
Commentary
Ticket to Ride: Targeting Proteins
to Exosomes for Brain Delivery
Eva-Maria Krämer-Albers1

http://dx.doi.org/10.1016/j.ymthe.2017.05.001
1Institute for Developmental Biology and
Neurobiology, Molecular Cell Biology, Johannes
Gutenberg University, 55099 Mainz, Germany

Correspondence: Eva-Maria Krämer-Albers, Insti-
tute for Developmental Biology and Neurobiology,
Molecular Cell Biology, Johannes Gutenberg Uni-
versity, 55099 Mainz, Germany.
E-mail: emkraemer@uni-mainz.de
Targeting therapeutically relevant biomole-
cules to protected sites of the body, such as
the brain, is a major challenge in the design
of molecular therapies. Exosomes recently
emerged as promising vehicles for targeted
drug delivery, offering advantages such as
good biocompatibility, low immunogenicity,
targeting specificity, and the ability to over-
come barriers.1 While, to date, most strate-
gies for linking biomolecules to exosomes
have dealt with RNA or small molecules, a
specific approach for the active and selective
packaging of proteins has so far been lacking.
In this issue of Molecular Therapy, Sterzen-
bach et al.2 present an elegant strategy for
specific sorting of protein cargo to exosomes
by engineering an exosome address signal to
the protein of interest. The authors further
demonstrate that, upon administration via
the nasal route, exosomes carry the engi-
neered protein across the blood-brain barrier
and target its biological activity to neural
cells. The study opens up new perspectives
for therapeutic targeting of biologically
active proteins to the brain as well as other
tissues.

Exosomes belong to a group of naturally
secreted extracellular vesicles (EVs) medi-
ating short- and long-distance intercellular
communication delivering different kinds
of cargoes to recipient cells.3,4 Exosomes
originate in the endosomal system of donor
cells, where they are formed at specific sites
of the limiting membrane by budding into
the lumen of multivesicular bodies (MVBs).
These subsequently release the internal
vesicles into the extracellular space. Like vi-
ruses, exosomes interact with specific target
cells and elicit phenotypic responses upon
internalization, yet exosomes do not self-
replicate. To date, it is well accepted that exo-
somes, together with other EVs, represent a
body-wide messenger system acting through
the circulation and other body fluids,5 iden-
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tifying them as attractive tools for diagnostic
and therapeutic purposes.6,7 Current thera-
peutic approaches either take advantage of
unmodified EVs carrying intrinsic beneficial
properties, such as stem cell-derived EVs
facilitating tissue regeneration and dendritic
cell-derived EVs used for immune therapy,
or aim at loading EVs with curative cargo.
Both strategies share the prospects of cell-
free biological therapeutics exhibiting mini-
mal side effects. Engineering of EVs requires
efficient cargo loading techniques.8 Exoge-
nous addition of hydrophilic biomolecules,
such as small RNAs or proteins, is frequently
achieved by electroporation or detergent
treatment of isolated EVs, essentially result-
ing in partial disruption of the EV-mem-
brane and, hence, a potential adverse impact
on the functionality of the carrier vehicle.
In contrast, endogenous loading employs
ectopic overexpression of the therapeutic
cargo (mostly small non-coding RNAs) in
donor cells, resulting in the release of
modified EVs into the culture supernatant.
Overall, the prevailing loading techniques
facilitate non-specific association of the
cargo with EVs and do not make use of a
mechanism enabling cargo selection.

