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Abstract

Background Bacterial extracellular vesicles (EVs) are pivotal mediators of intercellular communication and influence
host cell biology, thereby contributing to the pathogenesis of infections. Despite their significance, the precise effects
of bacterial EVs on the host cells remain poorly understood. This study aimed to elucidate ultrastructural changes in
host cells upon infection with EVs derived from a pathogenic bacterium, Staphylococcus aureus (S. aureus).

Results Using super-resolution fluorescence microscopy and high-voltage electron microscopy, we investigated the
nanoscale alterations in mitochondria, endoplasmic reticulum (ER), Golgi apparatus, lysosomes, and microtubules

of skin cells infected with bacterial EVs. Our results revealed significant mitochondrial fission, loss of cristae,
transformation of the ER from tubular to sheet-like structures, and fragmentation of the Golgi apparatus in cells
infected with S. aureus EVs, in contrast to the negligible effects observed following S. epidermidis EV infection, probably
due to the pathogenic factors in S. aureus EV, including protein A and enterotoxin. These findings indicate that
bacterial EVs, particularly those from pathogenic strains, induce profound ultrastructural changes of host cells that can
disrupt cellular homeostasis and contribute to infection pathogenesis.

Conclusions This study advances the understanding of bacterial EV-host cell interactions and contributes to the
development of new diagnostic and therapeutic strategies for bacterial infections.
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Introduction
Bacterial extracellular vesicles (EVs) are small membrane-
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for bacterial infections [4]. Recently, a direct interaction
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between bacterial EVs and human hosts was revealed [5].
For example, recent research has shown internalization
of gram-positive bacterial EVs by eukaryotic cells, such as
epithelial and macrophage cell lines, via endocytosis [5—
8]. Additionally, fusion of bacterial EVs with cell mem-
branes of eukaryotic cells has also been demonstrated
[9]. However, the effects of bacterial EVs on host cells are
not yet understood at a higher level. To investigate these
effects, it is crucial to observe the ultrastructural changes
in host cells in response to bacterial EV infection.

Since the role of EVs can to a large extent be determined
by the type of cargo, EVs derived from different types of
bacteria are expected to exhibit distinct bioactivities in
host cells. For example, Staphylococcus aureus (S. aureus)
produces EVs containing several virulence factors, such
as exotoxins and enzymes, which could possibly aid in its
pathogenesis [10]. Thus, S. aureus is considered a patho-
genic bacterium that can cause a wide range of infections,
including skin infections (such as boils, impetigo, and fol-
liculitis), respiratory infections (such as pneumonia and
sinusitis), and systemic infections (such as sepsis and
endocarditis) [11]. In contrast, Staphylococcus epidermi-
dis (S. epidermidis), another type of bacterium commonly
found on the skin and nose of humans, is considered a
commensal bacterium and is usually considered to be less
virulent than S. aureus. Therefore, EVs produced by dif-
ferent types of bacteria can affect host cells in different
ways. If such subtle ultrastructural changes in host cells
during bacterial EV-mediated infection can be detected,
this could represent a useful diagnostic approach for
assessing bacterial infection.

To address this, we investigated the ultrastructural
changes in various organelles of host cells during bac-
terial EV-mediated infection. The effects of different
bacterial EVs on host cells were investigated using EVs
produced by different types of bacteria, including the
pathogenic S. aureus and the relatively non-pathogenic
S. epidermidis. To observe the nanoscale ultrastructural
changes in host cells, we mainly employed super-reso-
lution fluorescence microscopy [12-14], stochastic opti-
cal reconstruction microscopy (STORM) [15], for host
cells infected with bacterial EVs at different times, and
we quantified the ultrastructural changes in each organ-
elle, including the mitochondria, endoplasmic reticulum
(ER), Golgi, lysosome, and microtubule. To confirm these
observations, we also employed transmission electron
microscopy (TEM) and high-voltage electron microscopy
(HVEM), and we compared the results. In this systematic
investigation, using advanced microscopic techniques,
we observed significant changes in the mitochondria,
ER, Golgi apparatus, lysosome, and microtubule during
pathogenic bacterial EV-mediated host cell infection,
which have not been previously reported. Further inves-
tigation into the distinct components in S. aureus EVs
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compared to S. epidermidis EVs, which can induce harm-
ful effects on host cells, revealed that the high amounts of
enterotoxin and protein A in S. aureus EVs induce such
pathogenic effects on host cells. Therefore, this study of
the impact of bacterial EVs on host cells has unveiled new
aspects of the infection pathway associated with bacte-
rial pathogenesis and poses challenges and opportuni-
ties for providing innovative approaches to diagnosis and
treatment.

Methods

Sample preparation for cell fluorescence imaging

The HaCaT cells (T0020001; AddexBio technologies)
and HDF cells (ATCC, CRL-1635) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (LM 001-05;
Welgene) supplemented with 1% (v/v) penicillin-strep-
tomycin (15070; Thermo Fisher Scientific) and 10% (v/v)
fetal bovine serum (FBS) (A31605; Thermo Fisher Scien-
tific) at 37 °C with 5% CO, in a humidified incubator.

