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ABSTRACT Extracellular vesicles (EVs) are nanosized vesicles released by
normal and diseased cells as a novel form of intercellular communication and can

serve as an effective therapeutic vehicle for genes and drugs. Yet, much remains
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unknown about the in vivo properties of EVs such as tissue distribution, blood

levels, and urine clearance, important parameters that will define their ther-
apeutic effectiveness and potential toxicity. Here we combined Gaussia luciferase
and metabolic biotinylation to create a sensitive EV reporter (EV-GlucB) for
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multimodal imaging in vivo, as well as monitoring of EV levels in the organs and
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biofluids ex vivo after administration of EVs. Bioluminescence and fluorescence-mediated tomography imaging on mice displayed a predominant

localization of intravenously administered EVs in the spleen followed by the liver. Monitoring EV signal in the organs, blood, and urine further revealed that

the EVs first undergo a rapid distribution phase followed by a longer elimination phase via hepatic and renal routes within six hours, which are both faster

than previously reported using dye-labeled EVs. Moreover, we demonstrate systemically injected EVs can be delivered to tumor sites within an hour

following injection. Altogether, we show the EVs are dynamically processed in vivo with accurate spatiotemporal resolution and target a number of normal

organs as well as tumors with implications for disease pathology and therapeutic design.
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xosomes and microvesicles, collectively

termed extracellular vesicles (EVs), are

nanometer sized (40— 1000 nm diameter)
particles endogenously released by cells, cap-
able of delivering lipids, proteins, mRNAs,
microRNAs (miRNAs), and other noncoding
RNAs."? While specialized physical conduits,
such as membrane nanotubes and gap junc-
tions, are spatially limited and require direct
cell-to-cell contacts,>* EVs can mediate com-
munication between both neighboring and
distant cells, thereby emerging as a novel
form of intercellular communication and de-
livery vehicle. Under pathological conditions
such as cancer, tumors produce an abun-
dance of EVs that contain a select subset of
cellular proteins, mRNAs, and miRNAs that
manipulate normal cells in their microenvi-
ronment to enhance angiogenesis, invasive-
ness, immune suppression, and tumor
growth.>~7 Further, EVs released from mela-
noma cells are capable of preconditioning
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sentinel lymph nodes and bone marrow pro-
genitor cells to facilitate metastases of these
tumors®? In addition, recent studies have
shown promising results in using EVs as novel
therapeutic vehicles in cancer immunother-
apy and suicide therapy, as well as delivery of
RNA-interference and drugs."*'°~ "2 Unlike its
artificial synthetic counterpart, liposomes, EVs
are poorly immunogenic, while still capable of
shielding “therapeutic cargoes” from rapid
degradation in vivo, as well as overcoming
biological barriers, such as the blood—brain
barrier>*3~7 However, much remains un-
explored about the in vivo properties of EVs,
including tissue distribution, blood levels, and
clearance dynamics, important parameters
that will define their therapeutic effectiveness
and potential toxicity in clinical applications.
Here we designed a highly sensitive and
versatile EV reporter system that enables
multimodal in vivo imaging, as well as track-
ing of EV biodistribution and clearance of
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Figure 1. Schematic diagram for in vivo multimodal imaging of EVs. (a) Membrane-bound Gluc (GlucB) or Gluc (control) and
the secreted form of humanized bacterial biotin ligase (sshBirA) were delivered via lentivectors to HEK 293T cells for stable
expression. (b) Upon expression and EV production by the cells, the sshBirA tags the BAP sequence of GlucB with a single
biotin moiety at a specific lysine residue, which is then displayed on the cell surface,*® as well as on the EV surface. EVs were
isolated from conditioned medium of cells and injected intravenously (iv) via tail or retro-orbital veins into nude mice for
bioluminescence and fluorescence-mediated tomography (FMT) imaging. For bioluminescence imaging, coelentrazine, a
Gluc substrate, was iv-administered immediately prior to imaging. For FMT imaging, isolated EVs were conjugated with
streptavidin-Alexa680 prior to administration into nude mice. (c) EVs derived from cells synthesizing naturally secreted
Gluc were used as controls, as the Gluc is not present in the EVs. Abbreviations: BAP, biotin acceptor peptide; CMV,
cytomegalovirus; GFP, green fluorescent protein; hBirA, humanized biotin ligase; hGluc, humanized Gaussia luciferase;
IRES, internal ribosome entry site; SA, streptavidin; ss, signal peptide; TM, transmembrane domain of platelet-derived
growth factor receptor.

exogenous EVs over time. We engineered EVs to dis-
play a membrane reporter, termed EV-GlucB, consist-
ing of Gluc fused to a biotin acceptor domain, which is
metabolically biotinylated when expressed in mam-
malian cells in the presence of biotin ligase. These EVs
exhibit a strong bioluminescent signal when incubated
with the Gluc substrate coelentrazine (CTZ). In addi-
tion, biotin on the surface allows EVs to be conjugated
to any labeled streptavidin, which can then be imaged
noninvasively in vivo using different techniques includ-
ing fluorescence-mediated tomography (FMT). Fur-
thermore, ex vivo analysis of tissues/blood/urine with
the Gluc assay allows evaluation of biodistribution and
clearance of EVs. Combing this new EV reporter system
with noninvasive in vivo imaging and ex vivo analyses,
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we examined the fate of systemically injected EVs in
mice.