Although the EV biogenesis machinery is
not fully understood, cargo sorting during
exosome formation is known to involve
ESCRT (endosomal sorting complex
required for transport) proteins acting at
the MVB-limiting membrane.9 At least part
of the exosomal cargo is recruited by interac-
tion with ESCRT-associated proteins medi-
ating ubiquitination of cargo molecules. It
was previously shown that L-domain-con-
taining proteins recruit ESCRT-associated
proteins as well as ubiquitin ligases to the
MVB membrane regulating export via exo-
somes.10,11 In the present study, Sterzenbach
et al.2 utilize this mode of cargo selection by
engineering WW domains to Cre recombi-
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nase serving as a reporter protein (Fig-
ure 1A). WW domains interact with the
L-domain motifs of the adaptor protein
Ndfip1, mediating recruitment to exosomes.
The authors provide a careful step-by-step
validation of the cargo selection mechanism
and functionality of the exosome-associated
WW-Cre reporter protein. WW-tagged Cre
directly interacts with Ndfip1, promoting
monoubiquitination and exosomal packing
of WW-Cre, while untagged Cre is absent
from exosomes. Furthermore, exosomal
export of WW-Cre requires the presence of
Ndfip1 in the donor cells. Thus, WW-do-
mains serve as exosome address signals,
which, upon addition to a protein of interest,
direct this protein to exosomes in an Ndfip1-
dependent manner.

An important question is whether such
engineered exosomes are able to deliver the
biological activity of WW-tagged cargo.
Cre/loxP-mediated recombination of re-
porter genes in target cells provides a sensi-
tive readout to address this issue and has
been employed by previous studies to
monitor exosomal transfer of Cre,12–14

which was largely ascribed to the delivery
of Cre mRNA. Indeed, the present study
shows that WW-Cre-engineered exosomes
initiate reporter gene expression in target
cells, demonstrating that WW-Cre taken
up by recipient cells is functional. It is impor-
tant to note, that reporter gene recombina-
tion in recipient cells was only detected
when exosome donor cells were co-express-
ing Ndfip1 and WW-Cre and was not
observed in the absence of Ndfip1 or upon
expression of untagged Cre. This observation
finally confirms that reporter gene recombi-
nation is due to Ndfip1-dependent exosomal
delivery of WW-Cre protein and not Cre
mRNA, which would occur independent of
Ndfip1 and lead to the observation of recom-
bination events in control situations, where
l Therapy.
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Figure 1. Addressing Proteins to Exosomes for Targeted Delivery

(A) Engineering WW domains to a protein of interest, such as Cre recombinase,

results in Ndfip-mediated ubiquitination and sorting to exosomes. Exosomes

deliver functional Cre to target cells mediating recombination and expression of

a reporter gene as a read out of protein activity. (B) Engineered exosomes enter

the brain parenchyma after nasal administration (most likely by passing the

blood-brain barrier from the circulation) and deliver Cre activity preferentially to

neurons and some microglia.
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Ndfip1 or the WW-tag of Cre
were omitted. The complete
absence of Cre mRNA leakiness
into engineered exosomes may
come as a surprise. However, this
could be explained by exosome
donor cell specifications, such as
the exosome biogenesis machin-
ery or the level of Cre overexpres-
sion. Intriguingly, the biological
activity of WW-Cre was lost
upon storage of exosomes before
the assay in frozen or unfrozen
condition, even though WW-Cre
protein remained physically
intact. Most likely, storage com-
promises the ability of exosomes
to interact with target cells,
perhaps by aggregation or proteo-
lytic damage of surface receptors.
However, with regard to thera-
peutic considerations, it will be
important to determine condi-
tions allowing a defined shelf-life
of engineered exosomes.

Finally, the study addresses
the suitability of WW-Cre-engi-
neered exosomes for potential
therapeutic applications in vivo
by monitoring cargo delivery to
the brain of reporter mice. Nasal
administration of WW-Cre-engi-
neered exosomes derived from
glioblastoma LN18 cells success-
fully accomplished entry into the
brain parenchyma, targeting Cre-
activity primarily to neurons and
a few microglia across different
brain regions (Figure 1B). Thus,
protein-engineered exosomes can

pass the blood-brain barrier and target the
biological activity of the cargo to a specific
subset of neural target cells. How exosomes
gain entry to the brain and the determinants
of specific targeting are questions that need
to be addressed in the future.

