Received: 16 January 2023

Revised: 27 May 2023

Accepted: 8 June 2023

DOI: 10.1002/jex2.97

RESEARCH ARTICLE

SISEV

Extracellular vesicle-mediated protein delivery to the liver

Nazma F. Ilahibaks' ©® | Marieke T. Roefs'® | Maike A. D. Brans' |
Christian Snijders Blok' | Saskia C. A.de Jager' ® | Raymond M. Schiffelers’ |
Pieter Vader">® | ZhiyongLei"? | JoostP.G. Sluijter"’

!Laboratory of Experimental Cardiology,
Department Heart & Lungs, University Medical
Center Utrecht, Utrecht, The Netherlands

2CDL Research, University Medical Center
Utrecht, Utrecht, The Netherlands

3Circulatory Health Laboratory, Regenerative
Medicine Center, University Medical Center
Utrecht, University Utrecht, Utrecht, The
Netherlands

Correspondence

Joost P.G. Sluijter, Laboratory of Experimental
Cardiology, Department Heart & Lungs,
University Medical Center Utrecht, 3584 CX
Utrecht, The Netherlands.

Email: j.sluijter@umcutrecht.nl

Funding information

European Research Council, Grant/Award
Number: Project EVICARE [No. 725229];
Hartstichting, Grant/Award Number: No.
2018B014; ZonMw-TAS program, Grant/Award
Number: Project SMARTCARE-II No. 116002016

Abstract

Extracellular vesicles (EVs) are nanoscale particles that facilitate intercellular com-
munication. They are regarded as a promising natural drug delivery system for
transporting and delivering bioactive macromolecules to target cells. Recently,
researchers have engineered EVs with FKBP12/FRB heterodimerization domains that
interact with rapamycin to load and deliver exogenous proteins for both in vitro and
in vivo applications. In this study, we examined the tissue distribution of EVs using
near-infrared fluorescent imaging. We evaluated the effectiveness of EV-mediated
delivery of Cre recombinase specifically to hepatocytes in the livers of Ai9 Cre-loxP
reporter mice. Intravenous injection resulted in more efficient Cre protein delivery to
the liver than intraperitoneal injections. Depleting liver-resident macrophages with
clodronate-encapsulated liposome pre-treatment did not enhance EV-mediated Cre
delivery to hepatocytes. Moreover, we demonstrated that multiple intravenous injec-
tions of Cre-EV’s facilitated functional Cre delivery to hepatocytes. To the best of our
knowledge, this is the first study to simultaneously investigate the tissue distribution
of FKBP12/FRB-engineered EVs and their subsequent intracellular protein delivery in
Ai9 Cre-loxP reporter mice. These insights can inform preclinical research and con-
tribute to developing next-generation EV-based platforms for delivering therapeutic

proteins or genome editing technologies targeting the liver.

KEYWORDS
drug delivery, EV uptake, EV-mediated drug delivery, exosomes, extracellular vesicles, microvesicles,
protein delivery

1 | INTRODUCTION

Extracellular vesicles (EVs) have emerged as an attractive drug delivery vehicle due to their natural properties for delivering
bioactive cargo to recipient cells (de Jong et al., 2019). EVs are cell-derived nanoparticles consisting of a lipid bilayer encap-
sulating biomolecules from their parent cell, including nucleic acids and proteins (Raposo & Stoorvogel, 2013; van Dommelen
et al,, 2012). Their inherent function is to foster intercellular communication by transporting biomolecules between cells, lead-
ing to phenotypical changes in the recipient cell upon delivery (Al-Nedawi et al., 2008; Ratajczak et al., 2006; Skog et al., 2008).
Compared to synthetic drug delivery vehicles, such as liposomes, EVs have favorable characteristics, including low toxicity, low
immunogenicity, high stability in circulation, biocompatibility, and biological barrier permeability (Alvarez-Erviti et al., 2011;
Escudier et al., 2005; Marcus & Leonard, 2013; Tsui et al., 2002). These unique features have sparked interest in their utilization
as drug delivery vehicles. Over the past decade, most preclinical studies investigated EV-based delivery of nucleic acids (+47%)
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and small molecule drugs (+40%) (de Castilla et al., 2021). Only +18% of preclinical studies examined EV-mediated delivery
of peptides or proteins, suggesting that this is technically more challenging and there is a need for a better understanding of
EV-mediated delivery of protein/peptide-based payloads (de Castilla et al., 2021).

Recently, the rapamycin-interacting heterodimer complex K506-binding protein (FKBP12) and the T82L mutant FKBI12-
rapamycin binding (FRB) domain have been demonstrated to be an effective method to load and deliver proteins through EVs
(Campbell et al., 2019; Gee et al., 2020; Ilahibaks et al., 2023; Montagna et al., 2018; Somiya & Kuroda, 2021). Various target proteins
can be coupled to the FRB domain, whereas the FKBP12 domain is anchored to the cellular membrane via an N-myristoylation
sequence. Upon exposing FKBP12/FRB-engineered producer cells to a rapamycin orthologue, dimerization is induced between
FRKBPI2 and FRB, which promotes FRB-anchored protein to be endogenously loaded into the EV lumen. To further facilitate
an effective protein delivery to recipient cells, vesicular stomatitis virus glycoprotein (VSV-G) is often additionally expressed on
EVs (Campbell et al., 2019; Gee et al., 2020; Montagna et al., 2018; Somiya & Kuroda, 2021).

Although the FKBP12/FRB loading method has been investigated for EV-mediated delivery of different protein payloads in
vitro and in vivo, little is known about the tissue distribution of such engineered EVs. Currently, only Gee et al. (2020) demon-
strated that a single intramuscular injection of FKBP12/FRB engineered EVs, loaded with the CRISPR/Cas9 ribonucleoprotein
complex, induced permanent exon skipping in a luciferase reporter- and mdx mice with 6.9% and 1.1%-1.6% efficacy, respectively.

After systemic administration, nanomedicines tend to accumulate in the liver because of discontinuous vasculature and
decreased blood flow rates (Tsoi et al., 2016). Here, we studied the optimal administration method for EV-mediated protein
delivery to hepatocytes because of a growing interest in cholesterol-lowering gene therapy with the liver as the primary target
organ (Chadwick et al., 2018; Ding et al., 2014; Musunuru et al., 2021; Rothgangl et al., 2021). By labeling Cre recombinase loaded
FKBP12/FRB-engineered EVs (Cre-EVs) with a fluorescent dye and administrating them to Ai9 Cre-loxP reporter mice, we could
simultaneously study EV tissue distribution and functional EV-mediated intracellular delivery of Cre recombinase.