RESULTS AND DISCUSSION

Generation of EV-GluB. To display both Gluc and
biotin on the surface of EVs, we took advantage of
our previously published reporter consisting of a fusion
between a membrane-bound variant of the Gluc re-
porter and a biotin acceptor peptide (BAP; GlucB),
which exposes both on the surface of cells and
vesicles.> 7'® Human embryonic kidney (HEK) 293T
cells were stably transduced with lentivirus vectors
encoding two expression cassettes: (1) GlucB or Gluc
(control, with Gluc being a secreted protein) and green
fluorescent protein (GFP) separated by an internal

VOL.8 = NO.1 = 483-494 = 2014 A@%M

Jl
W N

"\
N O

WWW.acsnano.org

484



Ry
g3
GFP mCherr Merged L2 5
A
o
g $$358
el kDa SOC QO GQ
m = 50— ‘
o Biotin
0 37— e
=) Detection _—
O+ 20— -
75—
' : 50— (-
é 2 e Y . 5 K Gluc -
m 3 = Detection a5
I3 -% . A : . 20 — [ S
2 wn
O + b GAPDH 37 — [se s e
Cc

d
anti-CD63 anti-biotin

m )] vl
= &} g e
= =0m
o=
g QG
= >0
Ll w +
.\ /'
o =17 . o<
3 A >m
2% QG
> 0 > 0
w + w +
# 4
A= e
€ 1000 ng 500 ng 250ng 125ng f
@< . . EV-Gluc EV-GlucB
S5 ® @ - + sshBirA + sshBirA
(D A 104
7w
> 0
L + E
63ng 31ng 16ng PBS o=
o
. 1000 ng 500 ng 250ng 125ng :
o = ' o
=m 2
T
QG S
=1 A -
Ll + T 5%

63ng 31ng 16ng PBS Particle Size (nm) Particle Size (nm)

Figure 2. GlucB and sshBirA label and biotinylate EVs on the surface. (a, b) Stable HEK293T cells expressing sshBirA with GlucB
or Gluc. (a) Live-cell imaging of HEK293T cells stably transduced with GlucB-IRES-GFP or Gluc-IRES-GFP vectors, both with
sshBirA-IRES-mCherry. Bar, 100 um. (b) Western blot analysis showing enhanced biotinylation of cells stably expressing GlucB
with sshBirA, as compared to GlucB alone. No biotinylation was detected in cells expressing Gluc alone or Gluc with sshBirA.
Immunoblotting with anti-Gluc antibodies showed Gluc and GlucB at expected sizes (Gluc: 20 kDa; GlucB: 42 kDa). A low level
of biotinylated BAP domain (22 kDa) was also detected in GlucB and GlucB =+ sshBirA samples. Mock transduced HEK293T
were used as a negative control. GAPDH was immunoprobed as a loading control. (¢, d) Transmission electron micrograph
(TEM) demonstrating biotinylation and Gluc labeling of EV-GlucB on the membrane. (c) Sectioned EVs were immunolabeled
with either anti-CD63, an exosome marker,?' or anti-Gluc antibody followed by gold-conjugated secondary antibody to
visualize GlucB labeling of EVs on the membrane, with EV-Gluc showing no Gluc signal but having the CD63 signal. Bar,
100 nm. (d) EVs in suspension were immunolabeled with an antibiotin antibody followed by 10 nm gold-conjugated
secondary antibody, and biotinylation of EV-GlucB but not EV-Gluc surface was detected. (e) Dot blot detection of
biotinylated EVs. EVs isolated from HEK293T cells stably expressing sshBirA with either GlucB (top) or Gluc (bottom) were
dot blotted on nitrocellulose membranes in a dose range followed by probing with streptavidin-HRP and chemiluminescence
detection. EV-GlucB showed quantity-dependent biotinylated EVs, whereas EV-Gluc control exhibited no biotinylation
background signal. (f) Nanoparticle tracking analysis (NTA) of EVs. Similar size distribution between EV-Gluc (peaks: 67, 100,
and 177 nm) and EV-GlucB (81, 104, and 175 nm) vesicles was detected.
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Figure 3. EV-GlucB exhibited EV-specific Gluc activity and was stable in blood and urine ex vivo over time. (a, b) Gluc activity
assay of EV-GlucB (a) and EV-Gluc (b) vesicles following sucrose gradient fractionation. Note distinct increase in Gluc activity of
EV-GlucB in EV-containing fractions (#3, 4, 5) when compared to EV-Gluc. (¢, d) Western blot analysis of proteins extracted
from pelleted fractions demonstrated significant Gluc expression and biotinylation of EV-GlucB (c), but not on EV-Gluc (d).
Exosomal marker Alix (95 kDa) was immunoprobed to identify exosome-containing fractions. Cell lysates of HEK293T cells
stably expressing sshBirA with GlucB and Gluc were used as positive controls. (e, f) Gluc activity of EV-GlucB was stable in
biofluids ex vivo over 24 h. Blood (e) and urine (f) collected from untreated animals were spiked with EV-GlucB vesicles and
incubated at 37 °C, and samples were collected at different time points over 24 h. No significant loss of EV-GlucB signal was
detected in either type of biofluid. p > 0.05 by one-way analysis of variance (ANOVA) at all time points.