Sterzenbach et al.2 provide a proof of princi-
ple that addition of a sorting motif facilitates
targeting of proteins to exosomes, which can
be subsequently utilized as shuttles, directing
their biological activity to distant target cells.
Compared to previous work promoting exo-
some-based therapeutics, two aspects of this
study are unique. First, it provides a solution
for endogenous loading of proteins in exo-
somes as therapeutic cargo. Second, it pro-
vides a sensitive readout of the biological
activity delivered by exosomes on a single
cell level, ultimately relevant for the efficacy
of putative therapeutic applications. Indeed,
the percentage of target cells exhibiting
reporter gene recombination reported in
this study appears relatively low, suggesting
that optimization of the targeting efficiency
will be required for therapeutic application.
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This could be achieved either at
the level of the donor cell by
increasing the efficiency of sort-
ing cargo to exosomes or by
improving exosome-target cell
interaction, hence targeting effi-
ciency. The sorting efficiency
may be influenced by competing
sorting signals present in the
cargo protein favoring localiza-
tion to other subcellular com-
partments. In fact, WW-Cre also
contains a nuclear sorting motif,
which most likely hampers its
association with exosomes and
may contribute to lower delivery
rates as compared to proteins con-
taining no additional sorting in-
formation. To increase targeting
efficiency of engineered exo-
somes, the addition of surface epi-
topes mediating interaction with
specific target cell receptors, such
as the RGV-peptide for selective
targeting of acetylcholine recep-
tor-positive neurons, has been
successfully applied.15 However,
there are still significant gaps in
our knowledge of surface mole-
cules that define exosome tropism
and contribute to target cell selec-
tivity. The WW-Cre reporter sys-
tem described here may actually
be adopted as a basic tool for
studying exosome-target cell in-
teractions, revealing fundamental
insight into donor-target cell net-
works, which, in turn, will be
instructive for the design of exo-
some-based therapeutics. Simi-
larly, to the field of recombinant
viruses, the development of specific cellular
expression systems specialized for packaging
of exosomes is envisioned.

Exosomes have attracted the spotlight of
therapeutic drug delivery. While a great
deal of effort has been expended in investi-
gating the delivery of potentially therapeutic
RNAs, this study has generated a new possi-
bility for attaching proteins to exosomes,
which subsequently function as shuttles di-
recting their activity to less accessible tissues,
such as the brain. Much work remains as we
y Vol. 25 No 6 June 2017 1265
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await the development of specific cellular
expression systems specialized for packaging
of exosomes, as seen in the past for recombi-
nant viruses.
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Gene delivery to the cardiovascular system
as a therapeutic strategy has exploded
recently, especially in the setting of inherited
cardiomyopathies.1–3 In the last few years, a
novel non-viral vector system based on
modified mRNA (modRNA) has emerged.
In this issue of Molecular Therapy, Sul-
tana et al.4 report on the optimization of
cardiac delivery of modRNA both in vitro
and in vivo. Several recent reports, includ-
ing Sultana et al.,4 make it clear that
modRNAs have become an exciting plat-
form for cardiac gene therapy. The rapid
onset and transient nature of expression,
off-the-shelf availability, excellent safety
profile, and ability to be injected multiple
times renders them ideal vectors for cardiac
gene transfer.

The efficiency of transduction continues to
be a major obstacle to successful gene deliv-
ery in the heart.1 The vectors for gene deliv-
ery can, in general, be divided into viral
or non-viral platforms. Different types of
viral vectors have been used to deliver genes
to a variety of tissues, including heart. Viral
vectors have both advantages and limita-
tions in the context of cardiovascular gene
therapy. Recombinant adenoviral vectors
have been quite popular in experimental
models both in vitro and in vivo.5 Even
though they drive very robust transgene
expression, the inflammatory response
they elicit limits their use in vivo. Lentiviral
vectors can infect non-dividing cells within
the myocardium and lead to long-term
expression. The main limitations of such
vectors are their integration into the host
genome and poor transduction efficiency.
l Therapy.
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