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Extracellular vesicles (EVs) are considered sophisticated vehicles
for cell-to-cell communication, thanks to the possibility of hand-
ling a variable cargo in a shell with multiple types of decoders.
Surface glycosylation of EVs is a method that could be used to
control their interaction with different cells and, consequently, the
biodistribution of the vesicles in the body. Herein, we produced
EVs derived from mouse liver proliferative cells, and we treated
them with neuraminidase, an enzyme that digests the terminal
sialic acid residues from glycoproteins. Afterwards, we labeled the
EVs directly with [*2*]]Na and injected them in mice intravenously
or into the hock. The amount of radioactivity in major organs was
measured at different time points after administration both in vivo
using positron emission tomography and ex vivo (after animal
sacrifice) using dissection and gamma counting. The results
showed that intravenous injection leads to the rapid accumulation
of EVs in the liver. Moreover, after some hours the distribution led
to the presence of EVs in different organs including the brain.
Glycosidase treatment induced an accumulation in the lungs, com-
pared with the intact EVs. Furthermore, when the EVs were
injected through the hock, the neuraminidase-treated vesicles dis-
tributed better at the axillary lymph nodes than the untreated EVs.
This result shows that modification of the glycosylated complexes
on the EV surface can affect the distribution of these vesicles, and
specifically removing the sialic acid residues allows more EVs to
reach and accumulate at the lungs.
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Extracellular vesicles (EVs) are cell-secreted nanovesicles that
mediate cell-to-cell communication and modulate diverse bio-
logical processes including the immune response and cancer
progression.””> Moreover, EVs play a pivotal role in stem cell
plasticity and tissue regeneration,® which has opened new
avenues for regenerative therapy.! Different experimental
models and strategies have demonstrated that EVs are vehicles
that give the cell the capacity to transfer signals and active
molecules (lipids, proteins, mRNAs and microRNAs) to neigh-
bouring and distant cells.”'® However, to understand their
physiological role and facilitate their application in biomedi-
cine, a better knowledge of the mechanisms controlling the
biodistribution of EVs is needed.” Surface proteins determine
the fate of EVs injected in vivo'" and, in particular, the integrin
composition of the membrane can alter the affinity of EVs for
certain tissues. Therefore, tailoring the surface of EVs could be
used to specifically target selected tissues, and different strat-
egies have been proposed for this aim."” One of them is the
manipulation of glycosylation, which is an important regulator
of membrane-to-membrane interactions.”® The surface of EVs
has a complex glycosylation pattern, which has been studied
in depth to characterize and purify subpopulations of EVs,'*™°
and it has also been shown that its manipulation increases
their delivery into neuroblastoma cells."”

The study of the biodistribution of EVs after administration
into living organisms has received great attention and various
approaches have been designed for the in vivo tracking of EVs
upon systemic delivery in different animal models."®° They
have been labelled with either selective fluorescent dyes for
nucleic acids®* or with lipophilic dyes to label membranes.>?
Near-infrared (NIR) dyes such as carbocyanine DiOC18(7)
(DiR) have been chosen for in vivo applications due to their
high signal/noise ratio, the minimal autofluorescence of bio-
logical tissue in the 700-900 nm spectral range, and the
enhanced tissue penetration of near-IR light.'® However, the
poor penetration capacity of visible or infrared light limits the
applicability of this technology to small rodents. Moreover,
quantification of images is challenging, mainly due to attenu-
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ation and scattering effects. Besides this, one major limitation
of lipophilic dyes is that they can promote EV aggregation and
may give rise to artefacts, especially in vivo.>> Moreover, exten-
sive washing steps, needed to remove the unbound dye, can
cause a significant loss of EVs. Another commonly used
imaging technique is magnetic resonance imaging (MRI);***’
this technique, although it provides excellent anatomical
images and superb spatial resolution, is limited by its poor
intrinsic sensitivity. Additionally, MRI images are difficult to
quantify and the acquisition of whole body images is challen-
ging and time consuming. In this scenario, radiolabelling of
EVs with a positron or gamma emitter followed by whole body
imaging using positron emission tomography (PET) or single
photon emission computed tomography (SPECT) might be
anticipated as an ideal alternative. These minimally invasive
and ultra-sensitive molecular imaging techniques are fully
translational to the clinical field, as they rely on the detection
of high-energy gamma rays, which have virtually no pene-
tration limits, and have been proven to be ideally suited for the
in vivo tracking of a wide variety of nanomaterials.?®”>° The
high energy of the emitted photons minimizes the attenuation
and scattering effects while enabling the quantification of
images at the whole body level. Despite these advantages, their
use in the context of EVs has barely been reported in the litera-
ture.'®*%*! In these previous reports, EVs were labelled with
99mTe, the most commonly used radionuclide in nuclear
medicine, although there is also a report with ["*’I|NaL.** In
both cases, images were acquired using SPECT due to the
physical properties of the radionuclides. However, SPECT
suffers from limited sensitivity; additionally, the acquisition of
dynamic images is challenging and the quantification of
images poses difficulties. For our study, we have selected PET
as it provides improved spatiotemporal resolution and higher
sensitivity with respect to SPECT, and enables absolute quanti-
fication of the images. Additionally, the selection of ***I as the
radionuclide, with a half-life of >4 days, enables the in vivo
tracking of labelled species from hours to days after adminis-
tration. Unlike common labelling methods that use lipophilic
compounds which migrate through the membrane and are
entrapped in the EVs,*! our approach consists of the direct
radiolabelling of proteins embedded in the membrane of the
EVs by forming a covalent bond to tyrosine by a specific reac-
tion facilitated by iodination tubes, thus preventing (or ham-
pering) the release of the labelling agent during in vivo assays.
To remove excess radiolabels, fractions of radio-labelled EVs
were pooled, and were totally separated from the free iodine
(Fig. S1, ESI Materials and methodst).

