
Stabilization of Exosome-targeting Peptides via Engineered
Glycosylation*

Received for publication, October 23, 2014, and in revised form, January 25, 2015 Published, JBC Papers in Press, February 5, 2015, DOI 10.1074/jbc.M114.621383

Michelle E. Hung‡1 and Joshua N. Leonard§¶�2

From the ‡Interdisciplinary Biological Sciences Program, §Department of Chemical and Biological Engineering, ¶Chemistry of Life
Processes Institute, and �Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Evanston, Illinois 60208

Background: Exosomes show great promise as targeted therapeutic delivery vehicles.
Results: A strategy was identified for stabilizing targeting peptides on the surface of exosomes.
Conclusion: Glycosylation protects targeting ligands displayed on the surface of exosomes from proteolytic degradation.
Significance: Strategies for robust display of targeting peptides will enable targeted delivery of therapeutic exosomes.

Exosomes are secreted extracellular vesicles that mediate
intercellular transfer of cellular contents and are attractive vehi-
cles for therapeutic delivery of bimolecular cargo such as nucleic
acids, proteins, and even drugs. Efficient exosome-mediated
delivery in vivo requires targeting vesicles for uptake by specific
recipient cells. Although exosomes have been successfully tar-
geted to several cellular receptors by displaying peptides on the
surface of the exosomes, identifying effective exosome-target-
ing peptides for other receptors has proven challenging. Fur-
thermore, the biophysical rules governing targeting peptide
success remain poorly understood. To evaluate one factor
potentially limiting exosome delivery, we investigated whether
peptides displayed on the exosome surface are degraded during
exosome biogenesis, for example by endosomal proteases.
Indeed, peptides fused to the N terminus of exosome-associated
transmembrane protein Lamp2b were cleaved in samples de-
rived from both cells and exosomes. To suppress peptide loss,
we engineered targeting peptide-Lamp2b fusion proteins to
include a glycosylation motif at various positions. Introduction
of this glycosylation motif both protected the peptide from degra-
dation and led to an increase in overall Lamp2b fusion protein
expression in both cells and exosomes. Moreover, glycosylation-
stabilized peptides enhanced targeted delivery of exosomes to neu-
roblastoma cells, demonstrating that such glycosylation does not
ablate peptide-target interactions. Thus, we have identified a strat-
egy for achieving robust display of targeting peptides on the surface
of exosomes, which should facilitate the evaluation and develop-
ment of new exosome-based therapeutics.

Lipid nanoparticles display many properties that make them
excellent drug delivery vehicles, including the ability to en-
hance drug stability and solubility and alter drug pharmacoki-
netics to achieve higher drug concentrations in target tissues
(1). Biologically derived nanoparticles are an emerging subset of
lipid nanoparticles that have been shown to effectively deliver a
wide range of functional biomolecules, evade or dampen
immune responses, and accumulate in tumors (2– 4). In partic-
ular, exosomes, which are endosomally derived secreted vesi-
cles, have shown great promise as therapeutic delivery vehicles
(5, 6). Exosomes have been used to deliver therapeutic RNA to
neurons (7), ovarian cancers (8), glioblastomas (9), and colon
cancers (10); to deliver proteins to glioblastomas (9); and to
deliver small molecule drugs to breast cancers (11) and glioblas-
tomas (12). Based on these successes, exosomes are now being
investigated in clinical trials as delivery vehicles for cancer vac-
cines and small molecule drugs (13).