For fluorescence imaging, the cells were seeded on
glass-bottom confocal dishes (100350; SPL Life Sci-
ences) and incubated at 37 °C with 5% CO, for 24-48 h
(1-2 days). The cells were then washed with prewarmed
Dulbecco’s phosphate-buffered saline (DPBS) (DPB 001;
SolBio) and fixed for 10 min at room temperature (RT)
with 3% (v/v) paraformaldehyde (PFA) (15714; Elec-
tron Microscopy Sciences) and 0.1% (v/v) glutaralde-
hyde (GA) (16020; Electron Microscopy Sciences) in
DPBS, which is the widely optimized fixation condition
for super-resolution fluorescence microscopy imag-
ing of membranous structures, including mitochondria
[16-20]. To quench autofluorescence from unreacted
aldehydes, the fixed cells were immersed in freshly pre-
pared 0.1% (w/v) NaBH, (16940-66-2; Sigma-Aldrich)
for 7 min at RT. After washing in DPBS, the cells were
permeabilized for 15 min at RT using 0.25% Triton X-100
(22140; Electron Microscopy Sciences) in DPBS. Follow-
ing permeabilization, the cells were treated with blocking
buffer containing 3% (w/v) bovine serum albumin (BSA)
(CNB102-0100; CellNest) for 30 min at RT. The cells
were then incubated with primary antibodies in blocking
buffer for 30 min at RT followed by labeling with Alexa
Fluor® (AF) 647- or 488-conjugated secondary antibod-
ies in blocking buffer for 1 h at RT. After two washes
with DPBS, the cells were postfixed for 10 min with 2%
(v/v) PFA and 0.05% (v/v) GA in DPBS at RT. The fol-
lowing primary antibodies were used: rabbit polyclonal
anti-TOM22 (ab246862; Abcam) to label the outer mito-
chondrial membrane, mouse monoclonal anti-ATPB
to label the mitochondrial cristae, rabbit monoclonal
anti-KLC3 (ab180523; Abcam) to label the endoplasmic
reticulum (ER) structure, and mouse monoclonal anti-
LAMP1 (ab25630; Abcam) to label the lysosome. Mouse
monoclonal anti-GM130 (618022; BD Transduction
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Laboratories) was used to label the Golgi apparatus and
mouse monoclonal anti-acetylated tubulin antibody
(T6793; Sigma-Aldrich) was utilized for acetylated tubu-
lin. The secondary antibodies used were AF647-conju-
gated donkey anti-mouse IgG (A-31571; Thermo Fisher
Scientific), AF647-conjugated donkey anti-rabbit IgG
(A-31573; Thermo Fisher Scientific), and AF488-conju-
gated donkey anti-rabbit IgG (A-21206; Thermo Fisher
Scientific). The cell nuclei were stained using Hoechst
33342 solution (62249; Thermo Fisher Scientific) diluted
in DPBS for 10 min in a light-protected environment.

To treat cells with bacterial EVs, the seeded cells were
first briefly washed with DMEM and subsequently incu-
bated in cell culture media containing S. aureus or S.
epidermidis EVs for 0.5, 4, 12, or 24 h. Purified EVs were
provided in solution from the R&D Center of LG H&H,
as described previously [21]. We treated the cells with
EVs at a concentration of 7x10” particles/mL for both S.
aureus and S. epidermidis EVs. We chose this concentra-
tion because of substantial changes in the mitochondria,
ER, and Golgi apparatus of S. aureus EV-treated cells
starting from this concentration; there were no signifi-
cant differences in organelle morphology compared with
untreated control cells at concentrations less than 7x10’
particles/mL. To treat cells with protein A from S. aureus
(P6031; Sigma-Aldrich), the seeded HaCaT cells were
first washed with DPBS, and then, the cells were treated
with 200 pL of protein A solution with a concentration of
5 ug/mL for 30 min. After treatment with bacterial EVs
or protein A, the cells were washed with pre-warmed
DPBS, followed by fixation, permeabilization, blocking,
primary and secondary antibody labeling, and post-fixa-
tion, as described above.

Sample preparation for EV imaging

Purified EVs from S. aureus and S. epidermidis were
imaged in a pre-washed glass-bottom confocal dish. The
dish was sonicated in 1 M potassium hydroxide (KOH)
(1310-58-3; Daejung) for 15 min, rinsed with distilled
water, and exposed to UV light from a lamp for 15 min.
The dish was then treated with 0.01% poly-L-lysine (PLL)
solution (P4707; Sigma-Aldrich) for 15 min to promote
EV attachment, rinsed twice with distilled water, and 200
uL of solution containing purified EVs at a concentration
of 1.69x10°® particles/mL was then added to the center of
the dish and incubated for 30 min.