We observed that intravenous injection (i.v.) was a more effective systemic administration route than intraperitoneal (i.p)
injection to deliver EV-based protein payloads to the liver. Furthermore, depleting Kupffer cells through clodronate-encapsulated
liposomes did not improve EV-mediated protein delivery to hepatocytes. Finally, we demonstrated that repeated i.v. injections
improved EV-mediated delivery of Cre recombinase in hepatocytes. In conclusion, EV's can be used as vehicles for the functional
intracellular delivery of exogenous proteins in hepatocytes. These findings can potentially be applied in the further development
of gene therapy or therapeutic protein delivery strategies using EVs.

2 | MATERIAL AND METHODS
2.1 | Cell culture

Human embryonic kidney 293FT cells (HEK293FT, ThermoFisher Scientific, R70007), Cre-loxP T47D stoplight reporter cells
(Zomer et al., 2016), HepG2 and NIH3T3 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 41965039)
supplemented with 10% fetal bovine serum (FBS, Corning, 27419001) and 1% penicillin-streptomycin (P/S, Gibco, 15140-122). All
cells were kept in a 5% CO, atmosphere at 37°C.

2.2 | Plasmids

The N-Myriostolated (N-Myr)-FKBP12/2xFRB-Cre recombinase plasmid was created by subcloning the N-Myr signal, FKBI12,
and T82L mutant FRB sequence into the expression vector pcDNA5/FRT/TO (ThermoFisher Scientific, K65001) according to the
manufacturer’s protocol for the master mix NEBuilder HiFi DNA assembly (NEB, E2621L). Subsequently, the Cre recombinase
sequence was cloned at the N-terminus of the T82L mutant FRB sequence separated by a GGSGG linker. See Table Sl for the
complete sequence.

2.3 | EV production

Per T175 flask, 1 X 10'° HEK293FT cells were seeded and cultured overnight. For Cre-EV production, HEK293FT cells were
transfected with the N-Myr-FKBP12/2xFRB-Cre plasmid (30 ug) together with the VSV-G plasmid (15 ug) in a 1:2 ratio of
DNA:Lipofectamine 3000 transfection reagent (w:w) (Invitrogen Corp., L3000008), according to the manufacturer’s protocol.
After 6 h, the medium was replaced with DMEM (Gibco, 41965039) supplemented with 10% exosome-depleted FBS (Gibco,
A2720801), 1% P/S, and 500 nM A/C heterodimer ligand (Takara Bio, 635055). After 72 h, the conditional medium was isolated
and centrifuged at 2000 x g for 15 min at 4°C. Next, the conditioned medium was concentrated via tangential flow filtration using
a Minimate Tangential Flow Filtration Capsule 500 kDa MWCO (Pall, OA500C12). The conditional medium was concentrated
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to a final volume of 5 mL and loaded onto an S400 high prep column (GE Healthcare) using an AKTAStart (GE Healthcare)
containing a UV 280 nm flow cell. The EV-containing fractions were pooled together, filtered through a 0.45 um syringe SFCA
membrane filter (Corning, 516-1954), and concentrated using a 100-kDa MWCO Amicon spin filter (Millipore, Z648043-24EA).

2.4 | EV labeling and purification

Cre-EVs were labeled with Alexa Fluor 647 NHS ester dye (Invitrogen, A20006) for in vitro uptake assays and Alexa Fluor
790 NHS ester (Invitrogen, A37569) for in vivo tracking. Cre-EVs were suspended in 0.05 nM Alexa Fluor NHS ester in 0.1 M
NaHCOj in PBS and incubated for 30 min at 37°C while shaking. Next, the dye was quenched by incubating the sample with
0.1 M Tris-HCI for 30 min at room temperature. Subsequently, the labeled Cre-EV's were loaded on a Sepharose CL-4B column
(GE Healthcare) using an AKTA start system (GE Healthcare) containing a UV 280 nm flow cell. EV-containing fractions were
concentrated using a 100-kDa MWCO Amicon spin filter (Merck Millipore).

2.5 | Transmission electron microscopy

The Cre-EVs were adsorbed to carbon-coated grids (75—200 mesh, Sigma—-Aldrich) for 15 min at room temperature. Subse-
quently, the grids were washed with PBS, fixed with 2% PFA, and 0.2% glutaraldehyde in PBS for 30 min at room temperature.
Next, uranyl-oxalate was used for staining, and the grids were embedded with 1.8% methylcellulose and 0.4% uranyl acetate for
10 min on ice. Cre-EVs were visualized with a JEOL 3 microscope at 29.000x magnification.

2.6 | Cre-loxP reporter assay

In a 96-well plate, T47D Cre-loxP stoplight reporter cells were seeded at a density of 10.000 cells/well and incubated overnight.
The next day, cells were exposed to Cre-EVs and EV-mediated Cre delivery inside T47D Cre-loxP stoplight reporter cells was
visualized using an EVOS cell imaging system 3 days following Cre-EV administration (M5000, Invitrogen). Subsequently, the
cells were rinsed in PBS and dissociated with 0.25% Trypsin-EDTA solution (Sigma-Aldrich, T4049) for flow cytometric anal-
yses. The cells were then centrifuged at 500 x g for 3 min in a 96-well round-bottom plate (Greiner CELLSTAR, 650185) and
resuspended in 250 uL PBS supplemented with 2% FBS. A CytoFLEX (Beckman Coulter) was used to quantify the number of
recombined cells, and Kaluza software v2.1 was used to process the data (Beckman Coulter Inc.).

2.7 | Nanoparticle tracking analysis

EV size and particle concentrations were determined using a Nanosight NS500 system (Malvern Technologies) equipped with a
405 nm laser with Nanosight NTA 3.3 software (Malvern Technologies).

EV's were analyzed through 3 X 30-s videos using a camera level of 15 and a detection threshold of 5. EVs were diluted in PBS
to a concentration of between 30 and 100 tracks per frame.