Extracellular vesicles were produced and isolated from a
liver-derived mouse cell line named MLP29*® that presents
progenitor features and releases EVs loaded with transcripts
related to signalling and cellular differentiation.” Surface
glycosylation of the EVs was manipulated by treatment with
neuraminidase to remove the terminal residues of sialic acid
that have been reported to be involved in the cellular reco-
gnition of EVs.** Thus, the EVs were produced and isolated
(see ESI Materials and methods¥ for details) and, as previously
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reported, we could observe the vesicles by cryo-electron
microscopy (Fig. S2A and Bft). Then, the prepared EVs were
treated with (termed MLP-Neu) or without (termed MLP-No
Treat) the enzyme neuraminidase, and purified by a sucrose
cushion (see ESI Materials and methodst for details).
Exosomal markers including Lamp1, Flotl, Tsg101 and Cd81
were detected by western-blotting, which also confirmed the
absence of intracellular organelle markers such as the mito-
chondrial protein Cox-IV (Fig. S2Ct). The efficiency of the
neuraminidase treatment was confirmed by the change of the
electrophoretic movement of the glycosylated Lamp1 protein
(Fig. S2Ct). The treatment did not significantly change the size
of the EVs that had an average size of 100 nm, as determined
by NTA analysis (Fig. S2A and Bf). No significant differences in
protein concentration (23.7 + 6.4 ng pL ™', n = 2) were found
between the untreated and treated samples. Interestingly,
while there was no alteration in the abundance of Tsg101, a
reduction in the abundance of the Lamp1, Flotillinl and Cd81
proteins was observed in the sample treated with neuramini-
dase, which could suggest a change in the composition of the
vesicles. However, further analysis is needed to unravel the
reason for this effect of the neuraminidase treatment.
Afterwards, we proceeded with the ["**I|Nal labelling of both
the untreated and neuraminidase-treated EV preparations (see
ESI Materials and methodst for details). The overall decay-
corrected radiochemical yields after the purification process
were 17 + 2% and 19 + 1% for MLP-Neu and MLP-No Treat,
respectively. Bradford test analysis was performed on the EV
solutions before and after radiolabelling and showed a loss in
protein content <5% for both EVs. Specific activity values were
15 + 2 MBq pg " protein at the end of the synthesis. iTLC ana-
lysis of the purified fraction confirmed a radiochemical purity
above 95% at the injection time in all cases (Fig. S37). Stability
studies showed that the fraction of radioiodine that detached
from the EVs after 72 hours of incubation in physiological
saline solution was <10% in both cases (MLP-Neu and MLP-No
Treat), which supports the suitability of the labelling method
to approach subsequent in vivo studies.