An attractive property of lipid nanoparticle-based drug
delivery is the potential to target lipid nanoparticles for uptake
by specific recipient cells by functionalizing these particles with
ligands that bind receptors on recipient cells. The addition of
targeting ligands to lipid nanoparticles enhances their uptake
and retention in the desired recipient cell type or tissue. The
addition of peptide-based targeting ligands to synthetic lipid
nanoparticles is nontrivial as peptide ligands affect the stability
and material properties of the lipid nanoparticle and increase
the complexity of synthesis (14). In contrast, displaying target-
ing ligands on exosomes is relatively simple because peptide
ligands can be genetically fused to the extra-exosomal termini
of exosomal membrane proteins. This strategy has been applied
to target exosome uptake by neurons by fusing a rabies viral
glycoprotein (RVG)3 peptide to the N terminus of lysosomal
associated membrane protein 2b (Lamp2b) (7). Such a fusion
resulted in RVG peptide being displayed on the surface of
exosomes, leading to exosome uptake via the nicotinic acetyl-
choline receptor. Similarly, an internalizing RGD peptide fused
to the N terminus of Lamp2b was used to target exosomes to
breast cancer cells via �v�3 integrins (11). One alternative to
Lamp2b, the transmembrane domain of platelet-derived
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growth factor receptor, has also been used as a fusion partner to
display peptides on the surface of exosomes (8). However, it is
not known whether such platelet-derived growth factor recep-
tor fusion proteins localize to endosomally derived exosomes or
rather to extracellular vesicles that bud from the plasma mem-
brane. Finally, fusion of peptides to the C1C2 domain of lactad-
herin has been used to display peptides on the surface of
exosomes for vaccines (15). However, lactadherin is a mem-
brane-associated protein (16), not an integral membrane pro-
tein. Thus, peptides fused to lactadherin may be closely associ-
ated with the membrane, rather than freely accessible to
interact with cell receptors.

Despite these successes, achieving efficient exosome target-
ing via surface display of targeting peptides is nontrivial.
Although Alvarez-Erviti et al. (7) achieved neuronal targeting
of exosomes via display of the RVG peptide, they were unable to
achieve muscle targeting via display of a muscle-specific pep-
tide similarly fused to Lamp2b. This suggests that different tar-
get-binding peptides may have different utility as exosome-tar-
geting peptides, possibly due to variations in target binding
affinity or level of peptide display on the exosome surface, or a
combination of these factors. In this study, we demonstrate that
some peptides fused to the N terminus of Lamp2b are not dis-
played effectively on the surface of exosomes. However, this
display can be enhanced by introducing frequently glycosylated
motifs at particular locations within the engineered fusion pro-
tein. We hypothesize that engineered glycosylation protects the
targeting peptides from degradation in the endosomal system
during exosome biogenesis and secretion. We also demonstrate
that some glycosylation-protected peptides retain the ability to
bind their target proteins and that this peptide protection strat-
egy can be applied to targeting peptides displayed on the surface
of exosomes.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Human Lamp2b cDNA was pur-
chased from Open Biosystems and inserted into pcDNA3.1�
Hygro backbone. Peptide tags and glycine-serine amino acid
spacers were added to the N and C termini of Lamp2b by PCR.
The following tags were used: FLAG (DYKDDDDK), HA (YPY-
DVPDYA), and the glycosylation sequon (GNSTM) (17).
Primer sequences are available upon request.

Cell Culture and Transfection—HEK293FT cells (Life Tech-
nologies) and Neuro2A cells (gift from Richard Morimoto)
were maintained at 37 °C in 5% CO2 in DMEM supplemented
with 10% FBS, 1% penicillin-streptomycin, and 4 mM L-gluta-
mine. HEK293FT cells were plated at �60% confluency in 10-
or 15-cm dishes, and 1–1.5 �g of DNA/ml was transfected
using the CaCl2-HEPES-buffered saline method.

Exosome Production and Characterization—Exosome-free
medium was generated by pelleting FBS-derived exosomes
from DMEM containing 20% FBS (see exosome pelleting pro-
tocol below) and combining the cleared supernatant with
serum-free DMEM to achieve a final concentration of 10% FBS.
HEK293FT cells were transfected with Lamp2b expression
plasmids, and medium was changed to exosome-free medium
12–14 h after transfection. Conditioned medium was collected
2 days after medium change, and exosomes were concentrated

by differential centrifugation. Conditioned medium was spun
at 300 � g for 10 min, 2,000 � g for 10 min, and 10,000 � g for
30 min to remove cells, cell debris, and apoptotic bodies. From
this supernatant, exosomes were pelleted at 120,416 � g for 135
min using an SW41 Ti rotor in an L-80 Optima XP ultracentri-
fuge (Beckman Coulter). Exosome pellets were washed in 10 ml
of PBS and pelleted again via ultracentrifugation. Exosome
morphology was evaluated by transmission electron micros-
copy using a 4% uranyl acetate negative stain. Exosome size
distribution was profiled by NanoSight (Malvern) analysis.