2.8 | Western blot

For western blot analysis, cell lysate (CL) and EV were dispersed in RIPA lysis buffer (Merck, 20-188). Protein levels were
measured with microBCA (ThermoFisher, 23235). Samples were denatured with NuPAGE Sample Reducing Agent (Invitro-
gen, NP0004), mixed with NuPAGE LDS Sample Buffer (Invitrogen, NP0007), and boiled at 95°C for 10 min. The samples
were loaded onto Bolt 4%-12% Bis-Tris Plus Gel (Thermo Fischer Scientific, NW04125BOX) at 130 V for 75 min and trans-
ferred to PVDF membranes (Millipore, IPVH00010). The membranes were blocked with 5% (w/v) bovine serum albumin
(BSA, Roche, 10735086001) in Tri-Buffered saline (TBS) for 1 h at room temperature. Subsequently, the membranes were incu-
bated with primary antibodies and incubated overnight. The primary antibodies used in this study were anti-Cre recombinase
(1 ug/mL, Millipore, MAB3120), anti-3-Actin (0.2 ug/mL, Sigma-Aldrich, A5441), anti-VSVG epitope tag (1 ug/mL, Novus
Biologicals, NB100-2485), anti-DmrA (1 ug/mL Takara, 635089), anti-CD81 (1 ug/mL, Santa Cruz, SC-166029) and anti-syntenin-
1 (1 ug/mL, Origene, TA504796). Proteins were visualized with secondary Alexa Fluor 680 conjugated antimouse antibody
(0.1 ug/mL, LI-COR Bioscience, A-21057) and IRDye 800CW anti-rabbit antibody (0.1 ug/mL, LI-COR Biosciences, 1926—322)
were used when imaging was performed on an Odyssey Infrared Imager (LI-COR Biosciences) at 700 and 800 nm. Western
blot analysis in Figure S1 was performed similarly, while CD63 samples were prepared without the NuPAGE Sample Reducing
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Agent (Invitrogen, NP0004). The primary antibodies used were anti-Alix (0.1 g/mL, ab117600, clone 3A9, Abcam), anti-calnexin
(1:500, GTX101676, GeneTex), and anti-CD63 (0.2 ug/mL, Abcam, 8219). Secondary antibodies used were goat anti-rabbit
(0.05 ug/mL, P0448, Dako) or goat anti-mouse (0.05 ug/mL, P0447, Dako). The proteins were visualized with Western-Ready
ECL Substrate (426,303, Biolegend) and imaged with Chemi Doc XRS + system (Bio-Rad).

2.9 | Invivo experiments

The Animal Ethical Experimentation Committee of Utrecht University approved the animal experiments and were executed
according to the Guide for the Care and Use of Laboratory Animals. We used Ai9 Cre-loxP reporter mice (B6;129S6-
Gt(ROSA)26Sortm9(CAG-tdTomato+)Hze/J, The Jackson Laboratory) which received standard food and water ad libitum and
were housed under standard conditions with 12 h light/dark cycles until experimental procedures.

2.10 | Intravenous and intraperitoneal injection

Ai9 Cre-loxP reporter mice were divided between an i.v. injection group (n = 3) and an i.p. injection group (n = 3). Since we
aimed to exclude functional EV uptake differences due to direct EV labeling, NHS-Ester’?°-labeled and unlabeled Cre-EV's were
mixed in a 1:100 ratio before administration. Either 5 X 10" particles (200 uL) were administered by tail-vein injection to the i.v.
injection group, or via i.p. injection to the mice from the i.p. injection group. The tissue distribution of Cre-EVs was followed
over time with the Pearl Imager (LI-COR Biosciences) and processed with the Pearl Cam software. After a follow-up of 6 days,
the mice were sacrificed and organs were harvested for immunofluorescent- and histological analyses.

211 | Treatment with clodronate liposomes

Ai9 Cre-loxP reporter mice were divided between a non-clodronate (n = 2) and a clodronate pretreated group (n = 2). The
latter group was injected with 100 uL of suspension/10 grams of animal weight injected with clodronate-encapsulated liposomes
(Liposoma B.V., SKU C010, 5 mg/mL). After 24 h, equal amounts of NHS-Ester’*’-labeled and unlabeled Cre- EV's were mixed,
and 4 X 10" particles (100 uL) of the NHS-Ester’*’-labeled/unlabeled Cre-EV's were injected per mouse. The tissue distribution
of Cre-EVs was followed over time with the Pearl Imager (LI-COR Biosciences) and processed with Pearl Cam software. The
mice were sacrificed 5 days post-injection.

2.12 | Single versus multiple injections of Cre-EVs

In a dose-dependency study, Ai9 Cre-loxP reporter mice were divided into three groups, including a single dose (100 uL, 5 x 10"
particles, D}, n = 3), high dose (200 uL, 1 X 10" particles, D,, n = 2) and repeated dosing (100 uL, 5 X 10! particles, 3xD;, n = 3)
group. Before administrating the Cre-EVs, the NHS-Ester’*’-labeled and unlabeled Cre-EVs were mixed in a 1:500 ratio. The
mice receiving repeated injections with 5 X 10! Cre-EV's were administered within a 24-h interval for 3 days (3xD, group). After 7
days, the mice were sacrificed. As a negative control, 100 uL PBS was administrated via tail-vein injection in Ai9 Cre-loxP reporter
mice. The tissue distribution of Cre-EV's was followed over time with the Pear] Imager (LI-COR Biosciences) and processed with
the Pearl Cam software.

2.13 | Near-infrared fluorescent (NIRF) imaging

The localization and tissue distribution of NHS-Esther’*’-labeled Cre- EVs were examined using NIRF imaging in Ai9 Cre-loxP
reporter mice at various time points, whereby the mice were shortly anesthetized with isoflurane. Images were acquired on a Pearl
Impulse Imaging system (LI-COR Biosciences) in living animals before and after EV administration. At the final time point, mice
were terminated, and their organs were harvested for immunofluorescent- and histological analysis.