Once the suitability of [***I|Nal for the direct labelling of
EVs was validated, we studied in triplicate their biodistribution
in wild-type mice after intravenous administration. The
accumulation of radioactivity over time in different organs,
expressed as % of injected dose per cm® of tissue (%ID per cc),
with different EVs (MLP-Neu and MLP-No Treat) and ["**I|Nal
(as the control) is shown in Fig. 1. The accumulation of radio-
activity over time for the untreated or neuraminidase-treated
EVs follows a similar trend in each organ. At short times (¢ =
15 min) the maximum accumulation of radioactivity was
found in the liver and in the lungs. At this time point, the
accumulation of free [***I|Nal in the same organs is clearly
lower. Importantly, the biodistribution pattern of [***I|Nal is
different, with major accumulation in the thyroid gland at
short times after administration, which can be clearly visual-
ised directly in the PET images (Fig. 2). Such fast accumulation
is not observed after the administration of the EVs, supporting
the in vivo stability of the labelled EVs. At long times after

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Accumulation of [*2*[INal (white bars; named Control), [***IIMLP29 neuraminidase-treated EVs (dark grey bars; named MLP-Neu) and [*24]
MLP29 EVs (light grey bars; named MLP-No Treat) in different organs at different time points after intravenous administration, as determined by PET
imaging. Results are expressed as % of injected dose per cm® of tissue. Error bars correspond to the SD (n = 3), and t-tests were performed exclu-

sively for the last time point between MLP-Neu and MLP-No Treat.

administration (¢ > 15 min), the amount of radioactivity
decreases progressively in all organs for both MLP-Neu and
MLP-No Treat, with the exception of the thyroid and bladder,
in which the amount of radioactivity progressively increases
with time. Indeed, the accumulation of radioactivity in urine
increased over time and peaked at ¢t = 480 minutes (8 hours).
The presence of a radioactive signal in the brain was low but
detectable. Interestingly, some differences in the accumulation
of radioactivity could be observed at 72 hours, specifically in
the lungs, where the accumulation of neuraminidase-treated
EVs was higher than the accumulation of untreated EVs
(Fig. 1). This effect was also observed in the ex vivo exploration
of the organs, at the end of the experiment (Fig. 3). These data
suggest that the removal of terminal sialic acid could improve

This journal is © The Royal Society of Chemistry 2019

the dynamic by reducing the charge of the EVs. This could
result in improved mobility - better diffusion - and a better
interaction with cells, which could increase their uptake and
facilitate their travel in circulating cells. However, further
experiments are required to certainly unravel the mechanism.
We have also studied the accumulation of the EVs in
different organs after hock administration (Fig. S47). Similar
to intravenous administration, the significant concentration of
radioactivity in the urine suggested elimination via renal
excretion. At 72 hours post administration, most of the remain-
ing radioactivity was localized in the thyroid gland. Again, the
distribution of the labelled EVs significantly differed from the
distribution pattern observed after [***I]Nal. These differences
can also be clearly visualised in the PET images (Fig. S51). For
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Fig. 2 PET-CT coronal images obtained at different time points after intravenous administration of [***[]MLP-Neu EVs (a), [**I]MLP-No Treat (b) and
[*2*1]Nal (c). PET images (coronal projections) have been co-registered with the CT images of the same animals for the location of the radioactive

signal.

the control ([***I]Nal), the presence of radioactivity could be
detected only in the urine and the thyroid gland, while the
presence of radioactivity was negligible in the other organs
and lymph nodes. For the EVs, a relatively high uptake was
observed in different lymph nodes after administration, as we
quantified ex vivo at the end of the study (Fig. 4), suggesting
that these labelled species migrated through the lymphatic
system after subcutaneous administration. The labelled EVs
were found not only in the nodes close to the site of injection
but also in the more distal ones (for instance, the nodes
located on the opposite side to the injection site). Again, neur-
aminidase treatment altered the EV biodistribution, and a

1534 | Nanoscale, 2019, 11, 1531-1537

remarkable accumulation in the axillary nodes with respect to
the untreated EVs was observed (Fig. 4).

