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Abstract
Extracellular vesicles (EVs) are lipid bilayer nanoparticles involved in cell-cell com-
munication that are released into the extracellular space by all cell types. The cargo
of EVs includes proteins, lipids, nucleic acids, and metabolites reflecting their cell
of origin. EVs have recently been isolated directly from solid tissues, and this may
provide insights into how EVs mediate communication between cells in vivo. Even
though EVs have been isolated from tissues, their point of origin when they are in the
interstitial space has been uncertain. In this study, we performed three-dimensional
(3D) reconstruction using transmission electron tomography of metastatic and nor-
mal liver tissueswith a focus on the presence of EVs in the interstitium.After chemical
fixation of the samples and subsequent embedding of tissue pieces in resin, ultrathin
slices (300 nm) were cut and imaged on a 120 ekV transmission electron microscopy
as a tilt series (a series of subsequent images tilted at different angles). These were
then computationally illustrated in a 3Dmanner to reconstruct the imaged tissue vol-
ume. We identified the cells delimiting the interstitial space in both types of tissues,
and small distinct spherical structures with a diameter of 30–200 nm were identified
between the cells. These round structures appeared to bemore abundant inmetastatic
tissue compared to normal tissue.We suggest that the observed spherical structures in
the interstitium of the metastatic and non-metastatic liver represent EVs. This work
thus provides the first 3D visualization of EVs in human tissue.
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 INTRODUCTION

To understand how extracellular vesicles (EVs) function in human health and disease, EVs need to be isolated from human
sources.Most research has been performed on the EV secretome from human cells cultured in vitro, and some of themechanistic
functions of EVs have been described in that way (Yanez-Mo et al., 2015). However, isolating EVs from healthy or diseased
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F IGURE  Schematic illustration of the steps involved in the acquisition of the 3D reconstructions by electron tomography of tissues. Metastatic liver
tissue and macroscopically normal liver tissue were collected from the liver of a patient with uveal melanoma liver metastases. Samples were fixed, dehydrated,
and embedded in resin. Sections of 300 nm thickness were obtained using a microtome. During the electron tomography data acquisition, the specimen holder
was gradually tilted inside the microscope around an axis perpendicular to the electron beam, and subsequent frames were then acquired at multiple angles
(+65◦ and −65◦). Finally, a 3D reconstruction (tomogram) of the tissue was computed from the acquired images using the IMOD program. Figure created
using BioRender.com.

tissues has until now primarily utilized biological fluids such as blood, saliva, urine, ejaculates, breast milk, and cerebrospinal
fluid (Admyre et al., 2007; Baranyai et al., 2015), and although these experiments have identified many biomarker candidates for
various diseases, they have not provided much information on EV function. To learn how EVsmediate communication between
cells, we need to begin studying how they are trafficked in intact tissues. However, efforts to isolate EVs from tissues have only
recently been initiated (Crescitelli et al., 2020, 2021; Hurwitz et al., 2019; Jang et al., 2019; Vella et al., 2017), and there is still
some uncertainty as to whether the isolated tissue-derived vesicles are indeed extracellular and not contaminations from the
intracellular compartments of tissue cells.
We therefore hypothesized that EVs can be illustrated in tissues using transmission electron tomography. To do this, we

acquired human liver biopsies that were chemically fixed and embedded in resin. We cut 300 nm sections from both appar-
ently non-tumour liver sections and liver sections with obvious uveal melanoma metastasis. Several images of the same area
were acquired while the section was tilted in the transmission electron microscope (TEM). Image analysis software was then
used to create a three-dimensional (3D) illustration of the tissue, including the interstitial space.

 METHODS

The methods utilized for preparing the tissues and for the imaging are presented in Supporting information.

. Workflow

We collected liver metastatic tissue and macroscopically normal-appearing liver tissue samples from a patient with stage IV
uveal melanoma. The samples were fixed using chemical fixation, dehydrated, and embedded in resin. The samples were then
sectionedwith a thickness of 300 nm, and tilted imageswere acquired on theTEM fromdifferent angles (frames), whichwere then
computationally back projected into a 3D space along the same angles to recreate a 3D volume of the imaged sample (Figure 1).
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 RESULTS

