% aqueous acetic acid and 60% acetonitrile con-
taining 0.1% acetic acid. The peptides were dried using a vac-
uum centrifuge, then stored at 20 °C until further processing.

To reduce complexity, samples were fractionated by performing
basic reversed-phase peptide fractionation as per the manufac-
turer’s protocol (Pierce high-pH reversed-phase peptide fraction-
ation kit, Thermo Scientific). Briefly, peptides were loaded onto
C18 microspin columns (Dr. Maisch ReproSil pur C18, pore size:
300 Å, particle size: 5.0 μm) and eluted with increasing acetoni-
trile concentrations in eight fractions ranging from 5% to 50% in
a high-pH solution (0.1% triethylamine). The eluates of fractions
1 and 5, 2 and 6, 3 and 7, and 4 and 8 were pooled orthogonally.
Peptides were dried using a vacuum centrifuge, resuspended in
20 μL of 0.1% acetic acid, and stored at −20 °C until LC-MS/MS
measurement.

3.13.2. Mass Spectrometry Data Acquisition and Analysis

Tryptic peptides were separated on an Easy nLC 1200 liquid chro-
matography system (Thermo Fisher Scientific) with a reversed-
phase C18 column (inner diameter: 100 μm, outer diameter:
360 μm, length: 200 mm, in-house packed with Dr. Maisch Re-
proSil pur C18 120 Å, particle size: 3.0 μm) and a column oven
set to 45 °C. Peptides were loaded with 22 μL of buffer A (0.1%
acetic acid) at 400 bar and subsequently eluted with a nonlinear
100 min gradient from 1% to 95% of buffer B (acetonitrile with
0.1% acetic acid) at a constant flow rate of 300 nL min−1. Elut-
ing peptides were analyzed in an Orbitrap Elite mass spectrome-
ter (Thermo Fisher Scientific) in data-dependent mode. The MS1
overview scan was recorded in the orbitrap with a mass window
of 300–1700 m/z and a resolution of 60 000. The 20 most in-
tense precursor ions were fragmented; ions with a charge of 1
or unknown were excluded. Fragmentation was performed by
collision-induced dissociation, with a collision energy of 35%.
The resulting MS/MS spectra were recorded in the linear ion
trap.

The .raw files were searched against the UniProt reference pro-
teome of the S. pneumoniae strain R6 (ID UP000000586, down-
loaded on 27 February 2020 with 2030 protein entries and an
added CRAP contaminants list) using MaxQuant software (ver-
sion 1.6.17).[78] The search was performed with a maximum of
two missed cleavages, oxidation (M) and acetylation (protein N-
term) as variable modifications, and carbamidomethylation (C)
as a fixed modification. Proteins were considered identified with
a minimum of one razor + one unique peptide per protein
group. Proteins were quantified label-free using the MaxLFQ al-
gorithm implemented in MaxQuant software. Unique and razor
peptides were used for label-free quantification. Resulting data
were analyzed with Perseus software (version 1.6.14.0).[79] Pro-
teins were considered identified when quantitative values were
present in at least 2 of 3 replicates. Label-free quantitation (LFQ)
values were log2 transformed, and two-sided Student’s t-tests
were performed to compare conditions. The mass spectrometry
proteomic data were deposited into the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset iden-
tifier, PXD026462.[80]

3.14. Statistical Analysis

All data are shown as the means±standard deviation, where
the number n is independent experiments. All measurements
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were performed at least in triplicate in n independent experi-
ments. Unpaired two-tailed t-tests were performed to compare
two groups. Groups of two or more were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple com-
parison test.

4. Conclusion

Our study revealed that pneumococcal dMVs achieved a higher
vesicular yield than did sMVs. dMVs showed a slightly larger
particle size range, while both vesicle types exhibited excellent
tolerability with several mammalian somatic and immune cell
lines. Primary human immune cells showed acceptable compat-
ibility with pneumococcal vesicles. Pneumococcal MVs displayed
a gradual uptake into primary MDMs, with a slightly higher
trend of uptake values for sMVs than for dMVs. DCs showed
comparable uptake for both vesicle types. The vesicles activated
both primary MDMs and DCs to release the inflammatory cy-
tokines, TNF and IL-6. Additionally, several strong antigenic pro-
teins and lipoproteins were detected on isolated MVs, confirming
their strong potential for protective immunostimulation and as
promising vaccine candidates. Although dMVs achieved higher
yields, they did not show better cellular uptake or stronger im-
mune responses. More research should be implemented to test
the feasibility of dMVs as models for prokaryote membranes.[81]

In spite of the minimal cytotoxicity observed with primary hu-
man immune cells, pneumococcal MVs confer a strong tech-
nological advantage being easily produced and more accessible,
as well as harboring several strong immunogenic proteins and
lipoproteins. This study thus supports applying pneumococcal
sMVs as promising vaccine candidates.
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