2.14 | Immunofluorescence and histological staining

The obtained tissues were routinely fixed in formalin for 24 h and subsequently embedded in paraffin. Paraffin-embedded livers
were cut into 5 um sections, fixated on slides, and dried at 55°C for 1 h. Sections were deparaffinized and rehydrated (3x Tissue
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Clear, 5 min, 2 X 99% EtOH for 5 min, 2 X 96% EtOH for 5 min, 2 X 70% EtOH for 5 min, 3x demi water for 5 min). Next,
antigen retrieval was obtained by submerging the sections in sodium citrate (10 mM, pH = 6.0), supplemented with 0.5 % (v/v)
Tween20, and followed by cooking in the autoclave. The tissue sections were washed in PBS (3 X 5 min) and blocked with 3%
BSA (Roche, 10735086001) for 1 h at room temperature. Next, the tissue sections were incubated with a primary antibody RFP
Antibody Pre-adsorbed (2 ug/mL, Rockland Immunochemicals Inc., 600-401-379) overnight. Subsequently, the tissue sections
were washed with PBS (3 X 5 min) and incubated with a secondary Alexa Fluor 555 antibody (5 ug/mL, Invitrogen, A-21428).
The nuclei were stained with Hoechst (0.1 ug/mL, Invitrogen, H3570) for 10 min at room temperature, and washed with PBS
(3 x 5 min). The sections were enclosed with Fluoromount-G (Southern Biotech, 0100-01). Tissue section images were cap-
tured with a BX53 microscope (Olympus). To visualize macrophages, the Tyramide SuperBoost Kit with Alexa Fluor Tyramides
(Thermo Fisher Scientific, B40923) was used. After antigen retrieval, tissue sections were blocked with 10% goat serum for 1 h at
room temperature. Subsequently, the sections were incubated overnight with the preabsorbed primary antibody RFP Antibody
Pre-adsorbed (2 pg/mL, 600-401-379, Rockland Immunochemicals, Inc.). Next, the sections were washed with PBS (3 X 5 min)
and incubated with poly-HRP-conjugated secondary antibody from the Tyramide SuperBoost Kit for 1 h at room temperature.
Subsequently, the sections were washed and incubated with the Tyramide working solution for 10 min at room temperature, fol-
lowed by washing the tissue sections in PBS (3 X 5 min). Next, tissue sections were incubated with CD163 (10 ug/mL, SC-33560,
Santa Cruz) for 1 h at room temperature, followed by a PBS wash (3 X 5 min), incubated with Alexa Fluor 488 diluted in 1%
BSA in PBS (2.5 ug/mL, A11034, ThermoFisher) for 1 h at room temperature and washed with PBS+0.5% Tween20 (3 X 5 min).
The sections were incubated with Hoechst (0.1 ug/mL, Invitrogen, H3570) for 10 min at room temperature and washed with PBS
afterward (3 X 5 min). The tissue sections were enclosed in Fluoromount-G (0100-01, SouthernBiotech). Tissue section images
for macrophages were captured with aTunder. To visualize endothelial cells or hepatocytes, tissue sections were blocked with 5%
BSA for 1 h at room temperature upon antigen retrieval. Sections were incubated overnight with the RFP Antibody (2 ug/mL,
HPA004712, Atlas Antibodies). For co-staining with an endothelial cell or hepatocyte marker, the RFP antibody was co-incubated
with either the primary antibody PECAM-1 (2 ug/mL, sc-1506, Santa Cruz) or HNF4A (2 ug/mL, HPA004712, Atlas Antibodies)
in 1% BSA in PBS overnight at 4°C, respectively. Next, sections were washed with PBS (3 X 5 min) and incubated for 1 h at room
temperature with secondary antibody conjugated to Alexa 568 conjugate (5 ug/mL, A11057, ThermoFisher Scientific) and sec-
ondary antibody conjugated to Alexa 488 conjugate (5 ug/mL, A21206, ThermoFisher Scientific). Subsequently, tissue sections
were washed in PBS (3 X 5 min) and incubated with Hoechst (0.1 ug/mL, Invitrogen, H3570) for 15 min at room temperature.
Afterward, sections were washed with PBS (3 X 5 min) and mounted using Mowoil (9002-89-5, Merck). Tissue section images
were captured with a Leica Tunder.

2.15 | Statistical analysis

GraphPad PRISM v.9 was used for the statistical analysis. The two-tailed unpaired t-test was used to assess the comparisons
between the two groups. Two one-way analyses of variance (ANOVA) with Sidak’s multiple comparisons test were used to deter-
mine comparisons between several groups. The data is presented as mean + SEM, with p-values *<0.05, **<0.01, ***<0.001, and
#%<0.0001 indicating statistical significance.

3 | RESULTS
3.1 | EVscan effectively deliver Cre recombinase in vitro

We transiently transfected HEK293FT cells with N-Myr-2xFKBP12/FRB-Cre- and VSV-G plasmids to produce Cre-EVs. Six
hours post-transfection, cells were exposed to EV-depleted media with the rapamycin-orthologue. After 72 hours, conditioned
medium was collected, concentrated with tangential flow filtration with a 500 kDa molecular weight cutoff membrane (MWCO)
and Cre-EV's were separated from free contaminants by size-exclusion chromatography (SEC) (Figure la). Nanoparticle tracking
analysis (NTA) displayed that Cre-EV's had a size distribution around 80-120 nm (Figure 1b). Transmission electron microscopy
demonstrated that Cre-EVs have a typical EV membranous structure and morphology (Figure 1c). To verify the presence of
Cre, VSV-G, FKBPI12, B-actin, and EV-marker proteins, we compared the protein composition of Cre-EVs with the CL of their
producer cells. Western blot analysis showed the presence of Cre, FKBP12, and VSV-G in both CL and isolated EV's (Figure 1d).
Cre-EVs were enriched for EV-marker proteins Syntenin-1, CD81, Alix, CD63 and negative for the endoplasmic reticulum marker
calnexin compared to the CL (Figure 1d, Figure S1). These observations demonstrated that we successfully isolated nano-sized
EVs containing Cre recombinase.

Next, we investigated EVs’ ability to deliver Cre recombinase to T47D Cre-loxP stoplight reporter cells. Intracellular delivery of
Cre recombinase to Cre-loxP reporter cells will result in Cre-recombined LoxP removal leading to a color-switch from DsRed+
reporter cells to eGFP+ reporter cells (Figure le). Administration of 1 X 10!° Cre-EV particles recombined 63.6 + 1.2% eGFP+
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FIGURE 1 Characterization of Cre-EVs. (a) Schematic illustration of Cre-EV production, the concentration of conditional media with tangential flow
filtration, and purification with size-exclusion chromatography. (b) Nanoparticle Tracking Analysis showed Cre-EV's had a size distribution between

50-200 nm. (c) Transmission electron microscopy showed that Cre- EV's have a typical ‘cup-shaped’ morphology. (d) Western blot analysis of Cre-EV's and cell
lysate of their donor cells (CL) for Cre, VSV-G, FKBP12, CD8], Syntenin-1, and -actin. (e) Schematic illustration of Cre-mediated recombination in Cre-loxP
stoplight reporter cells. The administration of Cre-EVs to Cre-loxP stoplight reporter cells resulted in intracellular delivery of Cre recombinase, leading to
Cre-recombined eGFP+ reporter cells as determined by (f) microscopic and (g) flow cytometric analysis. Scale bar = 200 ;m. Representative data of three
individual experiments. Data are represented as mean + SEM. Statistical analysis was performed with an unpaired t-test, p-values *<0.05, **<0.01, ***<0.001,
and **<0.0001 are considered statistically significant. Representative images from three individual experiments.

reporter cells as determined by microscopic- (Figure 1f) and flow cytometric analysis (Figure 1g). These observations showed
that Cre-EVs could successfully deliver Cre recombinase with high efficacy in vitro.