Livermetastatic tissue andmacroscopically normal liver tissue were processed as described in Figure 1 to obtain a 3D reconstruc-
tion of the tissue interstitial space. In each acquired image we focused on cells and round elements present in the extracellular
space. In the tumour tissue sections, three cells with surrounding extended extracellular space containing several spherical ele-
ments of different sizes were identified (Figure 2a). Specifically, six large distinct structures (1−2 µm—not confluent with cells)
were clearly visible in the intercellular space accompanied by smaller round elements (<200 nm). We hypothesize that the larger
structures are morphologically similar to apoptotic bodies and that the smaller structures are morphologically similar to small
EVs. To facilitate the visualization, the previously described structures were labelled with colours by the imaging software, in
which the three cells were highlighted in yellow, turquoise, and green, respectively (Figure 2b). The larger structures present in
the extracellular space were labelled blue, and the smaller round elements were labelled red. Three different frames from Video
1 show the front,−30◦, and +30◦ sides of the tissue section (Figure 2c–e). The 3D reconstruction of the sample was obtained by
merging all of the acquired frames from the tomography process, thus allowing better visualization of the entire tissue section
(Video 1). The 3D tomography reconstruction clearly illustrated that the small round structures located in the extracellular space
had spherical morphology and a size comparable to canonical EVs (50−200 nm) (Thery et al., 2018). Moreover, as shown in
Supplementary Video 1, it is possible to visualize the single images in the sequence used for the 3D reconstruction. In the first
part of the video, small round structures in the extracellular space, which could be small EVs, are indicated by white arrows,
while in the second part cell membranes are highlighted in green, yellow, and turquoise, the large round structures (apoptotic
bodies) are highlighted in blue, and the small round structures (small EVs) are highlighted in red.
We performed the same analysis on themacroscopically normal liver tissue collected from the same patient. Figure 3(a) shows

a representative image of the tilt series, where five cells were clearly visible with their intracellular organelles and their plasma
membranes, which delimited the extracellular space. The presence of small round structures was less evident compared to the
tumour tissue because of their smaller size and internal position within the section. The above-mentioned structures are under-
lined with different colours in Figure 3(b) where five cells are labelled with green, yellow, turquoise, orange, andmagenta and the
small round structures (small EVs) are highlighted in red. The 3D reconstruction of the sample was obtained bymerging all of the
acquired frames during the tomography process, thus allowing a better visualization of the entire tissue section (Video 2). Three
different frames of Video 2 showing the front, −30◦, and +30◦ sides of normal tissue sections are presented in Figure 3(c–e),
respectively. In the 3D reconstruction of normal tissue shown in Supplementary Video 2, single images in the sequence used for
the 3D reconstruction are shown.Moreover, the small round elements present in the extracellular space weremore apparent than
in the 2D picture (Figure 3a). Although apparently less abundant than in metastatic tissue, the spherical shape of these round
elements is clear, again suggesting that they are small EVs (30−150 nm). The small round structures are highlighted with white
arrows in the first part of the video. In the second part of the video, the cells are highlighted in green, yellow, turquoise, orange,
and magenta, while the small structures (putative small EVs) are marked in red (Supplementary Video 2).

 DISCUSSION

In this work we have visualized round structures in the interstitial space of human liver tissues using electron tomography, and
we suggest that these are most likely EVs released by local cells. The tomography was performed on both liver metastases and
normal liver tissue samples from a single patient affected by uveal melanoma. In both types of samples, we identified small round
EV structures in the extracellular space but could also illustrate the presence of apparent cell protrusions extending from cells
that if cut horizontally using 2D techniques could appear as round elements and wrongly be described as EVs.
EVs are usually visualized after isolation and not in their native environment. The isolation process and sample preparation

may lead to the creation of artefacts, altering the native EV structure. A proof of this is the canonical ‘cup shape’ morphology of
EVs observed using TEM that is an artefact caused by the high surface tension of water (Kurtjak et al., 2022; Rikkert et al., 2019).
Moreover, depending on the biological origin of the sample (cell culture media, biological fluids, or tissues) EVs are co-isolated
with other biological structures that co-precipitate thus decreasing EV sample purity and confounding the analyses of electron
microscopy imaging. Another approach to visualizing EVs in their natural environment is thin sectioning of the tissue after
fixation, dehydration, and embedding in plastic (Crescitelli et al., 2020, 2021). However, the thin sectioning process provides a
2D image that cannot visualize the end of each structure, and a roundmembrane structure could potentially bewrongly attributed
as an EV even though it may be a cell membrane protrusion still connected to a cell. The 3D reconstruction of interstitial tissues
may help to overcome this limitation and allow for better visualization of EVs within different types of tissues.
Even though these specific electron tomographs seemed to visualize higher numbers of interstitial EVs in the tumour tissues

than in the apparent healthy tissue, it is impossible to conclude that there are true numeric differences between tumour tissues and
healthy liver tissues. This question is of course interesting but would require a very large number of tomographs from multiple
patients, which would be exceptionally resource consuming. Even though this study shows that EVs can be illustrated in the
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F IGURE  The 3D reconstruction of melanoma metastatic tissue. (a) Transmission electron microscopy image showing three cells and large structures as
well as small spherical structures in between the cells. (b) The cells are visualized by computer-added colours (green, yellow, and turquoise), and the large
structures in the extracellular space are indicated in darker blue, whereas the smaller spherical structures are indicated in red. (c-d-e) 3D model shown frontally
(c) and rotated at (d) +30◦ and (e) −30◦ along the y-axis.