Immunoblotting and Pulldown Assays—For Western blot
analysis, cell extracts were prepared by lysis with radioimmu-
noprecipitation assay buffer. Exosomes were not lysed. Cell
lysates, exosomes, and pulldowns were heated in Laemmli
buffer at 70 °C. Equal quantities of protein, as measured by BCA
assay (Pierce), were loaded in each lane of a 4 –15% gradient
polyacrylamide gel (Bio-Rad). After transfer to a PVDF mem-
brane (Bio-Rad), membranes were blocked for 1 h in 1% milk at
room temperature, and then blotted with anti-HA (Cell Signal-
ing Technology, C29F4), anti-FLAG (Abcam, ab1162), or anti-
�-actin (Cell Signaling Technology, 8H10D10) antibodies.
Primary antibodies were detected with horseradish peroxidase-
conjugated anti-mouse (Invitrogen) or anti-rabbit (Invitrogen
and Abcam) immunoglobulin G secondary antibody. For FLAG
pulldown experiments, cell lysates or exosomes were pre-
cleared with Sepharose beads (Sigma) and then pulled down
with FLAG M2 Sepharose beads (Sigma) and eluted with 3�
FLAG peptide. When indicated, cell lysates were diluted 1:5 in
TBS.

Inhibition of Endosomal Degradation—HEK293FT cells were
transfected with Lamp2b expression plasmids. Cells were
treated with 50 nM bafilomycin A1 (Sigma) or an equivalent
amount of dimethyl sulfoxide (DMSO) for 9 h, or treated with
50 �M leupeptin (Sigma) for 24 h. Cells were then lysed and
evaluated by immunoblotting as described above.

Measuring Exosome Uptake—After the first ultracentrifuge
spin of the exosome isolation procedure described above, exo-
some pellets (�0.5 ml) were brought up to 1 ml in Diluent C
(PKH67 kit, Sigma). This solution was mixed with 1 ml of Dil-
uent C containing 6 �l of PKH67 dye and mixed via constant
pipetting for 1 min. Next, 2 ml of 1% BSA was added to halt
staining. 4.5 ml of serum-free medium was added to bring the
mixture up to 8.5 ml. Excess PKH67 dye can form micelles
similar in size to exosomes, and these micelles cannot be sepa-
rated from exosomes by ultracentrifugation alone (18). We
observed that these micelles are less dense than exosomes (in
0.971 M sucrose, dye micelles float and exosomes pellet).4 Thus,
exosomes were purified via centrifugation through a 0.971 M

sucrose cushion. Briefly, 1.5 ml of 0.971 M sucrose was slowly
pipetted underneath the 8.5 ml of exosome solution containing
BSA and excess dye. The entire mixture was centrifuged at
191,287 � g for 2 h, and then the upper layer and interface were
carefully aspirated. To generate a negative control for estimat-
ing uptake of dye micelles, 0.5 ml of serum-free medium was
treated as an exosome pellet, labeled with PKH67, and subse-

4 M. E. Hung and J. N. Leonard, unpublished observation.
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quently processed exactly as were the exosome pellet samples.
After purification through the sucrose cushion, exosomes were
diluted 1:10 in PBS and re-concentrated in 100-kDa cut-off
centrifugal filter units (Millipore UFC910024) to reduce the
concentration of sucrose. Exosome concentration was then
counted via NanoSight, and an equal number of exosomes from
each sample (or all of the medium negative control, to be con-
servative) were added to Neuro2A recipient cells. Recipient
cells were plated at 50% confluency in a 48-well plate. Exosomes
and cells were incubated for 2 h at 37 °C, as described (11). Cells
were then washed with PBS and harvested for flow cytometry.
Flow cytometry was performed on an LSRII flow cytometer (BD
Bioscience) running FACSDiva software. Data were analyzed
using FlowJo software (TreeStar). Live single cells were gated
based upon scatter.