To immunolabel protein A and enterotoxin B of EVs,
the EVs attached to the PLL-precoated glass-bottomed
dishes were first incubated in 3% (w/v) BSA for 30 min.
The EVs were then incubated with primary antibodies
in blocking buffer for 30 min at RT followed by labeling
with AF647-conjugated donkey anti-rabbit IgG in block-
ing buffer for 1 h at RT. The following primary antibodies
were used: anti-S .aureus antibody (ab20920; Abcam) to
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label the protein A, S .aureus polyclonal antibody (PA1-
7246; Thermo Fisher Scientific) to label enterotoxin B.

To label EVs with Nile red membrane dyes, the purified
EVs were labeled with 3 nM Nile red membrane dye solu-
tion (415711000; Acros Organics) in DPBS for 30 min.

STORM imaging

To carry out STORM imaging of human skin cell samples,
fluorophore-labeled cells were immersed in an imaging
buffer composed of 100 mM cysteamine (30070; Sigma-
Aldrich), 5% (w/v) glucose (50-99-7; Sigma-Aldrich),
and oxygen-scavenging enzymes (0.5 mg/mL glucose
oxidase [G2133; Sigma-Aldrich] and 38 pg/mL catalase
[C3515; Sigma-Aldrich] in DPBS at pH 8.5) in DPBS at
pH 8.5. STORM imaging was performed using a custom-
built inverted microscope (Ti2-U; Nikon) equipped with
a 100x1.49 NA oil-immersion objective lens (CFI SR
HP Apo TIRF; Nikon) as previously described [22]. The
prepared human skin cell sample was continuously illu-
minated by a 647 nm laser (120 mW, OBIS; Coherent)
or a 488 nm laser (110 mW, OBIS; Coherent) to excite
the fluorophores. Purified EV samples labeled with Nile
red were illuminated continuously using a 561 nm laser
(100 mW, OBIS; Coherent). When necessary, a 405 nm
laser (0.1-1 mW, OBIS; Coherent) was used as an activa-
tion laser to reactivate the AF dyes from the dark state
to the fluorescent state. Total internal reflection fluores-
cence illumination was applied, and the emitted fluores-
cence was passed through a bandpass emission filter (LF
408/488/561/635-B-000; Semrock). Filtered fluorescence
was detected using an EMCCD camera (iXon Ultra 888;
Andor) at a frame rate of 65 Hz. Throughout the STORM
imaging process, the CRISP autofocus system (ASI) was
used to maintain the focal plane by detecting a sepa-
rate IR beam reflected from the sample-liquid interface
through an objective lens.

Additionally, a cylindrical lens with a focal length of
500 mm (LJ1144RM-A; Thorlabs) was introduced for
astigmatism to perform 3D STORM imaging (Center for
Polymers and Composite Materials, Hanyang University,
Korea). This lens created a cylindrical distortion, alter-
ing the focus differently along two orthogonal axes and
resulting in elliptical rather than circular point spread
functions (PSFs) [23]. This distortion facilitated the dif-
ferentiation of axial and lateral positions of fluorescent
molecules. The observed astigmatism enabled the recon-
struction of 3D spatial information by analyzing the
modified PSF from the collected data. By measuring the
width of the PSF in the x and y directions, respectively,
caused by the cylindrical lens, we could accurately deter-
mine the z-coordinate of each molecule, achieving high-
resolution 3D imaging.

To perform two-color STORM imaging, beads in the
same region of interest were first imaged in both the
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647 nm and 488 nm channels to accurately match the
different color channels. Then, AF 647-labeled cellular
organelles in the samples were imaged first with an exci-
tation laser of 647 nm. Subsequently, AF 488-labeled cel-
lular organelles were imaged using a 488 nm excitation
laser. These fluorescent signals were distinguished by the
previously mentioned bandpass emission filter, which
allowed for the separation of the different color channels.

To reconstruct the STORM images, each point spread
function observed in the raw STORM movie was fitted to
a Gaussian function to determine the centroid positions
of the individual fluorophores. These centroids were then
drift-corrected and used in the rendering process for
STORM image reconstruction [15].

EM imaging
For TEM imaging, HaCaT keratinocytes were first fixed
with 2.5% GA in 0.1 M cacodylate buffer (pH 7.4) over-
night at 4 °C. The samples were then washed with caco-
dylate buffer. After washing, post-fixation was conducted
with 1-2% osmium tetroxide in 0.1 M cacodylate buffer
on ice for 1 h. After three washes with cacodylate buf-
fer, the samples were dehydrated using a graded ethanol
series, followed by progressive incubation with propylene
oxide and Epon 812, and finally embedded in 100% Epon
812 resin. Ultrathin sections of approximately 70 nm
were obtained using an EM UC7 ultramicrotome (Leica,
Austria) and placed on 100—150 mesh copper grids. The
ultrathin sections on the grids were stained with ura-
nyl acetate and lead citrate, followed by imaging using a
TEM (JEM-1400 Plus at 120 kV, JEOL, Japan).