interstitial space, we are not suggesting that researchers studying tissue-derived EVswould have to provide such data. It is possible
that future technology development, such as rapid high-throughput electron tomography, will make it easier to perform such
studies.
The technology described here opens to new opportunities to further investigate the fate of EV distribution in tissues. The

technique may allow for the identification of specific EV surface marker, using either fluorescence- or gold- labelled antibodies
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F IGURE  The 3D reconstruction of non-tumour tissue. (a) Transmission electron microscopy image showing three cells and large structures as well as
small spherical structures in between the cells. (b) The cells are visualized by computer-added colours (green, yellow, turquoise, magenta, and orange), and the
smaller spherical structures are indicated in red. (c-d-e) 3D model shown frontally (c) and rotated at (d) +30◦ and (e) −30◦ along the y-axis.

that may visualize specific EVs subtypes in the 3D TEM tomography. In this way, it may even be possible to identify the in vivo
tissue distribution of EVs at the nanometre level, shedding light on which cells take up the EVs, as well as on the EV intracellular
fate.
Six larger non-cellular structures (highlighted in blue) were observed in the tumour-tissue derived tomographs. These may

either be apoptotic bodies, necrotic vesicles, or large oncosomes. Apoptotic bodies are produced during programmed cell death
in both healthy and tumour tissues and are very large EVs (50−5000 nm) that are size-wise similar to those illustrated in these
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Vi d e o  Electron tomography reconstruction of melanoma metastatic tissue. In the first part of the video, the 3D reconstruction of melanoma metastatic
tissue is shown from all angles rotating the model around the y-axis. In the second part the same tissue is shown with a focus on a group of small EVs (in red)
shown from all angles with the same rotation. The full-text HTML version of this article includes video content. To view this version please visit
https://onlinelibrary.wiley.com/doi/10.1002/jev2.12380.

Vi d e o  Electron tomography reconstruction of non-tumour tissue. In the first part of the video, the 3D reconstruction of non-tumour tissue is shown
from all angles rotating the model around the y-axis. In the second part the same tissue is shown with a focus on a group of small EVs (in red) shown from all
angles with the same rotation described above. The full-text HTML version of this article includes video content. To view this version please visit
https://onlinelibrary.wiley.com/doi/10.1002/jev2.12380.
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tomograms (Kakarla et al., 2020). These larger structures were not seen in the tomograms of apparently healthy tissues but may
very well be found if larger numbers of biopsies are studied.
The 3D reconstruction of both tumour and normal tissues showed that the small round structures, which are believed to be

EVs, are spherical. This is in concordance with previous studies demonstrating that the round shape of EVs is given by their
protein and lipid composition, which causes the membrane curvature (Huang et al., 2017; Kastelowitz & Yin, 2014). However, a
round shape is not the only phenotype described for EVs. Arraud et al. isolated and characterized EVs from blood plasma and
showed that platelet-free plasma contains both spherical and tubular EVs (Arraud et al., 2014). The origin of those tubular EVs
may be the direct fragmentation of vascular cells (Arraud et al., 2014); moreover, as mentioned above, the microenvironment can
have an impact on EVmorphology (Logozzi et al., 2018; Shao et al., 2018). This could be the reason why blood EVs possess both
spherical and tubular shapes, while in tissues we observed predominantly round morphology.
In this study, samples were fixed using a chemical fixation protocol, which is the most commonly used technique to preserve

cell and tissue structures in the biological sciences (Graham&Orenstein, 2007), but we cannot exclude the possibility that vesicles
are released from cells during that process (Li et al., 2017; Collett et al., 2018). Nevertheless, chemical fixation still represents a
valuable and broadly used protocol for electron microscopy imaging (Graham & Orenstein, 2007). Moreover, to limit possible
biases we processed both tumour and non-tumour liver tissues, which could be considered to be our internal control sample.

 CONCLUSION

In summary, we have provided a 3D visualization of apparent EVs in their tissue microenvironment, both in metastatic and
normal liver tissues, thus demonstrating for the first time the presence and spherical shape of EVs in the interstitial space of
tissues.
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