ribosome entry site (IRES) and (2) sshBirA-IRES-mCherry,
a biotin ligase codon optimized for mammalian
gene expression and present within the secretory
pathway (Figures 1, 2a).2%'° Western blot analysis of
the cells confirmed GlucB and Gluc expression and
showed sshBirA greatly enhances biotinylation of the
GlucB reporter (Figure 2b). EVs were next evaluated by
transmission electron microscopy, which demonstrated
successful surface display of Gluc and biotin on EV-GlucB
vesicles and not on EV-Gluc vesicles (Figure 2c¢,d). To
further confirm that GlucB labels and yields functional
biotinylation of EVs, isolated EVs were dot blotted on
nitrocellulose membranes followed by probing with
streptavidin-horseradish peroxidase (HRP), which de-
monstrated a quantity-dependent biotinylation of
EV-GlucB and no biotinylation of EV-Gluc (Figure 2e).
Nanoparticle tracking analysis (NTA) showed a similar
size distribution pattern between EV-Gluc and EV-GlucB
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vesicles, indicating labeling of EVs with GlucB does not
alter physical properties of EVs when compared to
unlabeled EV-Gluc (control) (Figure 2f).

EV-GlucB Exhibited EV-Specific Gluc Activity and Stability in
Biofluids ex Vivo. To examine whether EV-GlucB con-
tained active luciferase, isolated EVs were subjected
to sucrose gradient fractionation followed by Gluc
activity assay. EV-GlucB exhibited a greater than 10°fold
increase in Gluc activity when compared to EV-Gluc
(control) in vesicle-containing fractions (Figure 3a; #3—6).
Moreover, the majority of Gluc activity in EV-Gluc was
detected in the top layer above the sucrose gradient,
indicating that the naturally secreted Gluc is not incorpo-
rated into EVs and remains mostly as free protein
(Figure 3b). Proteins collected from the pelleted fractions
were further analyzed by Western blotting and showed
specific EV labeling of both Gluc and biotin in fractions
3—6 of the EV-GlucB samples, coinciding with fractions
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Figure 4. In vivo imaging of iv-administered EVs. (a, b) Bioluminescence imaging of EV-GlucB in athymic nude mice. Animals
were administered a bolus of either PBS (control) or EV-GlucB via the retro-orbital vein. CTZ was injected by the same route at
30 min postinitial administration to image EV-GlucB. (a) Representative image showing dorsal side of nude mouse with a
prominent signal at regions corresponding to the spleen (arrow) in EV-GlucB-administered animals. (b) Imaging of ventral
side showing a significant signal at regions corresponding to the spleen (arrow) and liver (arrowhead) in EV-GlucB-treated
mice. No appreciable signal was detected on either side of PBS-injected mice. (c) Quantitation of EV-GlucB signal from
bioluminescence imaging at ventral regions corresponding to the liver and spleen at 60 min post-EV administration. Sr,
steradian. *p < 0.05 by Student's t test. (d, €) FMT imaging of EV-GlucB in athymic nude mice. Alexa680-conjugated EV-GlucB
or PBS (control) was administered via the tail vein and imaged with FMT at 30 min postinjection. (d) Single Z plane of FMT
imaging showing elevated fluorescence signal predominantly at the spleen (arrow) and the liver (arrowhead) in Alexa680-EV-
GlucB, but not in control-treated mice. (e) 3D representation of FMT imaging illustrating Alexa680-EV-GlucB localizing mainly

to the spleen (arrow) and the liver (arrowhead). A low level of background signal was also detected in the control.

containing the exosomal marker, Alix (Figure 3¢,d).?' To
test whether EV-GlucB is stable or may degrade rapidly in
biofluids, blood and urine samples obtained from athy-
mic nude mice spiked with EV-GlucB and incubated at
37 °Cover 24 h showed no significant loss in Gluc activity
(Figure 3e[f). Therefore, biofluid samples collected at
different time points from the following in vivo experi-
ments should reveal the level of EV-GlucB biofluids at
the time of collection, but not necessarily the stability of
EV-GlucB in circulation in vivo. These findings confirm
EV-specificity of the EV-GlucB reporter, as well as stability
of the luciferase activity in biofluids ex vivo.

Multimodal in Vivo Imaging of iv-Administered EV-GlucB. To
visualize and track the distribution of intravenously
administered EVs in vivo, EV-GlucB or phosphate-buf-
fered saline (PBS; control) was injected into athymic
nude mice via the retro-orbital vein. Thirty minutes
post-EV treatment, CTZ injection revealed a significant
amount of Gluc signal in the spleen and liver in
EV-GlucB-injected mice, but not the controls (Figure 4a,b).

LAIET AL.

This observation was confirmed by quantitation of aver-
age bioluminescent radiance from ventral side images,
which showed a significantly higher signal in the liver and
spleen of EV-GlucB-treated mice when compared to
controls (Figure 4c).

To test the multimodality imaging capability of this
EV reporter, EV-GlucB or PBS was labeled with strepta-
vidin-Alexa680 conjugate followed by centrifugal fil-
tration to remove unbound residues. The labeled EVs
were then injected via the tail vein into athymic nude
mice and imaged with FMT (30 min later), which
revealed EV localization to the spleen and the liver
similar to the distribution seen by Gluc biolumines-
cence imaging (Figure 4d,e).