For HVEM imaging, the samples were prepared in
a similar manner but post-fixed using 1-2% osmium
tetroxide and 1.5% potassium ferrocyanide in 0.1 M
cacodylate buffer. Thick sections (approximately 700 nm
thick) were obtained for 3D ultrastructural reconstruc-
tion. Imaging was performed using a KBSI Bio-HVEM
(JEM-1000BEF at 1,000 kV, JEOL, Japan). A total of 60
tilt images from +60° to -60° tilting angles in increments
of 2° were recorded using TEM Recorder software (JEOL
System Technology, Tokyo, Japan). Alignment and recon-
struction of these images were accomplished using Com-
poser and Visualizer-Evo software (TEMography.com,
Frontiers Inc., Tokyo, Japan). AMIRA software (Thermo
Fisher Scientific (FEI), Hillsboro, OR, USA) was used for
surface rendering and 3D modeling.

Image quantification

To measure the size of the purified EVs, each EV par-
ticle was first identified using the previously reported
DBSCAN cluster analysis method [24]. After identify-
ing each EV particle, a single-molecule distribution was
generated for each particle, followed by fitting to a two-
dimensional Gaussian function. In the fitted Gaussian
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function, the full width at half maximum (FWHM) was
used as the diameter of each EV particle.

For quantification of the ultrastructure of each organ-
elle, including mitochondria, ER, lysosomes, and the
Golgi apparatus, we employed ‘SR-Tesseler, a software
that exploits the coordinates and intensity of localized
molecules obtained through localization-based super-
resolution techniques, including STORM [25]. The ren-
dering process was conducted based on the intensity of
localized molecules for enhanced visualization. After
rendering, image quantification was performed individu-
ally for each cellular organelle as follows:

First, for the quantification of mitochondria, we
employed the Image] software ‘Mitochondria Analyzer’
plug-in [26]. Individual mitochondria in the STORM
images generated from the SR-Tesseler were identified
using a skeletonization process, and the longest diameter
and the number of branches for each identified mito-
chondrion were calculated.

To analyze the ultrastructure of the ER, ‘AnalyzER’ soft-
ware implemented in MATLAB (The Mathworks) was
employed [27]. With this program, the FWHM for both
the maximum and minimum tubule widths were deter-
mined based on pixel-level intensity profiling, in which
the range between these values was designated as the
threshold for tubule width. The regions with FWHM val-
ues exceeding the maximum tubule width were classified
as sheet structures, whereas those with FWHM values
below the minimum tubule width were considered back-
ground signals. The regions within the threshold range
were recognized as tubular structures. Using the images
classified for each structure, we computed the ratio of
the areas occupied by the sheet and tubular structures.
The percentages of tubular and sheet-like structures were
computed using Image]J software, employing its area frac-
tion measurement features.

For quantitative analysis of the radial distribution of
the Golgi apparatus and lysosomes from the center of the
nucleus, we utilized a custom-written MATLAB code.
With this MATLAB code, the initial image processing
was performed, involving median filtering and intensity
filtering using Otsu’s thresholding algorithm, as previ-
ously described [18]. After the initial image processing,
each organelle in the images was identified by the bound-
aries of each object using 8-point connectivity and dilat-
ing them by 1 pixel. The Euclidean distances between the
coordinates of the pixels contained in the lysosomes or
Golgi and the coordinates of the cellular nucleus cen-
troid were then used to determine the intracellular radial
distribution.

Determination of spatial resolution in STORM imaging
To measure the spatial resolution of STORM images, we
conducted Fourier ring correlation (FRC) analysis using
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the corresponding Image] FRC plug-in. Our image acqui-
sition included 50,000 frames per STORM image. These
frames were split into two sets of 25,000 frames each, and
the FRC was calculated between these two sets. Based on
previous study [28], a correlation cut-off value of 1/7 was
applied to determine the spatial resolution from the FRC
analysis. This analysis was performed on five STORM
images for each cellular organelle, and the resulting res-
olution values were averaged for a facilitate comparison
across different organelles.

Results

The degradation of mitochondrial ultrastructures by EVs
derived from S. aureus

To investigate the effects of bacterial EV on the ultra-
structure of host cells, we chose S. aureus and S. epi-
dermidis as pathogenic and relatively non-pathogenic
bacterial sources, respectively. Thus, we first purified
EVs from cultured S. aureus and S. epidermidis and per-
formed STORM imaging to confirm the purified EVs by
measuring their average membrane diameters. As shown
in Fig. S1, the average diameters of the purified EVs from
S. aureus and S. epidermidis were 110.6 and 114.7 nm,
respectively, in the STORM images of Nile red-labeled
EVs, which is consistent with the reported range for EVs
[21, 29].