3.2 | Assessing Alexa NHS Ester as an EV labeling tool for in vitro uptake

To explore tissue distribution upon systemic administration in mice, EVs were fluorescently labeled with the AlexaFluor647
NHS-ester and separated from the free dye (Kooijmans et al., 2018) (Figure 2a; Lai et al., 2014). AlexaFluor647-labeling did not
affect EV size distribution (Figure 2b). Next, AlexaFluor647-labeled Cre-EV uptake in HepG2 and NIH3T3 cells was confirmed
by fluorescent microscopic analysis 6 hours after administering 1 X 10° particles (Figure 2c,d).
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FIGURE 2  Higher liver protein delivery upon intravenous administration of Cre-EV's as compared to intraperitoneal injection. (a) Schematic illustration
of labeling EV's with an Alexa Fluor NHS ester, followed by dye quenching and separating the free dye from the labeled EV's through SEC. (b) NTA analysis of
AlexaFluor647-labeled EV's showed size distribution between + 50-200 nm. The uptake of AlexaFluor647-labeled EVs (in red) was confirmed in (c) HepG2
and (d) NIH3T3 cells by fluorescent microscopic analysis. Representative live images of in vivo tracking of AlexaFluor790-labeled EV's in Ai9 Cre-loxP reporter
mice that received Cre-EVs through (e) i.v.-or (f) i.p. injection over 120 h by NIRF imaging. (g) Schematic illustration of Cre-mediated recombination in Ai9
Cre-loxP reporter mice, wherein the functional intracellular delivery of Cre will lead to Cre-recombined tdTomato+ cells. (h) Immunofluorescence images
from liver sections. Blue = Hoechst, Red = tdTomato+, scale bar = 50 um. (i) Immunofluorescence quantification of total tdTomato+Hoechst+ cells in liver
tissue sections from Ai9 Cre-loxP reporter mice that received Cre-EV's either through i.v. or i.p. injection. Statistical analysis was performed via an unpaired
t-test with p-values *<0.05, **<0.01, ***<0.001, and ****<0.0001 considered statistically significant. Per group n = 3, total n = 6.
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3.3 | EV tissue distribution pattern is affected by the administration method

To identify the most optimal route of administration, we compared i.v.- and i.p. injection of the Cre-EVs. Previous studies have
mainly focused on the tissue distribution and intracellular delivery of natural EV's that lack targeting- or delivery mechanisms
(Gupta et al., 2020; Wiklander et al., 2015). Regarding targeting, the low-density lipoprotein receptor abundantly expressed in
hepatocytes is an entry receptor for VSV-G present on Cre-EVs (Finkelshtein et al., 2013). To simultaneously study in vivo tissue
distribution and EV-mediated intracellular protein delivery, Cre-EVs were labeled with AlexaFluor 790 NHS Ester to enable
near-infrared fluorescent (NIRF) imaging in living animals and administered to Ai9 Cre-loxP reporter mice. EV membrane
proteins, particularly VSV-G (Mangeot et al., 2011), are important for the intracellular delivery of EVs’ intraluminal cargo. Since
AlexaFluor 790 NHS Ester is a protein-binding dye that might block or mask membrane protein function, we mixed labeled and
unlabeled Cre-EVs before in vivo administration.

Via either i.v.- or i.p. injection, 5 X 10"! particles of AlexaFluor790-labeled/unlabeled Cre-EV's were administered to Ai9 Cre-
loxP reporter mice, NIRF images were taken of living animals at various time points over 120 h (Figure 2e¢,f). The localization
of the fluorescent signal over time following i.p. injection suggests that the EV's are excreted more rapidly than i.v. injection. We
subsequently visualized Cre-mediated recombination in the liver to investigate how the route of the systemic injection method
affected EV-mediated intracellular protein delivery of Cre recombinase. A color switch occurs upon successful intracellular Cre-
mediated recombination, leading to tdTomato+ cells (Figure 2g). Immunofluorescence microscopic analysis showed that i.v.
administration led to significantly more tdTomato+Hoechst+ cells compared to i.p. injection (i.v.: 2.6 & 0.4%; i.p.: 0.5 + 0.1%)
(Figure 2h,i). Both administration methods resulted in EV-mediated delivery to hepatocytes, as confirmed by immunofluores-
cence histological analysis with an antibody against hepatocyte nuclear factor 4 alpha (HNF4A) (Figure S2). Taken together, i.v.
injection led to a higher accumulation of AlexaFluor790-labeled Cre-EV's and significantly more EV-mediated delivery of Cre
recombinase to liver cells than i.p. injection.

3.4 | Pretreatment with clodronate encapsulated liposomes did not improve Cre-EV delivery to
hepatocytes

Although i.v. injection led to higher accumulation and uptake of Cre-EV’s in the liver, the tdTomato+ cells resembled more the
morphology of non-parenchymal cells, such as Kupffer- and endothelial cells, rather than the typical octagon shape of hepato-
cytes. These findings are suggestive of a preferred absorbance of Cre-EV's by Kupfer cells. Since liver pathologies arise through
hepatocyte dysfunction, we specifically aimed to improve EV-mediated delivery to hepatocytes. Consequently, we hypothesized
that pretreating the Ai9 Cre-loxP reporter mice with clodronate-encapsulated liposomes (0.05 mg/g of animal body weight) to
deplete the Kupfter cells in the liver would improve EV-mediated Cre delivery in hepatocytes (Samuelsson et al., 2017; Sun et al.,
2021; Tavares et al., 2017).

To investigate this hypothesis, Ai9 Cre-loxP reporter mice were injected with clodronate-encapsulated liposomes to deplete
the Kupffer cells. After 24 hours, we administered 4 X 10! particles of AlexaFluor790-labeled/unlabeled Cre-EV's via i.v. injection
(Figure 3a). Immunofluorescent histological evaluation revealed a lack of CD163+ cells, indicating successful depletion of Kupf-
fer cells in Ai9 Cre-loxP reporter mice pretreated with clodronate-encapsulated liposomes (Figure S4B). Live in vivo tracking of
AlexaFluor790-labeled Cre-EVs in Ai9 Cre-loxP reporter mice could only be used to explore direct tissue distributions. Although
signals after pretreatment with clodronate-encapsulated liposomes tend to indicate a higher fluorescent signal than mice that
did not receive clodronate liposomes over 120 hours following i.v. injection, one should realize that within 24 h, EVs are being
metabolized and the Alexa Fluor labels do not directly reflect the EV retention (Figure 3b,c, Figure S3). Immunohistochemical-
and immunofluorescent histological examinations revealed more tdTomato+Hoechst+ cells in the Ai9 Cre-loxP reporter mice
administered with Cre-EVs (Figure 3d,e). The quantification of immunofluorescent images demonstrated that pretreatment
with clodronate-encapsulated liposomes notably decreased the functional delivery of Cre to the liver via EVs, as evidenced by a
reduction of tdTomato+Hoechst cells (Figure 3f). The functional delivery of Cre through EV's occurred within the characteristic
octagonal-shaped hepatocytes in both groups, as indicated by the hepatocyte-specific marker HNF4A (Figure S4A). Surprisingly,
the Alexa fluorescent signals (Figure 3) tended to be higher in the group pretreated with clodronate-encapsulated liposomes. At
the same time, the EV-mediated functional delivery of Cre was more efficient without the pretreatment. These results imply
no direct correlation between fluorochrome tissue distribution outcomes and functional delivery, suggesting that both tissue
distribution and functional delivery should be examined concurrently to explore the potential of EVs for in vivo drug delivery
applications.