Biodistribution of iv-Administered EV-GlucB. To confirm
findings from in vivo EV imaging and further investi-
gate tissue distribution of iv-injected EVs, organs were
collected at different time points post-EV treatment to
assess for Gluc activity. In agreement with results from
in vivo imaging experiments, the highest EV signal was
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Figure 5. Biodistribution and retention of iv-administered EV-GlucB. (a, b) Biodistribution of iv-injected EV-GlucB via tail vein
over time. Gluc activity was measured from organs collected from mice at different time points following EV-GlucB injection
without transcardial perfusion with PBS. (c, d) Tissue retention of iv-injected EV-GlucB via tail vein over time in perfused
tissues. Organs were collected from EV-injected animals at the same time points as above following transcardial perfusion
with PBS. (e) Subcellular visualization of EV-GlucB in perfused kidneys by confocal microscopy. Kidney samples were collected
from mice 30 min after iv-administration of EV-GlucB or EV-Gluc and transcardial perfusion with PBS, then cryosectioned and
immunostained with anti-Gluc (rabbit) and Alexa Fluor 647 goat anti-rabbit antibodies. EV-GlucB (arrow) was detected in a
punctate pattern in the perinuclear region of renal cells. EV-Gluc was used as a negative control for nonspecific binding or
packaging of secreted Gluc protein in EVs and unspecific binding of the anti-Gluc antibodies to EVs. Nuclei were visualized by
4,6-diamidino-2-phenylindole (DAPI). DIC, differential interference contrast. Bar, 10 um.

detected in the spleen followed by the liver, then the muscle (hind leg) was sampled as an internal control to
lungs and kidneys (Figure 5a). By comparison the brain, assess EV signal in nonorgan tissues. Notably, whereas EV
heart, and muscle showed lower amounts of signal signal decreased by more than half from 30 to 60 min in
across all time points (Figure 5b). All the above tissues the liver and the kidneys (liver: 27 792 + 41711012620 +
were evaluated in their entirety, while a portion of skeletal 2589 RLU; kidneys: 5448 + 1102 to 2162 + 192 RLU),
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the spleen and the lung levels stayed relatively constant
with no significant reduction in EV signal during this
period (spleen: 51227 + 18 146 to 50899 + 8285 RLU;
lungs: 3438 4 335 to 4090 £ 821 RLU). At 360 min, the
spleen and the heart had the most EV signal remaining as
compared to the 30 min time point (spleen: 46.9 4 22.4%;
heart: 31.6 & 9% of initial levels), whereas the lungs, the
liver, and the kidneys showed the least (lung: 13.3 4= 2.4%;
liver: 3.9 4+ 1.3%; kidneys: 3.6 £ 0.6%). By contrast, the
brain reached baseline signal at the 120 min time point
(Supporting Information Figure 1), indicating minimal EV
distribution to this organ. Interestingly, the muscle re-
tained a significant fraction of activity (muscle: 45.1 £ 9%)
out to 120 min.

Previous studies have used lipophilic dyes to label
EVs to study their in vivo properties, as they, at least
initially, provide a robust signal for EV detection 813141722
However, these dyes, including PKH26 (red fluorescent
dye) and PKH2 and PKH67 (green fluorescent dyes) are
reported to have an in vivo half-life ranging from 5 to
>100 days. Thus while the dyes may assist in “marking a
trail” of where the administered EVs have been trafficked
to in vivo, the persistence of the dye may outlast the
labeled EVs in vivo. That is, dye-labeled EVs may be
degraded and/or recycled in vivo while the dyes them-
selves remained intact and visible in the tissues over time,
yielding inaccurate spatiotemporal information regard-
ing the fate of the EVs in vivo. The reporter described here
employs Gaussia luciferase (Gluc), which emits flash
bioluminescence (480 nm peak) that is over 1000-fold
more sensitive than commonly used Renilla and firefly
luciferases.?> Moreover, metabolic biotinylation of surface
receptors using BAP and bacterial biotin ligase allows
multimodal imaging in vivo, including magnetic reso-
nance imaging (MRI), single-photon emission computed
tomography/positron emission tomography (SPECT/PET),
and FMT (this study).'® Combining both Gluc and biotin,
we created an EV-specific reporter with high sensitivity
and multimodal imaging capacity to study in vivo dy-
namics of systemically administered EVs.

Biodistribution analysis of GlucB-labeled EVs also
revealed a short half-life of less than 30 min in vivo in
most tissues. Whereas most EV-GlucBs were cleared
from the animals by 6 h postinjection, previous reports
detected a significant amount of dye-labeled EVs in
tissues out to 24 h.222 Similar to studies with systemi-
cally delivered dye-labeled EVs at early time points,®22
we observed the highest EV-GlucB levels in the spleen
followed by the liver, kidneys, and lungs. On the
other hand, melanoma-derived EVs (approximately
5 ug; <50 nm in diameter) were found to localize
mostly to the liver followed by the lungs, kidneys,
and spleen.?* The difference may be attributed to the
cell type producing the EVs used, as well as a variation
in EV isolation methods, both of which dictate the shape,
size, surface protein, lipid composition, and population of
purified EVs.2>?® In addition, unprocessed dye following
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EV clearance and/or degradation may remain in tissues,
resulting in inaccurate spatiotemporal resolution of EVs
in vivo. Based on a previous study carried out with
different sized liposomes,? it is inferred that <220 nm-
sized EVs have an overall higher cargo encapsulation
ratio than <50 nm-sized EVs, making <220 nm a model
size range for EVs used here. While it is beyond the scope
of the current study, it remains to be investigated
whether EV donor cell type and preparation protocol
affect subsequent biodistribution and clearance in vivo.