Because both S. aureus and S. epidermidis are com-
monly found in human skin [30], HaCaT keratinocytes
were used as host cells for infection with bacterial EVs.
Thus, we treated HaCaT cells with purified EVs from
cultured S. aureus or S. epidermidis and then performed
STORM imaging of mitochondria in the cells at various
time points to examine the alterations in mitochondrial
morphology. Mitochondrial dynamics play a crucial role
in cellular homeostasis, and mitochondrial aberrations
are often associated with various pathological condi-
tions, including infectious diseases [31]. Therefore, we
investigated the effects of S. aureus and S. epidermidis
EVs on mitochondrial dynamics to better understand
the potential pathogenic effects of these bacterial spe-
cies. As shown in Fig. 1A and Fig. S2, STORM images
revealed a striking difference in the mitochondrial mor-
phologies between cells treated with S. aureus EVs versus
those treated with S. epidermidis EVs. In particular, we
observed pronounced mitochondrial fission in S. aureus
EV-infected cells after 30 min of EV infection, whereas
no such effect was observed in cells infected with S. epi-
dermidis EVs. The induction of mitochondrial fission
by S. aureus EV infection was also confirmed by quan-
titative analysis of mitochondrial length and the ratio of
branched mitochondria measured from STORM images.
As shown in Fig. 1B, a longer length of mitochondria
and the ratio of branched mitochondria decreased in S.
aureus EV-treated HaCaT cells, suggesting induction of
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mitochondrial fission. Mitochondrial fission and mito-
chondrial network fragmentation are well-known phe-
nomena observed in virus-infected cells and aged skin,
indicating a potential link between pathogenicity and
alterations in mitochondrial dynamics [32-34]. There-
fore, our results suggest that S. aureus EVs induce mito-
chondrial fission, which is a common pathogenic effect
following viral infection.

We also observed induction of mitochondrial fission
in skin cells following exposure to S. aureus EVs using
TEM images. As shown in Fig. 1C, D, mitochondrial fis-
sion was observed in the skin cells treated with S. aureus
EVs, which was not clearly observed in those treated with
S. epidermidis EVs. However, the sectioned sample pre-
pared for TEM imaging may not provide a complete view
of the full-length mitochondrion, thus limiting the inter-
pretation of the three-dimensional structure of the entire
mitochondrion [35, 36]. To overcome this limitation, we
performed HVEM imaging of 700 nm-thin sections of
HaCaT cells treated with bacterial EVs. Interestingly, we
observed unexpected phenomenon from the host cell
treated with S. aureus EVs, in addition to mitochondria
fission effect: the mitochondria in cells infected with S.
aureus EVs exhibited a notable loss of cristae, whereas
this effect was absent in S. epidermidis EV-infected and
control cells (Fig. 2A, Movies S1-3). To confirm this,
we also performed two-color STORM imaging of the
outer membrane and cristae of mitochondria using spe-
cific markers for the translocase of the mitochondrial
outer membrane (TOM22) and ATP synthase. As shown
by the two-color STORM images in Fig. 2B, we also
observed a loss of mitochondrial cristae in S. aureus EV-
treated HaCaT cells, which is consistent with the HVEM
images. To quantify the extent of cristae loss, the local-
ization density of ATP synthase inside the mitochon-
dria was measured. The quantification results in Fig. 2C
clearly revealed degraded cristae in S. aureus EV-treated
HaCaT cells, which were not observed in S. epidermidis
EV-treated HaCaT cells. The observed loss of cristae in
S. aureus EV-infected cells suggests a significant impact
on cellular energy metabolism because cristae contain
ATP synthase, which is a key enzyme involved in cellu-
lar energy production. Mitochondrial cristae are inte-
gral to the electron transport chain, which is crucial for
ATP production. Therefore, their degradation indicates a
disruption of energy homeostasis, potentially leading to
impaired cellular functions and signaling pathways. Col-
lectively, the observed loss of cristae following S. aureus
EV infection may compromise ATP synthase function,
thus suggesting a pathogenic effect associated with S.
aureus EVs.
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Fig. 1 Mitochondria fission effect of S. aureus EV-mediated infection. (A) Representative STORM images of mitochondria in epithelial keratinocyte (HaCaT)
cells treated with S. aureus EVs (left) or S. epidermidis EVs (right) after 30 min of EV infection. Enlargement of the boxed region is shown at the bottom. Sche-
matic diagrams are shown together. (B) Quantitative analysis of the mitochondrial ultrastructural changes in terms of the ratio of long (with > 5 pum lon-

gest diameter) and short mitochondria (with <5 um longest diameter) and ratio of branched mitochondria from STORM images. (n=

10, mean+SD) (C)

Representative TEM images of HaCaT cells treated with S. aureus (left) or S. epidermidis (right) EVs after 30 min of EV infection. Arrows: mitochondrial fission.
(D) Quantitative analysis of the size of the mitochondria in terms of the longer diameter from TEM images. (n=10, mean£SD) (ns: p>0.05, ***p <0.001)