Together, our results show that the administration route
definitely determines the biodistribution pattern of EVs, as
described in previous studies.”® In our case, and similar to the
previously reported results for EVs injected in a foot pad,”* a
subcutaneous injection through the hock leads to most of the
EVs being delivered to the lymph nodes. Indeed, a wide distri-
bution of the radioactive material through the lymphatic
system could be observed. Although in the case of EVs derived
from MLP29, a progenitor liver cell,’® the physiological
meaning of this distribution is less interesting in the case of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Accumulation of [*2*I]Nal (white bars; named Control), [***IIMLP29 neuraminidase-treated EVs (dark grey bars; named MLP-Neu) and [*24]
MLP29 EVs (light grey bars; named MLP-No Treat) in different organs 72 hours after intravenous administration, measured ex vivo by dissection and
gamma counting. Results are expressed as % of injected dose per gram of tissue. Error bars correspond to the SD (n = 3), and t-tests were performed

exclusively between MLP-Neu and MLP-No Treat.
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Fig. 4 Accumulation of [**4]Nal (white bars; named Control), [***IJMLP29 neuraminidase-treated EVs (dark grey bars; named MLP-Neu) and [*24]
MLP29 EVs (light grey bars; named MLP-No Treat) in different lymph nodes 72 hours after hock administration, measured ex vivo by dissection and
gamma counting. Results are expressed as % of injected dose per gram of tissue. Error bars correspond to the SD (n = 2), and t-tests were performed

exclusively between MLP-Neu and MLP-No Treat.

melanoma cells® since MLP29-derived EVs are not expected to
be found in the subcutaneous area. These results may trigger
applications of our EVs as drug delivery agents when the lym-
phatic system is targeted, e.g. for immunotherapy.>®*”

Unlike other reports, we employed EV preparations
obtained by differential ultracentrifugation followed by a
sucrose cushion-based enrichment, which resulted in the iso-
lation of exosome-like vesicles as demonstrated in previous
studies performed by our group.”® In our work, we have
tested specifically the biodistribution of exosome-like vesicles
secreted by a hepatic mouse cell line. These hepatic EVs were
quickly taken up by different organs and cleared from the cir-
culatory system within minutes, which was in agreement with
a previous report that studied EVs secreted by melanoma
cells.*’Intravenous injection led to accumulation in the liver,

This journal is © The Royal Society of Chemistry 2019

kidney, spleen and lungs, which has also been observed for
other studies.'®?*?%?® In our system, we observed a small
although significant presence of these hepatic EVs in the
brain. This shows that a small fraction of these vesicles could
reach the brain which is a phenomenon previously reported
as well, although in another model.*® Certainly, it has been
acknowledged that EVs can cross the blood-brain barrier;*°
moreover, EVs have been used for drug delivery to the brain
by the modification of a surface receptor.”’ Although the
mechanism of the blood-brain barrier capacity under physio-
logical conditions has not been fully elucidated, active trans-
cellular crossing has been postulated.*> Our results are in
good agreement with previous data and support the potential
of EVs as vehicles which are able to cross the blood-brain
barrier.

Nanoscale, 2019, 11, 1531-1537 | 1535
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One of the main findings of our work lies in the fact that
the treatment with neuraminidase actually alters the biodistri-
bution of the EVs by increasing their capacity to accumulate in
the lungs; additionally, the treatments seem to impose on the
EVs a higher capacity to migrate through the lymphatic
system. The alteration of the affinity of EVs for certain tissues
by manipulating their integrin molecules is a well acknowl-
edged phenomenon.'' However, other molecules could also be
involved in the biodistribution of EVs. The role of neuramini-
dases has been studied by expressing them in HeLa cells, and
the observed effect of this activity on the glycan in EVs was an
enhancement of their dynamic biological behaviour. The
authors proposed, as a mechanism, the modification of the
negative charge and the steric hindrance of the glycocalyx.*?
These results could explain the changes in distribution that we
reported after EV treatment with neuraminidase, and confirm
the importance of the glycoproteins that decorate the surface
of the EVs. At the same time, they point out that the blood-
brain barrier is within the scope of EV engineering in clinical
therapy.

Conclusions

The reported results allow us to conclude that modification of
the glycome of EVs affects their biodistribution in vivo.
Moreover, the technique employed for the in vivo studies, PET,
allowed for the accurate and quantitative tracking of radio-
labelled EVs for 72 hours. It is also worth mentioning that
intravenously injected EVs can reach the brain.
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