Retention of iv-Administered EV-GlucB in Organs. To eluci-
date organ uptake and retention of iv-administered
EVs into tissues per se rather than into the combination
of tissues and blood within them, EV-injected animals
were transcardially perfused with PBS before collecting
the organs/muscle at different time points. Surpris-
ingly, perfused kidneys, and not the spleen, showed
the highest EV signal followed by the liver, lung, heart,
brain, and muscle (Figure 5c,d). Perfused spleen
showed minimal EV-GlucB signal across all time points,
suggesting EVs are not efficiently taken up into
these cells despite the high amount of EVs present in
blood passing through the highly vascularized spleen
(Figure 5a,c). Perfused liver and lungs showed a similar
trend in EV signal reduction from 30 to 60 min (liver:
60783 £ 7565 to 20 118 &+ 1666; lung: 4532 = 1114 to
4148 + 861 RLU) as compared to their nonperfused
counterparts, indicating the EVs are actively taken up
by these organs, likely for processing and degradation
(Figure 5c). The brain, heart, and muscle also showed a
comparable trend in EV signal reduction during this
period (brain: 910 £ 152 to 529 + 39; heart: 2849 +
1814 to 1814 &= 376 RLU; muscle: 410 & 40 to 50 & 3 RLU),
showing EV-GlucB are delivered and taken up by these
organs, albeit in low amounts (Figure 5d).

To verify elevated EV-GlucB localization in the
perfused kidneys, cryosections of the kidneys were
immunolabeled with anti-Gluc antibodies, and a ro-
bust signal was detected only in EV-GlucB-injected and
not EV-Gluc control samples (Figure 5e). Interestingly,
most EV-GlucB staining was detected as punctate in
the perinuclear region of the renal cells, similar to
previous in vitro findings when recipient cells were
treated with dye-labeled EVs.>®2® However, we spec-
ulate the heightened EV retention in the perfused
kidneys is an artifact of perfusion where EVs in the
blood are forced into and trapped by the kidneys
pending urination, resulting in greatly elevated EV
retention in the perfused kidneys.

Very limited EV signals were detected in the brain
and heart, indicating that only a small amount of EVs
are delivered (possibly due to the blood—brain barrier
for the brain) and/or taken up there."® Notably, since
hind leg muscle samples (with an average weight of
87 mg per sample; approximately 1% of total skeletal
muscle) consistently showed an appreciable level of
EV-GlucB signal, and considering that skeletal muscles
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Figure 6. EV-GlucB distribution in biofluids. Blood (a) and urine (b) were collected at various time points after iv-injection of
EV-GlucB, and Gluc activity was measured to evaluate blood levels and urine clearance of EV-GlucB. % ID, percent of initial
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Figure 7. EV-GlucB localization to subcutaneous xenograft tumors. (a) Bioluminescence imaging for EV-GlucB administered iv
(top row) into nude mice bearing subcutaneous xenograft tumors visualized by fluorescence imaging (bottom row; images
shown for three mice). Stable Gli36 human glioma cells expressing mCherry (Gli36-mCherry) were implanted subcutaneously
into left and right chest regions of athymic nude mice. Upon tumor development, animals were administered with a bolus of
100 ug of EV-GlucB via the tail vein, and CTZ was introduced via the retro-orbital vein at 60 min post-EV injection to track
EV-GlucB by bioluminescence (left bar; photon/s/cm?/sr). Tumor locations were verified by mCherry signal in radiant
efficiency (right bar; [photon/s/cm?/sr]/[um/cm?]) via fluorescence imaging. (b) Quantitation of EV-GlucB distribution in five
tumor-bearing mice. Gluc activity was determined from the livers, spleen, and tumors collected at 60 min post-EV

administration. p < 0.09 by one-way ANOVA with Tukey's post hoc test.

in a female mouse make up to 64% of body weight,*® a
significant portion of EV-GlucB may be delivered to the
skeletal muscles via iv-administration.

The predominant EV localization in the nonper-
fused spleen may be attributed to (i) the applied EV
dosage (100 ug), which may be an excess amount,
resulting in saturation of liver macrophages, which bind
and endocytose particles, resulting in higher “free” EV
level in the blood and consequently “spillover” into the
spleen vasculature,”” and/or (i) lymphocytes or macro-
phages, which bind or absorb the EVs in the blood and
traffic to the spleen. In fact, transcardial perfusion re-
vealed that the spleen tissue itself retained little EV
signals, suggesting that it serves as a transitory reservoir
under conditions of excess EVs. It remains to be deter-
mined if lower dosages of EVs would abolish this phe-
nomenon with increasing levels in the liver relative to the
spleen for clinical considerations. On the other hand, and
if this interpretation is valid, it may be possible to utilize
the high dosage as a means to prolong EV exposure to
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the spleen for therapeutic strategies and use it as a
“storage depot” for subsequent delivery to other tissues.

Blood Level and Urine Clearance of iv-Administered EV-
GluB. To investigate the dynamics of exogenously
administered EVs in vivo, blood and urine were col-
lected over time from EV-GlucB-injected animals, and
luciferase activity was measured (Figure 6a,b). The
highest EV-GlucB signal was detected in the blood at
the earliest time point measured, 30 min, followed by a
rapid decrease at 60 min and then a gradual decrease
from 90 to 360 min (Figure 6a). A two-phase exponen-
tial decay equation model revealed that EVs in the
blood first undergo a distribution phase with a short
half-life of 19.9 + 7.7 min followed by an elimination
phase with a longer half-life of 184.5 + 7.4 min. By
contrast, EV-GlucB signal in the urine peaked at 60 min
followed by a rapid reduction from 60 to 120 min
((2.07 £0.58) x 10> t0 (0.63 £ 0.080 x 10> %ID) and
then a gradual decrease from 120 to 360 min (0.09 +
0.04 x 1072 % ID) (Figure 6b). While levels of EV-GlucB
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activity in the blood and organs were highest at 30 min
followed by a steady reduction out to 360 min, the highest
levels of EV-GlucB in urine occurred at 60 and 120 min,
suggesting that a small amount of EV-derived GlucB is
cleared via the renal route following the distribution phase
and hepatic clearance. At 360 min, minimal signal was
detected in the blood, while some organs (notably the
spleen) and the urine still retained a small portion of signal,
indicating a small proportion of EV-GlucB remains active in
the organs and then is cleared via the kidneys.