RESULTS

Peptides Fused to the N Terminus of Lamp2b Are Not
Detected in Cells and Exosomes—We hypothesized that pep-
tides fused to the N terminus of Lamp2b would be vulnerable to
proteolysis due to their localization in the lumen of endosomes
(Fig. 1A). Indeed, when glycosylation is artificially inhibited,
Lamp2b is also vulnerable to degradation by endosomal pro-
teases (19). To test this hypothesis, HEK293FT cells were
transfected with Lamp2b containing a C-terminal HA tag
(Lamp2b-HA), two C-terminal tags (Lamp2b-HA-FLAG), or an

N-terminal FLAG tag and a C-terminal HA tag (FLAG-Lamp2b-
HA). Cell lysates and exosomes were harvested from these cells,
and N-and C-terminal tags were analyzed by Western blots.
Exosomes harvested from HEK293FT cells exhibited expected
morphology and size (Fig. 1, B and C). As compared with sam-
ples derived from whole cells, exosome samples were enriched
in the exosomal protein CD63 relative to �-actin (Fig. 1D), as
expected. The Lamp2b fusion proteins were expressed at simi-
lar levels in cells, as indicated by the HA Western blot. How-
ever, the FLAG peptide on FLAG-Lamp2b-HA could not be
detected, although the C-terminal FLAG peptide of Lamp2b-
HA-FLAG was detected (Fig. 1E). The same pattern was
observed in exosomes (Fig. 1F). Together, these data indicate
that the FLAG tag was lost from the N terminus of the Lamp2b
protein.

A Glycosylation Motif Protects Peptides on the N Terminus of
Lamp2b and Enhances Expression of Lamp2b Fusion Proteins—
Glycosylation of the Lamp2b protein protects it from proteo-
lytic degradation (19). Therefore, we hypothesized that engi-
neered glycosylation could also protect peptides fused to the N
terminus of Lamp2b from proteolysis. To investigate, the
amino acid sequence GNSTM was fused to the N terminus of
FLAG-Lamp2b-HA. The NST sequence is a standard N-linked
glycosylation sequon, and the amino acids G and M flanking the
sequon may increase glycosylation frequency in mammals (17).
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To investigate how proximity to the GNSTM tag impacts tar-
geting peptide stability and availability to bind cellular recep-
tors, fusion proteins were engineered to include flexible amino
acid spacers of various lengths between the GNSTM motif, the
FLAG tag, and Lamp2b. Fusion protein expression was assessed
in cells and exosomes. The GNSTM-tagged Lamp2b proteins
accumulated to a greater level in cells than did Lamp2b-HA or
FLAG-Lamp2b-HA (Fig. 2A), and this difference was not an
artifact of differential transfection efficiency (Fig. 2B). The
GNSTM-tagged Lamp2b proteins could also be detected by
anti-FLAG Western blot in both cell lysates (Fig. 2C) and in
exosomes (Fig. 2D). Notably, increased detection of the FLAG
tag was not simply a consequence of increased protein expres-
sion (compare FLAG-Lamp2b-HA and GNSTM-3gs-FLAG-
3gs-Lamp2b-HA in Fig. 2C, where 3gs indicates a flexible linker
3 amino acids in length comprising glycine and serine residues),
although increased detection of the FLAG tag did correlate with
increased protein expression. These results suggest that the

GNSTM motif effectively confers protection of the N-terminal
FLAG peptide. To test whether endosomal acidification was
required for loss of the N-terminal FLAG peptide, cells were
treated with bafilomycin A1. Bafilomycin A1 treatment pre-
served the FLAG peptide on FLAG-Lamp2b-HA but had no
effect on either the FLAG peptide on the C terminus of
Lamp2b-HA-FLAG or the glycosylated FLAG peptide. Inhibit-
ing endosomal proteases with leupeptin yielded the same
pattern (Fig. 2E). Together, these data confirm that peptides
displayed on the N terminus of Lamp2b are degraded by acid-
dependent proteolysis. Moreover, adding the GNSTM glyco-
sylation motif protected such N-terminal peptides from this
degradation.