Scale bars: (A) 5 um (top), 1 um (bottom). (C) 1 um

The transformation from a tubular to a sheet-like

endoplasmic reticulum structure by S. aureus EV treatment
Next, we investigated ultrastructural changes in the ER
following treatment with different types of bacterial EVs.
We performed STORM imaging of the ER of HaCaT cells
treated with purified EVs from cultured S. aureus or S.
epidermidis. As shown in Fig. 3A and Fig. S3, STORM
images of the ER in HaCaT cells revealed two distinct
morphological forms of ER: tubular and sheet-like struc-
tures. Interestingly, the balance between these two dis-
tinct forms varied depending on the type of bacterial EVs
used for the infection. For example, in cells infected with
S. aureus EVs, we observed a pronounced morphological
shift from the tubular to sheet-like structure of the ER.
However, this alteration was not evident in cells treated
with S. epidermidis EVs. Such changes in global ER net-
work topology and integrity are known to be key features

associated with physiological and stress states [37]. To
quantify the ratio of these two ER morphologies from
STORM images, we employed the AnalyzER software
program, which allows classification of ER structures
[27]. As shown in Fig. 3B, quantitative measurements of
the structural changes of the ER in response to each bac-
terial EV treatment revealed an increase in the sheet-like
structure by S. aureus EV treatment and an increase in
the tubular structure by S. epidermidis EV treatment.

The transformation from a tubular to a sheet-like
ER configuration has been suggested to be associated
with cellular responses to starvation, particularly dur-
ing the autophagy process. This suggests that S. aureus
EVs induce stress responses similar to those observed
in nutrient-deprived cells, further emphasizing the del-
eterious effects of S. aureus EVs on cellular homeo-
stasis. In particular, it has recently been reported that
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Fig. 2 Loss of cristae by S. aureus EV infection. (A) 3D reconstructed HYEM images of epithelial keratinocyte (HaCaT) cells treated with S. aureus (left) or S.
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ER morphology is actively regulated by lysosomes in
response to nutritional status [38]. For example, Meng
et al. found that the induction of autophagy in starved
cells resulted in the accumulation of lysosomes in peri-
nuclear regions followed by a decrease in ER tubules in
the cell periphery and a concomitant increase in sheet
content in central regions of the cell. As we observed a
similar transformation from a tubular to a sheet-like
ER structure in HaCaT cells treated with S. aureus EVs,
we performed STORM imaging of lysosomes to assess
whether S. aureus EV-treated HaCaT cells exhibited this
nutrient-depletion condition (Fig. 3C, Fig. S4). Interest-
ingly, we observed accumulation of lysosomes in the
perinuclear regions of HaCaT cells treated with S. aureus
EVs but not in S. epidermidis EV-treated or non-treated
HaCaT cells, suggesting that S. aureus EV-treated HaCaT
cells experienced nutrient depletion (Fig. 3D). We also
performed two-color STORM imaging of ER and lyso-
somes at different time points. As shown in Fig. S5,
two-color STORM images of ER and lysosomes indicate
that changes in both organelles occur simultaneously,
beginning approximately 30 min post-infection and pro-
gressing at similar rates. This aligns with the previously
published literature, suggesting that lysosomal position-
ing influences ER tubule elongation and connectivity.
Therefore, we observed that ER reshaping was regulated
by lysosomal positioning in response to pathogenic S.
aureus EV treatment, similar to the autophagy process in
nutrient-depleted cells, suggesting that S. aureus appears
to employ pathogenic mechanisms.

The fragmentation and dispersal of the Golgi apparatus by
treatment of EV derived from pathogenic S. aureus

Finally, we used STORM imaging to examine the Golgi
apparatus in cells exposed to EVs from S. aureus or S.
epidermidis. The Golgi apparatus typically appears as a
series of stacked, flat, and ribbon-like structures located
near the nucleus. We observed a normal Golgi appear-
ance in control HaCaT cells that were not treated with
any bacterial EVs (Fig. 4A, Fig. S6). However, in cells
infected with S. aureus EVs, we detected clear fragmen-
tation and dispersion of the Golgi complex from the
nucleus, a phenomenon that was absent in cells treated
with S. epidermidis EVs. This fragmentation and mis-
localization of the Golgi apparatus from its typical
perinuclear location is reminiscent of the cellular altera-
tions observed in response to stress or damage, such as
in coronavirus-infected cells, suggesting that a similar
pathogenic mechanism may be at play with S. aureus EVs
[39]. To further confirm the changes in the Golgi appara-
tus in the time series, we quantified the number of Golgi
fragments and the radial distribution from the nucleus
in the STORM images. As shown in Fig. 4B, the number
of Golgi fragments increased to 205% after S. aureus EV
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infection over 24 h, whereas it remained relatively con-
stant (110%) after S. epidermidis EV infection. Addition-
ally, we observed that the center of mass of the Golgi
apparatus relative to the center of the nucleus approxi-
mately doubled (221%) following S. aureus EV infection,
whereas it remained constant following S. epidermidis
EV infection. To confirm this observation, we performed
HVEM imaging of the Golgi apparatus in HaCaT cells.
As shown in Fig. 4C and Movies S4-6, 3D reconstructed
HVEM images of HaCaT cells treated with S. aureus EVs
revealed fragmentation and dispersal of the Golgi appa-
ratus by S. aureus EV-mediated infection, consistent with
STORM images.