These findings also support the heightened EV
retention in the perfused kidneys probably as an
artifact of perfusion, where EVs in the blood are forced
into and trapped by the kidneys. This is shown by the
significant reduction in EV-GlucB levels in the perfused
kidneys from 30 to 60 min post-treatment, which
coincides with the increasing levels of Gluc activity
detected in the urine during the same time period,
indicating a small but appreciable fraction of vesicular
protein is removed via renal clearance.

Altogether, most EV-GlucB was cleared from the
organs and biofluids by 360 min post-ivadministration,
indicating active cellular uptake and degradation of
the EVs by different cell types. Since the liver and lung
showed the highest retention, we hypothesis the EVs,
similar to liposomes, are actively taken up by phago-
cytic cells such as Kupffer cells and alveolar macro-
phages in the liver and lung, respectively, with eventual
lysosomal degradation.3® Albeit in a lower amount, a
significant level of the reporter signal was detected in the
urine. Combined with the observation that the EV signal
was greatly elevated in the kidneys following transcardial
perfusion, showing the EVs do circulate to that organ, we
speculate that a small portion of the iv-administered EVs
may be internalized by the kidney cells, such as podo-
cytes, and subjected to degradation for release into the
urine. The detailed cellular mechanism for internalization
and processing of circulating EVs in vivo in different
organs remains to be examined and warrants future
investigations.

Systemic Administered EV-GlucB Was Quickly Trafficked to
Tumors. Since solid tumors are often densely vascular-
ized due to aberrant angiogenesis,>' we speculated
that solid tumors, like highly vascularized spleen, may
accumulate EVs following systemic administration. To
examine this possibility, athymic nude mice with sub-
cutaneous Gli36-mCherry human glioma xenograft
tumors in the left and right chest regions were injected
with EV-GlucB via the tail vein and showed a prevalent
level of EV signals at the tumor sites at 60 min
postadministration as revealed by bioluminescence
imaging (Figure 7a). Upon quantitation of EV-GlucB
signals in isolated liver, spleen, and tumors, the
tumors showed a significant amount of Gluc signal
(Figure 7b), suggesting iv-injected EV-GlucB can be
actively delivered to these tumors via systemic
administration.
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CONCLUSIONS

In this study, we addressed the in vivo properties of
iv-administered EVs with accurate spatial and temporal
resolution. For this, one needs a reporter that enables
the following functions: (i) specific labeling of EVs;
(i) a multimodal platform for noninvasive EV imaging
in vivo to accommodate different imaging techniques;
and (iii) a robust and stable reporter that can signal
nanometer-sized EVs in the organs, blood, and urine
over time. The biotinylated EV-GlucB system described
here fulfilled these demands and enabled tracking and
monitoring of EVs, thereby revealing dynamic proces-
sing of EVs through different organs and clearance
from blood and urine over time.

As EVs are negatively charged with phospholipids on
their outer surface,*? our findings are in line with
pharmacokinetic studies using negatively charged,
radiolabeled liposomes that reported an association
of iv-administered liposomes with the mononuclear
phagocyte system, mainly in the liver and spleen.?”3
Moreover, only liposomes with 160 and 460 nm dia-
meters showed an elevated disposition to the spleen
and a decline in the liver with increasing concentration
following iv-administration when compared to that of
58 nm-sized liposomes,?’ inferring a comparable size
and dose-dependent biodistribution of EV-GlucB. Differ-
ent amounts of EVs ranging from 4 to 150 ug protein
content have been administered in mouse models2'*%>*
and 100 ug protein of EVs (<220 nm in diameter) per
mouse was used here as an experimental dosage, making
these studies comparable. Future studies on the potential
correlation between EV size, dosage, and pharmacoki-
netic properties will provide additional insights into EV-
mediated therapies.

Notably, since cellular uptake of EVs depends on
specific surface lipids and ligand—receptor pairing,>*~>°
human HEK293T-derived EVs used in this study may
exhibit a distinct biodistribution profile from that of mouse
cell-derived EVs in the current mouse model, and this
warrants future investigation. Moreover, as vesicular pro-
teins vary from one cell type to the other,*” it would be of
interest to employ the high sensitivity of the current
method to compare in vivo properties of endogenously
released EV from different cell types, including normal and
disease-associated cells. Given that cancer cells are known
to produce an abundant amount of EVs and can display
oncoproteins such as EGFRVIIl on their surface,”® cancer-
derived EVs will likely exhibit different circulation, biodis-
tribution, and clearance properties from their normal
counterparts, with additional changes associated with
tumor progression and response to treatment.

We also found iv-administered EV-GlucB to be
quickly trafficked to subcutaneously xenograft tumors
at one hour post-EV injection in vivo. Given that most
solid tumors, and even premalignant neoplastic cells,
are known to induce angiogenesis and exhibit leaky
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vasculature,®’ these findings suggest EVs may serve as
an effective vehicle to deliver therapeutic genes/
agents to sites of tumor neovascularization.