Peptides Protected by a Glycosylation Tag Retain the Capac-
ity to Bind Cognate Peptide-binding Proteins—We next investi-
gated whether GNSTM tag-stabilized peptide-Lamp2b fusion
proteins retained the capacity to interact with binding partners.
GNSTM-tagged FLAG-Lamp2b proteins were successfully

C

HA

Flag

La
mp2

b-H
A

Flag
-La

mp2
b-H

A

GNSTM-3g
s-F

lag
-3g

s-L
am

p2
b-H

GNSTM-3g
s-F

la

GNSTM-10
gs

-F
lag

-3

250

150

100

75

50

37

50

250

150

100

75

kDa

D

HA

Flag

La
mp2

b-H
A 

Flag
-La

mp2
b-H

A 

GNSTM-3g
s-F

lag
-3g

s-L
am

p2
b-H

A 

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A

GNSTM-10
gs

-F
lag

-3g
s-L

am
p2

b-H
A

250
150
100
75

50
37

250
150

100
75

50
37

kDa

A

HA

La
mp2

b-H
A 

La
mp2

b-H
A

Flag
-La

mp2
b-H

A

Flag
-La

mp2
b-H

A

GNSTM-3g
s-F

lag
-3g

s-L
am

p2
b-H

A 

GNSTM-3g
s-F

lag
-3g

s-L
am

p2
b-H

A

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A 

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A

GNSTM-10
gs

-F
lag

-3g
s-L

am
p2

b-H
A 

GNSTM-10
gs

-F
lag

-3g
s-L

am
p2

b-H
A 

Beta Actin

250

150

100
75

50

37

25

kDa

B

HA

Flag

250

150

100
75

50
37

50

250

150
100
75

kDa La
mp2

b-H
A  +

 B
af.

Flag
-La

mp2
b-H

A + 
Baf.

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A + 
Baf.

 

La
mp2

b-H
A-F

lag
 + 

Baf.

La
mp2

b-H
A

Flag
-La

mp2
b-H

A

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A

La
mp2

b-H
A-F

lag

37

E

La
mp2

b-H
A-F

lag

250

150

100
75

50

37

La
mp2

b-H
A

+ L
eu

pe
pti

n

Flag
-La

mp2
b-H

A + 
Le

up
ep

tin
 

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A + 
Le

up
ep

tin

La
mp2

b-H
A-F

lag
 + 

Le
up

ep
tin

La
mp2

b-H
A

Flag
-La

mp2
b-H

A

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A

250

150

100
75

50
37

kDa

HA

Flag

70

GNSTM-10
gs

-F
lag

-3g
s-L

am
p2

b-H
A

GNSTM-3g
s-F

lag
-10

gs
-La

mp2
b-H

A

GNSTM-3g
s-F

lag
-3g

s-L
am

p2
b-H

A

Flag
-La

mp2
b-H

A 

La
mp2

b-H
A

Pe
rc

en
t o

f c
el

ls
 tr

an
sf

ec
te

d

0

10

20

30

40

50

60

Cells Exosomes

Bafilomycin A1 Leupeptin

Cells

FIGURE 2. Glycosylation motif-mediated stabilization of Lamp2b fusion proteins. A, expression of Lamp2b fusion proteins including an engineered
GNSTM glycosylation motif in cells. In this and subsequent figures, the abbreviation “Xgs” is used to indicate a flexible linker X amino acids in length, comprising
glycine and serine residues. B, transfection efficiency of cells expressing Lamp2b fusion proteins. Error bars indicate mean � S.D. C and D, expression of Lamp2b
fusion proteins in cell lysates (C) and exosomes (D) measured by HA (C-terminal) and FLAG (N-terminal) Western blots. E, cells were treated with either
bafilomycin A1 (Baf.), which blocks endosomal acidification, or leupeptin, which inhibits endosomal proteases.