Immunofluorescent histological analysis showed functional Cre-EVs delivery in both Kupffer- and endothelial cells in the liver
of the Ai9 Cre-loxP mice that only received Cre-EVs (Figure S4B,C). In contrast, we could only observe functional EV-mediated
transfer in PECAMI-positive endothelial cells in the Ai9 Cre-loxP mice that received pretreatment with clodronate-encapsulated
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liposomes (Figure S4C). These observations suggest that pre-treatment with clodronate-encapsulated liposomes did not enhance
EV-mediated delivery to hepatocytes after a single i.v. injection.

3.5 | Repeated injections improved EV-mediated delivery of Cre recombinase in hepatocytes

Since depleting Kupfter cells with clodronate-encapsulated liposomes did not improve Cre-EVs uptake by hepatocytes, we inves-
tigated if repeated i.v. injections or a higher dose of Cre-EV's could improve hepatic delivery. Ai9 Cre-loxP reporter mice received
an i.v. injection of a single dose of 5 X 10'° particles AlexaFluor790-labeled/unlabeled Cre-EV's (D;) or multiple i.v. injections of
the same dosage within 3 days over a 24-hour interval (3xD;). Additionally, a group of Ai9 Cre-loxP reporter mice received a
single i.v injection of 1 X 10'? particles of AlexaFluor790-labeled/unlabeled Cre-EVs (D,) (Figure 4a).

To assess if a higher dose or repeated i.v. injections translated into increased EV-mediated Cre delivery, immunofluorescent
staining was performed. We found that multiple injections of Cre-EVs resulted in more tdTomato+Hoechst+ cells with a typ-
ical octagon hepatocyte morphology as determined by microscopy analysis (Figure 4b). We observed a significant increase of
tdTomato+Hoechst+ cells in the 3xD; group (Vehicle: 0.0%; D; : 2.0 & 0.5%; D, : 2.0 & 0.2%; 3xD;: 3.9 + 0.9% %) (Figure 4c).
The increased uptake within hepatocytes was observed only in local clusters and not consistently throughout the liver (Figure
S5). Immunofluorescence histological analysis with an antibody against HNF4A confirmed that the tdTomato+Hoechst+ cells
in the 3xD; group were hepatocytes (Figure 4d). Additionally, we detected EV-mediated delivery in the liver and spleen of the
3xD1 group, with no evidence of such delivery in other organs (Figure 4e¢). These findings suggest that multiple injections can
promote EV-mediated delivery of Cre recombinase in hepatocytes.

4 | DISCUSSION

Therapeutic proteins are emerging as a vital drug class, and EV-based protein delivery presents novel opportunities for mod-
ulating intracellular targets. Despite this potential, only +18% of preclinical studies on EVs as drug delivery vehicles have
focused on protein and peptide-based payloads in the past decade (de Castilla et al., 2021). Although EVs are biocompati-
ble, non-immunogenic, and possess intrinsic targeting abilities, more effective payload engineering strategies are needed. The
FKBPI2/FRB rapamycin interacting system in donor cells has been shown to facilitate efficient loading and delivery of various
target proteins through released EVs (Campbell et al., 2019; Gee et al., 2020; Montagna et al., 2018; Somiya & Kuroda, 2021).
However, studies exploring the in vivo application of these engineered EVs have been relatively limited (Campbell et al., 2019; de
Castilla et al., 2021; Gee et al., 2020; Ilahibaks et al., 2023; Montagna et al., 2018; Somiya & Kuroda, 2021).

Since most liver pathologies are manifested in hepatocytes, our study aimed to identify the optimal in vivo delivery strategy
for EV-mediated protein delivery to hepatocytes (Chadwick et al., 2018; Ding et al., 2014; Musunuru et al., 2021; Rothgangl
et al,, 2021). To the best of our knowledge, this is the first study to currently investigate EV tissue distribution and EV-mediated
intracellular protein delivery through NIRF imaging and Cre-mediated recombination, respectively. Although the fluorescent
signal appeared higher in the group pretreated with clodronate-encapsulated liposomes compared to the Cre-EV only group, the
efficiency of EV-mediated functional Cre delivery was greater in the Ai9 Cre-loxP reporter mice that were given only Cre-EVs.
This finding indicates that tissue distribution outcomes do not necessarily correspond with functional delivery, highlighting the
importance of investigating both tissue distribution and functional delivery simultaneously to better understand the potential of
EVs for in vivo drug delivery applications.

Within the drug delivery field, the natural tropism of EV's and lipid nanoparticles (LNPs) toward the liver is a well-recognized
phenomenon (Andaloussi et al., 2013; Kooijmans et al., 2016). This tropism is influenced by numerous factors, including the
physicochemical properties of EVs/LNPs, the role of hepatocytes in clearing circulating particles, and the metabolic demands of
the liver (Mulcahy et al., 2014; Wiklander et al., 2015). Notwithstanding, it’s crucial to remember that natural tropism does not
equate to targeted or efficient delivery. Several hurdles, including enzymatic degradation, immune clearance, and non-specific
uptake by other cells, challenge the successful intracellular delivery of EVs payloads in vivo (Mulcahy et al., 2014; Vader et al.,
2016). In our study, we employed VSV-G to enhance EV uptake through the LDL-R present on hepatocyte membranes and to
facilitate their subsequent endosomal release (Finkelshtein et al., 2013; Mangeot et al., 2011). This two-tiered approach, which
takes advantage of the innate liver-specific attraction of EVs while enhancing their delivery efficiency, presents a promising new
direction for targeted liver therapeutics. Nonetheless, to optimize EV-mediated uptake in hepatocytes, it would be beneficial for
future research to investigate the effectiveness of VSV-G compared to other targeting entities, such as GalNac. While VSV-G
has been known to facilitate endosomal escape (Mangeot et al., 2011), it is important to acknowledge the potential complications
that may arise, such as lysosomal degradation. A common fate for many endocytic cargoes, the acidic lysosomal environment
can induce enzymatic degradation of the delivered contents, potentially impacting the overall efficiency of EV-mediated deliv-
ery (Huotari & Helenius, 2011). Moreover, we recognize the challenge of non-specific uptake by off-target cell types. Given the
widespread presence of endocytic pathways across various cell types, Cre-EVs may inadvertently be taken up by cells not intended
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for targeting (Mulcahy et al., 2014). These considerations underscore the necessity for more advanced EV engineering strategies
and rigorous cell type-specific validation methods to optimize targeting specificity and delivery efficiency. The intricate interplay
of these factors highlights the complexity of EV-mediated delivery. It stresses the importance of a thorough understanding of EV
biology for its successful implementation in therapeutic applications.