In conclusion, our studies revealed a dynamic distribu-
tion and clearance process of systemically administered

METHODS

Cell Culture. HEK293T (American Type Culture Collection,
Manassas, VA, USA) and Gli36 human glioma cells (Dr. Anthony
Capanogni, UCLA, Los Angeles, CA, USA) were cultured in high-
glucose Dulbecco's modified Eagle's medium (Corning Cellgro,
Manassas, VA, USA) supplemented with 10% fetal bovine
serum (FBS) (Sigma, St. Louis, MO, USA), 100 U/mL penicillin,
and 100 ug/mL streptomycin (Invitrogen) in a humidified cell
culture-grade incubator with 5% CO, at 37 °C. EV-depleted FBS
was prepared by centrifuging FBS at 100000g at 4 °C for 16 h
followed by supernatant collection and filtration through a
0.22 um filter (Millipore, Billerica, MA, USA).

EV Production and Isolation. Stable HEK293T cells expressing
Gluc or GlucB with sshBirA were generated by transducing cells
with previously described lentivirus vectors, CSCW-Gluc-inter-
nal ribosome entry site (IRES)-GFP or CSCW-GlucB-IRES-GFP,
followed by infection with CSCW-sshBirA-IRES-mCherry lenti-
viruses.'®'? Stable expression in cells was confirmed by Western
blot analysis and microscopic examination using an inverted
epifluorescence microscope (TE 200-U, Nikon, Melville, NY, USA)
coupled to a digital camera.

To isolate EVs, briefly, conditioned medium was collected
from cells incubated with culture medium supplemented with
10% EV-depleted FBS for 48 h followed by sequential centrifu-
gation of the supernatant at 300g for 10 min and 2000g for
10 min at 4 °C and filtration through a 0.22 um filter (Millipore).
The filtrate was then subjected to ultracentrifugation at
100000g for 90 min at 4 °C,°> and the EV pellets were resus-
pended with double-0.22 um-membrane-filtered PBS. EV pro-
tein concentration was determined by Bradford protein assay
(Bio-Rad, Hercules, CA, USA).

Protein Isolation and Western Blot Analysis. Stable HEK293T cells
expressing Gluc or GlucB with sshBirA were lysed in radio-
immunoprecipitation assay (RIPA) buffer containing protease
inhibitors (complete, Mini, Roche Diagnostics, Indianapolis, IN,
USA), and DNA was sheared by sonication. Protein concentra-
tion was determined by Bradford protein assay (Bio-Rad).
Twenty micrograms of total protein was boiled for 2 min in
SDS sample buffer, resolved by 10% SDS-PAGE gel with molec-
ular weight standards (Precision Plus Protein All Blue Standards,
Bio-Rad), and transferred onto nitrocellulose membranes.'®*®
The membranes were blocked with 5% bovine serum albumin
(BSA) fraction V (Invitrogen, Grand Island, NY, USA) and immuno-
blotted with streptavidin-HRP conjugate (Pierce, Rockford, IL, USA),
anti-Gluc (rabbit; Nanolight, Pinetop, AZ), and anti-GAPDH antibo-
dies (mouse; Calbiochem, San Diego, CA, USA). This was followed by
binding of secondary antibodies conjugated to HRP (Molecular
Probes, Eugene, OR, USA) and signal detection with an enhanced
chemiluminescent substrate (Pierce).

Transmission Electron Microscopy. Isolated EVs were pelleted at
20000g for 30 min at 4 °C followed by fixation with 4%
formaldehyde in PBS for 2 h. Fixed EVs were cryosectioned
and immunolabeled with anti-Gluc (mouse; Nanolight) and
anti-CD63 (mouse; BD Biosciences, San Jose, CA, USA) followed
by rabbit anti-mouse conjugated with 5 nm protein A-gold
secondary antibodies (University Medical Center, Utrecht, The
Netherlands). To detect EV surface biotinylation, fixed EVs were
resuspended and immunolabeled with antibiotin antibodies
(rabbit, Rockland Immunochemicals, Gilbertsville, PA, USA)
followed by 5 nm gold-labeled secondary antibodies (Sigma).
Images were captured using Tecnai G2 Spirit Bio TWIN transmis-
sion electron microscope.

Dot Blot Detection of Biotinylated EVs. Gluc- or GlucB-labeled EVs
in PBS were spotted onto nitrocellulose membranes at 16, 31,
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EVs with accurate spatiotemporal resolution previously
unachievable using dye-based methods. The labeling
method developed will provide insights into the role of
EVs in different fields, including cancer, and their use in
clinical therapy.

63, 125,250, 500, and 1000 ng of protein followed by overnight
incubation in 5% BSA fraction V (Invitrogen), immunoblotting
with streptavidin-HRP conjugate (Pierce), and chemilumines-
cence detection of biotinylated EVs with SuperSignal West Pico
chemiluminescent substrate kit (Pierce) on autoradiography
films (Denville Scientific, Metuchen, NJ, USA).

Nanoparticle Tracking Analysis. Isolated EV-Gluc and EV-GlucB
were diluted 1000-fold with double-0.22 um-membrane-
filtered PBS and subjected to an LM10 nanoparticle analyzer
(NanoSight, Duxbury, MA, USA) to determine size distribution
using NTA software version 2.2.