Exosome-targeting Peptide Stabilization

MARCH 27, 2015 • VOLUME 290 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8169



pulled down by anti-FLAG beads in both cell lysates and intact
exosomes (Fig. 3, A and B). To verify that pulldown was FLAG-
specific and not an artifact due to increased loading of the
highly expressed GNSTM-tagged proteins, lysates from cells
expressing GNSTM-tagged proteins were diluted 1:5 such that
the amount of this Lamp2b fusion protein loaded into the pull-
down was comparable with the amounts in FLAG-Lamp2b-HA
and Lamp2b-HA samples. This pulldown indicated that the
FLAG peptide was indeed necessary for pulldown (Fig. 3C).
Moreover, FLAG-dependent pulldown efficiency was much
greater for some GNSTM-tagged Lamp2b constructs as com-
pared with the FLAG-Lamp2b-HA control. Also, pulldown of
intact exosomes required that FLAG be on the exosome exte-
rior because exosomes from cells expressing Lamp2b-HA-
FLAG were not pulled down (Fig. 3D). Collectively, these
results indicate that the GNSTM motif can protect targeting
peptides fused to the N terminus of Lamp2b from degradation
without precluding interactions between these peptides and
their cognate protein targets.

Targeting Peptides Protected by a Glycosylation Tag Enhance
Exosome Uptake by Recipient Cells—We next evaluated
whether our engineered glycosylation approach is compatible
with a demonstrated exosome targeting strategy. To this end,
we utilized the system described by Alvarez-Erviti et al. (7),
in which display of the RVG peptide on exosomes mediated deliv-
ery to Neuro2A neuroblastoma cells. The RVG peptide was
fused to the N terminus of Lamp2b along with either a GNSTM
glycosylation motif or a mutated motif, GASTM, which is not
glycosylated. Exosomes displaying GNSTM-FLAG-Lamp2b-
HA were also included as negative controls. All exosomes were
labeled with the lipophilic dye PKH67, and equal numbers of
exosomes from each sample were incubated with Neuro2A
cells for 2 h. Notably, uptake of GNSTM-RVG exosomes
exceeded uptake of either GASTM-RVG or GNSTM-FLAG
exosomes (Fig. 4, A and B). Moreover, only the glycosylated
RVG peptides mediated exosome uptake greater than was
observed for negative control exosomes. Thus, in this system,
engineered glycosylation of the targeting peptide did not pre-

vent targeted exosome uptake, and indeed glycosylation was
required to confer targeted exosome uptake.

DISCUSSION

In this study, we found that peptides expressed on the N
terminus of Lamp2b are susceptible to acid-dependent proteo-
lytic degradation and that the glycosylation motif GNSTM pro-
tects such peptides from degradation. This strategy allows for
the display of targeting peptides on the surface of exosomes.
Furthermore, the GNSTM motif does not interfere with inter-
actions between targeting peptides and their cognate protein
targets. Indeed, in our hands, the GNSTM motif enhanced tar-
geting peptide-mediated exosome uptake. In our investigation,
the GNSTM motif conferred protection to peptides over a dis-
tance of at least 10 flexible amino acids, and larger spacers may
also be feasible. Thus, there may exist a substantial design space
for applying this strategy to many peptides of interest to ensure
stable expression while avoiding interference with peptide-tar-
get interactions, although some optimization is likely to be
required. Engineered glycosylation could also be useful for
investigating and refining problematic exosome targeting strat-
egies because without such modifications, candidate peptides
may fail to enhance exosome uptake due to peptide loss rather
than due to problems inherent to the targeting approach.