In the past decade years, i.v. injections have been the dominant route of administration for EVs, accounting for approximately
88% of published preclinical investigations (de Castilla et al., 2021). Therefore, we compared i.v.- and i.p.-mediated injections
as systemic administration methods. Our findings revealed that Cre-EV administration via i.p. injection resulted in a lower
fluorescent signal in the live in vivo tracking images and fewer tdTomato+Hoechst+cells than i.v. injection. In line with the
observations of Wiklander et al. (Wiklander et al., 2015) and Gupta et al. (Gupta et al., 2020), we found that i.p. injection of
HEK293 EVs led to less accumulation and functional delivery in the liver compared to i.v. injection. These results highlight
the importance of carefully considering the administration route for EV-based drug delivery, as it may greatly impact EVs’
tissue distribution, clearance, and therapeutic efficacy. Future research should explore administration routes and their potential
advantages for specific therapeutic applications to optimize EV-based drug delivery strategies.

We hypothesized that Cre-EV delivery to hepatocytes could be improved by depleting the Kupffer cells through pretreatment
with clodronate-encapsulated liposomes (Samuelsson et al., 2017; Sun et al., 2021; Tavares et al., 2017). Although Cre-EV's’ tissue
distribution differed between both groups, microscopic analysis revealed fewer tdTomato+Hoechst+ cells were observed in the
mice that received the pretreatment compared to those that did not. The difference between tissue distribution and functional
delivery highlights the importance of studying both simultaneously to assess EVs’ efficacy as an intracellular delivery vehicle in
vivo. This observation aligns with previous research highlighting the complex interplay between EV tissue distribution, cellular
uptake, and functional delivery of their payloads (Lai et al., 2014; Smyth et al., 2015). The discrepancy between tissue distribu-
tion and functional delivery may be attributed to various factors, including cell type-specific barriers to EV internalization and
intracellular trafficking, differences in payload release mechanisms and activity within the cytosol (Andaloussi et al., 2013; Sahay
et al,, 2010). Further investigation is needed to elucidate the factors influencing the relationship between tissue distribution and
functional delivery of EVs. A better understanding of these processes will inform the development of more effective strategies
for engineering and delivering EV-based therapeutics, particularly for liver-targeted applications.

Kupffer cells, the body’s primary population of mononuclear phagocytes, constitute between 80% and 90% of all natural
macrophages and 20% of the nonparenchymal cells in the liver (Duarte et al., 2015). Hence, we hypothesized that depleting Kupf-
fer cells within the liver could improve EV-mediated delivery of Cre in the liver. Immunofluorescence images showed functional
EV-mediated transfer in Kupffer and endothelial cells of Ai9 Cre-loxP reporter mice administered with only Cre-EVs. Con-
versely, in the Ai9 Cre-loxP reporter mice pretreated with clodronate-encapsulated liposomes, only endothelial cells exhibited
tdTomato+ cells. Additionally, significantly fewer tdTomato+Hoechst+ cells were present in the clodronate liposome pretreated
group, suggesting that other nonparenchymal cells, such as hepatic stellate, biliary epithelial or resident immune cells (dendritic
cells, natural killer cells, and lymphocytes), may have taken up Cre-EVs but did not exhibit functional Cre delivery within the
cytosol. These findings are consistent with the study by Reshke et al., which reported that the internalization of small EVs carry-
ing small interfering RNA in liver cells does not always result in cytosolic delivery of the EV content (Reshke et al., 2020). Our
observations suggest that pretreatment with clodronate-encapsulated liposomes did not improve EV-mediated delivery of Cre
to hepatocytes.

Previous studies have indicated that the internalization of EVs by liver cells may vary depending on the cell type. Németh
et al. observed that HEK293T-palmGFP-derived medium and small EVs were preferentially internalized by Kupfter- and liver
sinusoidal endothelial cells in an in vitro uptake assay with ex vivo isolated murine liver cells (Németh et al., 2021). Additionally,
Hayashi et al. showed that inhibition of scavenger receptors on the liver sinusoidal endothelial cells increased nanoparticle uptake
in Kupfler cells, indicating a competitive nature between the two cell types (Hayashi et al., 2020). In a study by Sago et al., LNP
delivery of Cre mRNA was found to have the highest functional Cre delivery in Kupffer cells, followed by endothelial cells,
after a single i.v. (Sago et al., 2019). These findings highlight the differential nature of functional EV-mediated delivery across
various cell types in the liver. To comprehensively assess the tissue distribution of EVs, further research incorporating quantitative
flow cytometric analysis is warranted. This approach will provide a more precise evaluation of EVs’ presence in various tissues.
Moreover, it will enable us to elucidate the cell-specific uptake dynamics and intracellular cargo release mechanisms in greater
detail. A refined understanding of these intricate processes holds great potential for advancing the development of targeted and
efficient EV-based drug delivery systems, tailored specifically to address liver-related diseases.

Zhang et al. found that multiple injections of engineered EVs, loaded with Cas9 orthologue through split GFP comple-
mentation, could effectively inactive the Mus Musuculs Pcks9 gene leading to reduced circulating low-density lipoprotein
cholesterol levels by 18% in 28 days (Zhang et al,, 2020). Based on these findings, we hypothesized that a higher dose
or multiple injections could improve EV-mediated delivery of Cre recombinase to hepatocytes. Our results showed that
repeated i.v.-injections improved EV-mediated delivery of Cre recombinase to hepatocytes, where we observed local clusters
of HNF4A+tdTomato+Hoechst+ cells. Several studies demonstrated that phospholipids could reversibly block the reticuloen-
dothelial system (RES) phagocytosis, thereby increasing the half-life of the injected liposomes (Allen et al., 1984; Johnston et al.,
2007; Kanada et al., 2015; Profhitt et al., 1983; Souhami et al., 1981). Henceforth, prior studies employed the systemic injection
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of empty liposomes followed by the administration of drug-loaded liposomes to improve the drugs’ therapeutic efficacy (Lewis
et al,, 2007; Liu et al., 2015). Repeated i.v. injection of Cre-EV's may have exerted a similar effect by ‘saturating’ the phagocytic
cells and temporarily blocking RES phagocytosis. By reducing the ability of RES phagocytosis to clear EV's from the bloodstream,
Cre-EVs potentially circulate longer, increasing their chances for functional delivery to hepatocytes. Although Kupffer cells are
the main cell type responsible for RES phagocytosis in the liver, other cells, such as liver sinusoidal endothelial cells and hepatic
stellate cells (Elvevold et al., 2008; Zhan et al., 2006), can also play a role in this process. Therefore, depleting Kupfter cells alone
may not be sufficient to improve the functional delivery of EVs to hepatocytes. This could explain our observation that depletion
of Kupffer cells did not improve EV-mediated delivery of Cre to hepatocytes, while repeated injections that potentially ‘saturate’
RES phagocytosis did. Further research is necessary to investigate the cell-specific involvement of Cre-EV uptake in the liver,
particularly in relation to RES phagocytosis (Allen et al., 1984; Lewis et al., 2007; Liu et al., 2015; Souhami et al., 1981).