Such fragmentation and dispersal of the Golgi appa-
ratus may be related to disruption of the microtubule
network. The Golgi apparatus, which is located near the
nucleus, is known to be associated with the microtubule
organizing center (MTOC). In diseased cells, especially
those undergoing stress or transformation, such as can-
cer, the microtubule network can be disrupted, which
leads to fragmentation and dispersal of the Golgi appara-
tus [40, 41]. To examine this relationship, we additionally
performed STORM imaging of the MTOC by labeling
acetylated tubulin. Interestingly, we observed a disrupted
microtubule organizing center in S. aureus EV-infected
HaCaT cells with a perturbed microtubule network,
which was not observed in S. epidermidis EV-infected
cells (Fig. 4D, Fig. S7). In particular, microtubule depoly-
merization and detachment from MTOC were observed
in the quantitative analysis of MTOC from STORM
images, probably suggesting Golgi fragmentation in
response to microtubule depolymerization (Fig. 4E).
Therefore, these findings indicate the disruptive potential
of S. aureus EVs on cellular organelle integrity again, fur-
ther implicating the pathogenicity of S. aureus EVs.

The investigation on toxic components in S. aureus EVs

Collectively, we could observe the pathogenic effect of
S. aureus EVs on host cells, in contrast to S. epidermidis
EVs (Fig. 5A). To investigate the distinct components in
S. aureus EVs compared to S. epidermidis EVs that can
induce harmful effects on host cells, we next performed
STORM imaging of toxic components of EVs, including
enterotoxin B and protein A. As shown in Fig. 5B-C, we
observed that S. aureus EVs contain a higher amount of
enterotoxin B and protein A, which could probably result
in the harmful effect on the host cell. To further inves-
tigate this pathogenic effect, we also treated the HaCaT
cells with purified protein A and performed STORM
imaging of mitochondria, ER, and Golgi in these cells, in
the same way to the S. aureus EV-treated cells. Remark-
ably, we observed similar ultrastructural alterations in
host cells upon protein A treatment, as shown in Fig. 5D.
In particular, mitochondrial fission, transformation of ER
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from tubule to sheet structure, and dispersed and frag-
mented Golgi were observed in protein A-treated HaCaT
cells, similar to the S. aureus EV-infected HaCaT cells.
Therefore, it appears that protein A in S. aureus is mainly
responsible for the observed ultrastructural disruption
in S. aureus EV-infected cells. Protein A, also known as
Staphylococcal protein A, is a well-known virulence fac-
tor found in S. aureus. It has been known that this sur-
face protein can also be present in S. aureus-derived EVs.
Since protein A plays a significant role in the pathogen-
esis of S. aureus infections by interacting with the host
immune system, our observations support the idea that
S. aureus can induce a response in the host immune
system through EV-mediated protein A transportation.
Moreover, our observation of the ultrastructural altera-
tion caused by protein A can also support the previously
reported observation of protein A-dependent changes in
actin organization and tight junctions [42].

As other component candidates that can affect host
cells, several toxic proteins have been reported, includ-
ing a-hemolysin and enterotoxin [43—45]. Although we
could not test the direct effects of these toxic candidates
on host cells due to their commercial unavailability, they
have also been known to induce cellular stress and even
apoptosis. In particular, it has been reported that a-toxin
induces apoptosis through the mitochondrial death path-
way, which is associated with the loss of mitochondrial
transmembrane potential [46]. Such a change in mito-
chondrial transmembrane potential appears to be related
to our observation of cristae loss and mitochondrial
fission induced by S. aureus EVs. Additionally, entero-
toxin B has been reported to induce ER stress response,
which is related to chronic inflammation [47]. Since we
observed a higher level of enterotoxin B in S. aureus EVs
compared to that in S. epidermidis EVs by STORM imag-
ing, enterotoxin B is highly likely to induce the observed
ER transformation from a tubular to a sheet-like struc-
ture. Therefore, these previous studies and our inves-
tigation of toxic components support the notion that
S. aureus EVs can induce inflammation and associated
ultrastructural changes in organelles through the delivery
of toxic components.