Sucrose Gradient Ultracentrifugation. Isolated EVs were layered
onto a sucrose density gradient consisting of 8, 30, 45, and 60%
layers in PBS and centrifuged at 232500g for 38 min at 4 °C3° The
top layer and the subsequent 10 fractions were collected. Twenty
microliters of the top layer and each fraction were sampled for
Gluc activity assay. To collect EV-containing pellets, the fractions
were diluted 1:10 in PBS and centrifuged at 100000g for 1 h at
4 °C. Pellets were then resuspended in 25 uL of PBS or RIPA with
protease inhibitor (mini, Complete, Roche Diagnostics) for Gluc
activity assay or Western blot analysis, respectively.

Gluc Activity Assays. Fractions collected following sucrose
gradient ultracentrifugation of EVs were diluted 1:50 in PBS,
and 20 uL of the mixture was plated in triplicates into a white
96-well luminometer plate. Gluc activity was measured by an
MLX microtiter plate luminometer (Dynex Technologies, Chantilly,
VA, USA) with automated injection of 50 uL of CTZ (8 ng/mL;
Nanolight) followed by photon counts for 10 s for each sample.
EV-GlucB activity in organs was similarly measured with 20 uL of
organ lysates in triplicates. To monitor EV-GlucB activity in blood
in vivo, blood was sampled over time by creating a small nick at
the mouse tail, mixed with 25 mM EDTA, and plated in triplicates
of 5 uL. Urine sampled over time was similarly plated in triplicates
of 10 uL. Fifty microliters of CTZ (50 ng/mL; Nanolight) was used to
detect EV-GlucB activity in blood and urine samples. To examine
the stability of EV-GlucB in biofluids, 15 uL of blood and urine were
sampled from untreated athymic nude mice, spiked with 0.5 ug of
EV-GlucB, and incubated for 1-3, 6, 12, and 24 h at 37 °C before
measuring EV-GlucB activity as described above.

In Vivo Bioluminescence and FMT Imaging of EVs. All animals
(6 weeks old) were handled under practices and operating
procedures complying with the policies of the MGH Review
Board. For in vivo EV bioluminescence, three athymic nude mice
were injected with a bolus of 100 ug of EV-GlucB or PBS via
retro-orbital vein. Thirty minutes post-EV injection, 75 ulL of CTZ
mixture from “Inject-A-Lume” kit (Nanolight) was injected via
a different retro-orbital vein for bioluminescence imaging
(at 1 min post-CTZ injection) using an IVIS Spectrum connected
to an XGI-8 anesthesia system (PerkinElmer, Waltham, MA, USA).

To study EV-GlucB distribution in tumor-bearing mice, five
athymic nude mice were subcutaneously implanted with Gli36
cells (4 x 10°) stably expressing mCherry on the left and right
chest regions under anesthesia by intraperitoneal (ip) injection
of a mixture of ketamine (100 mg/kg) and xylazine (3 mg/kg).
When tumors reached a size of 3—5 nm in diameter (as monitored
by mCherry fluorescence imaging), a bolus of 100 ug of EV-GlucB
was administered via the tail vein, followed by an injection of 75 uL
of CTZ mixture via the retro-orbital vein at 60 min post-EV injection.
Bioluminescence images were captured as described above, and
fluorescence images of stable Gli36-mCherry tumors were ac-
quired using the same system under 605 nm excitation and
660 nm emission filters.

For FMT imaging of EVs, EV-GlucB (800 ug) was first con-
jugated with Alexa Fluor 680-streptavidin (80 «g) in 5% BSA-
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containing PBS for 30 min at 4 °C, and excess dye was re-
moved using an Amicon Ultra-15 100K centrifugal filter device
(Millipore). A 100 #g amount of Alexa Fluor 680-conjugated
EV-GlucB or PBS was injected via tail vein, and FMT imaging
was carried out at 30 min post-treatment with the FMT2500
system connected to an RC2+ integrated anesthesia system
(PerkinElmer).

Biodistribution Analysis and Immunocytochemistry. Athymic nude
mice were injected with 100 ug of EV-GlucB via the tail vein and
euthanized with ip injection of ketamine (300 mg/kg) and
xylazine (30 mg/kg) at 30, 60, 120, and 360 min post-treatment.
Transcardial perfusion with PBS was performed as previously
described.*® Brain, heart, lungs, liver, kidneys, spleen, and hind
leg muscle (average of 87 mg of latter) were harvested from
three nonperfused and four PBS-perfused mice per time point
and snap frozen in liquid nitrogen. Organs were then weighed
and finely diced, and 100 mg of each organ was homogenized
with M-PER lysis buffer supplemented with protease inhibitors
(Thermo Scientific, Rockford, IL, USA) for Gluc activity analysis.
The baseline Gluc signal of each organ was determined as
described above with nonperfused and PBS-perfused mice at
30 min following iv-injection with PBS. Total RLU per organ
was calculated as follows and adjusted to baseline signal:
(RLU/20 uL) x (500 uL M-PER lysis buffer/100 mg of organ) x
(average organ weight in mg).

To detect and visualize EV-GlucB in kidney tissues, organs
were harvested from EV-injected animals at 30 min and snap
frozen with optimal cutting temperature compound in liquid
nitrogen. Embedded kidneys were cryosectioned (12 um thick)
and immunostained with anti-Gluc (rabbit; Nanolight) and
Alexa Fluor 647 goat anti-rabbit antibodies. Samples were
imaged with an LSM510 confocal microscope and a 63 x Zeiss
Plan-Apochromat oil, 1.4NA objective (Zeiss, Thornwood, NY, USA).
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