Furthermore, repeated i.v. injections resulted in functional EV-mediated delivery in the liver and spleen, aligning with previous
observations (El-Andaloussi et al., 2012; Lai et al., 2014), which also reported the successful delivery of EV-associated cargo to
these organs. This suggests that repeated EV administration may enhance the therapeutic efficacy of EV-based treatments for
liver and spleen-related disorders. While the liver, lungs, and spleen are the common destinations due to their role in metabolism
and clearance, modern techniques offer the possibility to expand the reach of EVs (Wang et al., 2021). Notably, research by
Alvarez-Erviti et al., demonstrated the successful delivery of siRNA to the mouse brain by systemic injection of targeted exosomes
(Alvarez-Erviti et al., 2011). In another study, Tian et al. leveraged the inherent ability of dendritic cell-derived exosomes to home
to lymph nodes to deliver an anti-cancer drug for lymphoma treatment via i.v. injection (Tian et al., 2014). The potential of
EV engineering to boost organ-specific targeting is a compelling prospect. Fine-tuning the surface of EVs with tailored ligands
(Roefs et al., 2022), proteins (Ohno et al., 2013; Zhang et al., 2019), or antibodies (Li et al., 2018) presents a promising avenue in
this direction. Together, these strategies underscore the remarkable versatility of EV's as drug delivery vehicles, demonstrating
their potential to reach an expanded range of tissues and organs.

It is important to note that repeated EV i.v. injections have been linked to accelerated blood clearance, potentially due to EV-
specific IgGs (Driedonks et al., 2022). Additionally, extremely high EV doses potentially cause adverse reactions and impact tissue
distribution or cellular uptake resulting from EV aggregation. Smyth et al. reported that tumor-derived EVs caused asphyxiation
after i.v. injection in mice, likely because of EV aggregation causing microvasculature obstruction in the lungs (Smyth et al., 2015).
SEC purification of EVs is associated with lower EV aggregation and higher EV functionality than differential ultracentrifugation
(Mol et al., 2017). Moreover, electron microscopy analysis of Cre-EVs did not show significant EV aggregates. Yet, we cannot
entirely exclude that our fresh SEC-isolated Cre-EVs at the injected dose concentration of ~10" particles/ml did not result in
EV aggregation, which may affect its tissue distribution or cellular uptake in the liver. Hence, future in vivo studies studying
EV-mediated drug delivery should consider the accelerated blood clearance phenomena and adverse effects resulting from EV
aggregating while optimizing the EV administration method to have maximum efficacy in the target organ.

EV tissue distribution and targeted delivery may be affected by their producer cells. HEK293 cells are easy-to-transfect cells
and, over the past decade, commonly used (+22%) in preclinical EV drug delivery studies, next to cancer- (+24%) and stem
cell lines (+23%) (de Castilla et al., 2021). One study limitation is that we only studied EV-mediated delivery from HEK293FT
cells. Wiklander et al. (Wiklander et al., 2015) found that EVs derived from C2Cl12, a melanoma cell line, displayed a significantly
higher liver accumulation than EVs derived from dendritic cells. In contrast, EVs derived from dendritic cells accumulated to a
considerably higher degree in the spleen. Hence, future research into EVs from different donor cells, such as C2C12 or hepatoma
cell lines, could give new insights into their tissue distribution and delivery efficacies.

5 | LIMITATIONS OF THE STUDY

In this study, we have demonstrated that repeated i.v. injections of Cre-EV's can enhance functional EV-mediated delivery of Cre
in hepatocytes. However, the frequency of tdTomato+ recombined cells remained low, even after high or repeated dosages of Cre-
EVs. Compared to in vitro experiments, the number of Cre-EVs administered in vivo was relatively low, given the large number of
cells within the liver of a whole animal. The number of Cre-EV's administered per in vivo experiment was limited by the amount
of fresh SEC-isolated Cre-EVs that could be purified prior to the experiment. This constraint highlights the need for additional
studies to overcome this limitation, including scaling up Cre-EV production to investigate the efficacy of functional EV-mediated
Cre delivery at higher doses (Van Niel et al., 2018). Furthermore, optimizing the production and purification process may enable
more efficient utilization of Cre-EVs for in vivo applications (Lener et al., 2015). By addressing these challenges, future research
can further elucidate the potential of EV-mediated protein delivery to the liver and potentially enhance the therapeutic outcomes
of this promising approach.

Additionally, the low frequency of tdTomato+ recombined cells could indicate the involvement of other immune cells in the
uptake and clearance of Cre-EVs besides Kupffer cells. Although clodronate liposome-mediated depletion of Kupffer cells is a
well-established method (Van Rooijen & Sanders, 1994), it does not exclude the participation of other immune cells in Cre-EV
clearance or uptake. Future studies should consider alternative approaches for selectively depleting or labeling other immune
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cell types to address this limitation, providing a more comprehensive understanding of the cellular mechanisms involved in Cre-
EV uptake and clearance (A-Gonzalez et al., 2013). Despite this limitation, our study offers valuable insights into engineered
EVs’ intracellular delivery to the liver, which is crucial for developing liver-targeted therapies using EVs (Andaloussi et al., 2013;
Yéanez-Mo et al., 2015).

A limitation of our study was that we did not investigate the half-life of AlexaFluor790 labeled EV's in circulation. Analyzing
the clearance rate of EVs by immune cells in circulation could have offered valuable insights into the mechanism of EV-mediated
protein delivery (Hoshino et al., 2015; Wiklander et al., 2015). Additionally, utilizing flow cytometric analysis to identify EV tissue
distribution and quantify EV-mediated delivery in different cell types would have provided a more comprehensive understanding
of functional EV delivery in the liver (Gimona et al., 2017; Németh et al., 2017). Despite this limitation, we successfully determined
functional EV-mediated delivery of Cre in Kupffer cells, endothelial cells, and hepatocytes through immunofluorescent analysis.

6 | CONCLUSION

EVs hold great promise as a next-generation drug delivery system for protein/peptide-based therapeutics. It is essential for
preclinical studies investigating EV-based drug delivery to examine both EV tissue distribution and their capacity to deliver
exogenous payloads in relevant preclinical models using appropriate read-outs. In the current study, we demonstrated that
multiple i.v. injections of FKBP12/FRB-engineered EV's represented the most efficient administration regimen for EV-mediated
delivery of Cre recombinase to hepatocytes. These findings lay the groundwork for future investigations exploring the potential
of EVs in the intracellular delivery of therapeutic proteins and genome editing technologies specifically targeting the liver.
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