In addition to protecting N-terminal peptides from degrada-
tion, adding the GNSTM motif increased the total amount of
Lamp2b fusion protein present in cells and exosomes. This
increase could be due to decreased degradation because in-
creasing the glycosylation of Lamp1 and Lamp2 during differ-
entiation of the HL-60 promyelocytic cell line into granulocytes
increases the half-life of these proteins (20). However, in this
case, the complexity of the oligosaccharides on the proteins was
increased, not the number of glycosylation sites. Because
Lamp2b is already expected to include 16 –20 N-linked glyco-
sylation sites (19), whether adding one additional glycosylation
site could increase the half-life of Lamp2b is unclear. Glycosyl-
ation also plays a role in the expression and sorting of other
exosomal proteins. For example, sorting of the protein EWI-2
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FIGURE 3. Impact of engineered glycosylation motif on targeting peptide binding interactions. A and B, expression of FLAG-Lamp2b fusion proteins in cell
lysates (A) and exosomes (B) before and after pulldown with anti-FLAG beads. C, lysates from cells expressing NST-tagged FLAG-Lamp2b proteins were diluted
1:5 in TBS (where indicated) and pulled down to confirm that apparent FLAG-mediated pulldown was not an artifact of variable levels of protein in the pulldown
assay load. D, pulldown of intact exosomes requires that the FLAG tag be expressed on the Lamp2b N terminus (exosome exterior).
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into exosomes is dependent on the presence of complex
N-linked glycans on this protein (21). Mutation of even one of
three N-linked glycosylation sites significantly decreased
EWI-2 expression in extracellular vesicles. Furthermore, muta-
tion of all three sites decreased both cellular and vesicle-asso-
ciated EWI-2 levels. Thus, it is possible that altering the glyco-
sylation of Lamp2b could have similar effects on expression in
cells and exosomes.

Previous studies in which targeting peptides were fused to
the N terminus of Lamp2b did not report targeting peptide
degradation, although these characterizations focused on eval-
uating whether targeting peptide remained, rather than evalu-
ating whether or not partial targeting peptide degradation
occurred (7, 11). Notably, neither of the peptides used in these
studies (RVG or internalizing RGD) contains any putative
N-linked glycosylation sites that could protect the peptides
from degradation. However, in these studies, exosomes were
electroporated to load functional cargo molecules, and subse-
quent investigations have shown that electroporation can cause
aggregation of exosomes as well as RNA (22, 23). Thus, it is
possible that such aggregates may display different properties
than did the exosomes used in our experiments. Furthermore,
these prior studies utilized the mouse Lamp2b protein and iso-
lated exosomes from murine dendritic cells, whereas we engi-
neered human Lamp2b and isolated exosomes from human
cells (HEK293FT). Thus, differences in protein trafficking and
exosome secretion in different species and cell types may result
in different susceptibilities of targeting peptides to degradation.
Alternatively, any factors leading to increased stability of mouse
Lamp2b-based constructs may lead to accumulation of higher
levels of Lamp2b in cells and exosomes, such that some pool
of intact peptide-Lamp2b escapes proteolytic cleavage prior
to exosome secretion. Thus, the strategy proposed here may
be especially important for engineering human Lamp2b and
human cell-derived exosomes, and whether these benefits
may extend to murine exosome engineering remains to be
determined.

Because targeting exosomes to specific receptors is required
for effective delivery of therapeutic molecules in vivo (7, 11), our

strategy for increasing the expression of targeting peptides on
exosomes may be particularly useful for translating promising
exosome-based therapeutic strategies from preclinical investi-
gations to human trials. Even if mouse Lamp2b could confer
enhanced targeting peptide display when expressed in human
exosome-producing cells (which remains undetermined), uti-
lizing human Lamp2b is desirable to increase the immune com-
patibility of exosome-based therapeutics (24). Our strategy for
enhancing peptide display via human Lamp2b could also
increase peptide display via other exosomal membrane proteins
because all such peptide fusions may be susceptible to degrada-
tion by endosomal proteases. Given the need for robust tech-
nologies for effectively directing exosomes to traffic to specific
destinations in vivo, this strategy for enhancing display of tar-
geting peptides could generally enable and enhance exosome-
based therapeutics.
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