Discussion

Our study provides novel insights into the ultrastructural
alterations induced in host cells upon infection with EVs
from both pathogenic S. aureus and less pathogenic S.
epidermidis. The employment of advanced microscopic
techniques, such as STORM and HVEM, allowed us to
discern nanoscale changes in the mitochondrial, ER, and
Golgi apparatus structures, revealing significant differ-
ences in the host cell responses to EVs from these two
bacterial species in a concentration-dependent manner
(Fig. S8). Although conventional microscopy can provide
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an overview of cellular structures, the nanoscale preci-
sion of STORM is crucial for the quantitative analyses
central to our study. Subtle structural changes, particu-
larly those in response to EV treatment, are only discern-
ible and quantifiable using super-resolution techniques
(Fig. S9). In particular, pronounced mitochondrial fission
was observed in cells infected with S. aureus EVs, con-
sistent with previous studies indicating that mitochon-
drial fragmentation is a hallmark of cellular stress and
disease states, including viral infections [32, 33]. Also,
the degraded cristae were observed in S. aureus EV-
infected cells, indicating a disruption of energy homeo-
stasis in host cells. Given the critical role of mitochondria
in energy metabolism and signaling, these alterations
could have profound implications for cell fate and func-
tion, potentially leading to cell death or dysfunction,
thereby contributing to the pathogenicity of S. aureus.
For example, the observed mitochondrial fission and loss
of cristae could be indicative of an attempt by the host
cell to isolate and remove damaged mitochondria, or it
could reflect a strategy employed by the pathogen to
manipulate host cell energy production and induce cell
death. In addition, a shift from tubular to sheet-like ER
structures was observed upon S. aureus EV infection,
suggesting a stress response, possibly akin to autophagy
under nutrient-depleted conditions [38]. The observed
accumulation of lysosomes in the perinuclear regions
reinforces this hypothesis, indicating the potential of ER
morphology as a marker of bacterial EV-mediated cel-
lular stress and pathogenicity. Finally, the Golgi appara-
tus in S. aureus EV-infected cells revealed fragmentation
and dispersal, thus serving as indicators of cellular dis-
array and stress reminiscent of the changes observed in
cells infected with viruses or undergoing transformation
[39]. The potential link to microtubule network disrup-
tion suggests a broader impact of bacterial EVs on cel-
lular architecture and integrity. These transformations
of ER and Golgi morphology may interfere with pro-
tein synthesis and trafficking, thereby further impairing
cell function and the immune response. For instance,
ER and Golgi restructuring may be part of the unfolded
protein response and autophagy, respectively, suggesting
that cells attempt to respond to stress induced by patho-
genic bacterial EVs by modulation of their intracellular
architecture. This adaptive response, while potentially
protective, may also contribute to disease pathology if
overwhelmed or manipulated by the pathogenic fac-
tors contained in EVs. We observed that there is a high
amount of protein A and enterotoxin B in S. aureus EVs
compared to S. epidermidis EVs, as the distinct patho-
genic factors in S. aureus EVs, which appear to be mainly
responsible for inducing the observed destructive ultra-
structural changes in organelles in host cells, including
mitochondria, ER, and the Golgi apparatus. Interestingly,
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such destructive changes of organelles were shown within
an hour, suggesting that the pathogenic factors from bac-
terial EVs can be quickly delivered to the host cells. While
our current study focused on fixed cells due to photo-
bleaching constraints, future work employing long-term
live-cell imaging techniques could potentially provide
valuable insights into the early stages and dynamic pro-
gression of cellular responses to EV infection.

Collectively, these changes imply that S. aureus EVs
induce a considerable stress response in skin cells, poten-
tially leading to cell damage or death through mecha-
nisms involving mitochondrial dysfunction, ER stress,
and disruptions in protein processing and trafficking.
This could contribute to the pathogenic effects of S.
aureus on the skin, including inflammation, infection, or
tissue damage. Since S. aureus is known to be involved
in various skin conditions, such as impetigo, folliculitis,
and more serious infections like cellulitis or abscesses,
these observations suggest that S. aureus EVs could play a
significant role in the pathogenesis of these conditions by
directly inducing cellular dysfunction and death. Inter-
estingly, we were also able to observe similar nanoscale
changes in mitochondrial, ER, and Golgi apparatus struc-
tures in human dermal fibroblasts, indicating a conserved
mechanism of EV-mediated intercellular communication
across different skin cell types (Fig. S10). These findings
suggest that bacterial EVs can universally influence skin
cell biology, regardless of cell-specific functions or lin-
eage. This conserved response among skin cells highlights
the significance of bacterial EVs in the dermal microenvi-
ronment, suggesting that their effects extend beyond the
infection site, potentially affecting skin homeostasis and
integrity. This consistency across cell types highlights the
potential of bacterial EVs as targets for developing diag-
nostic and therapeutic strategies. By documenting the
specific ultrastructural changes induced by bacterial EVs,
the progression of bacterial infections can be predicted
and interventions designed that specifically target these
pathogenic mechanisms.

Conclusions

In conclusion, our findings underscore the complex-
ity of bacterial EV-mediated interactions with host
cells and highlight the importance of understanding
these processes in the context of bacterial pathogen-
esis. While our study illuminates the critical aspects of
bacterial EV-mediated pathogenesis, further research
is necessary to elucidate the specific molecular mecha-
nisms underlying the observed ultrastructural changes.
For example, exploring the host cell signaling pathways
affected by bacterial EVs will deepen the understanding
of the cellular response to bacterial invasion and poten-
tially uncover novel interventional strategies. We expect
that the distinct ultrastructural changes induced by
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pathogenic versus less pathogenic bacterial EVs will pro-
vide a foundation for the development of diagnostic tools
and therapeutic strategies. Novel therapeutic approaches
can be devised to mitigate the adverse effects of bacte-
rial infections by targeting specific mechanisms through
which pathogenic bacterial EVs disrupt host cell struc-
tures. Additionally, the differential effects of bacterial EVs
on host cell ultrastructure could serve as biomarkers for
early detection of bacterial infections, thereby enabling
timely and targeted therapeutic interventions.
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