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ABSTRACT
Extracellular vesicles (EVs) are under evaluation as therapeutics or as vehicles for drug delivery.
Preclinical studies of EVs often use mice or other animal models to assess efficacy and disposition.

: . o RESPONSIBLE EDITOR
However, as most EVs under evaluation are derived from human cells, they may elicit immune
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responses which may contribute to toxicities or enhanced EV clearance. Furthermore, EVs from NETHERLANDS
different cell sources or EVs comprising various cargo may differ with respect to immunogenicity
or toxicity. To assess EV-induced immune response and toxicity, we dosed C57BL/6 mice with EVs KEYWORDS

intravenously and intraperitoneally for 3 weeks. EVs were harvested from wild type or engineered
HEK293T cells which were modified to produce EVs loaded with miR-199a-3p and chimeric
proteins. Blood was collected to assess hematology, blood chemistry, and immune markers.
Spleen cells were immunophenotyped, and tissues were harvested for gross necropsy and
histopathological examination. No signs of toxicity were observed, and minimal evidence of
changes in immune markers were noted in mice dosed with engineered, but not with wild
type EVs. This study provides a framework for assessment of immunogenicity and toxicity that
will be required as EVs from varying cell sources are tested within numerous animal models and
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eventually in humans.

Introduction

Exosomes are small membrane vesicles (40-100 nm) that
originate from early endosomes and are secreted by most
cell types as one form of extracellular vesicle (EV) upon
fusion of late endosomes with the plasma membrane
[1,2]. They contain a variety of cellular contents such as
proteins, messenger RNA (mRNA), and microRNA
(miRNA) which can be functionally exchanged between
cells [3,4]. The natural ability of exosomes to transfer
these biological materials between cells and subsequently
to modulate biological processes in the recipient cells,
together with recent advances in isolation and purifica-
tion of these small particles [5,6], demonstrate their
potential as delivery vessels for genetic material, proteins,
or even small molecules [1,7]. Several studies exploiting
exosomes or EVs as drug-delivery systems have been
conducted to deliver therapeutic miRNAs, and the results
have shown that exosomes successfully deliver functional
miRNAs to the targeted cells both in vitro and in vivo and
demonstrate favourable biological activity and efficacy,

indicating their promise as a new class of drug-delivery
vehicles [8-12].

While demonstration of efficacy is important in early
preclinical development, identifying toxicities and deci-
phering their causes is equally critical for experimental
therapies. Although extensive studies have been conducted
to evaluate the immune-regulatory role of EVs derived
from different immune cells such as B cells, T cells, den-
dritic cells (DCs), and macrophages [13-19], little is
known about the broader potential for immunogenic or
toxic effects of EVs. This is especially important given that
therapeutic EVs, which are most often derived from
human cell lines, will be tested in rodents and various
other animal disease models throughout preclinical devel-
opment. As with other biological therapeutics such as
monoclonal antibodies and cell-based therapies which
may induce toxicity secondary to immune response or as
a primary on- or off-target effect [20-22], care must be
taken to ensure that we have a thorough understanding of
the immunogenic or toxic potential of therapeutic EVs.
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The immunogenicity and toxicity of EVs depend
both on the animal models used in testing and on the
source and composition of the EVs. Although some
argue that immortalised cells should not be used for
production of therapeutic EVs since some of the EV
cargo may carry toxic or even carcinogenic constitu-
ents [23-25], different immortalised cell lines have
been used commonly as EV producers owing to the
infinite supply of cells for EV production, increased
proliferative rate, and the ease of genetically modifying
these cells [26,27]. The human embryonic kidney cell
line HEK293T has been used to produce EVs for a
broad array of studies, in part owing to its capacity
for high yield of EVs, ease of growth, and high trans-
fection efficiency [28-31].

In our efforts to develop therapeutic EVs, we have
engineered HEK293T cells to produce miR-199a-3p-
loaded vesicles. miR-199a-3p was shown to reduce
proliferation in CD44-positive hepatocellular carci-
noma (HCC) cells [32]. We incorporated within a
chimeric protein a FLAG peptide (as a tag for vesicle
isolation), the phage clone PC94 (a peptide that
specifically binds to HCC cells [33,34]), lysosome-
associated membrane protein-2a (Lamp2a, a protein
enabling abundant targeting of the chimera into
EV membranes [35]), transactivator of transcription
(TAT) peptide [a human immunodeficiency virus-1
(HIV-1) transactivator protein that binds to trans-
activation response (TAR) element RNA], and the
polyhistidine tag 6xHIS (as a tag for chimeric protein
detection). We also engineered within an intron of
our chimeric protein, pre-miR-199a-3p, with a mod-
ified loop containing the TAR RNA sequence
(therapeutic miR), thus enabling the TAT-TAR
interaction to enhance loading of the pre-miR-199a-
3p into the engineered HEK293T EVs. A complete
description of the engineered EVs from the
HEK293T is described in a separate study [36]. We
previously demonstrated that EVs were efficiently
internalised by human monocytic cells without caus-
ing a cytotoxic effect or altering phagocytic efficiency
on the cell lines evaluated [37]. Given that EVs
derived from human cell lines are under evaluation
as carriers for therapeutic agents, and ongoing stu-
dies often use mouse disease models for evaluation of
disposition, activity, or efficacy, and also since there
is general concern over using human immortalised
cell lines as EV producers owing to the tumorigenic
potential or toxic potential of the EVs, it is impera-
tive that we determine the potential for immuno-
genic and toxic effects of these EVs in mice. The
aim of the current study was therefore to thoroughly
assess the potential of wild-type (WT) or engineered

HEK293T cell-derived EVs to induce toxicity and
immune responses in mice. This was achieved by
evaluating cytokine levels, spleen immune cell
composition, and general toxicity after mice received
3 weeks of dosing with the EVs.

Materials and methods
Cell lines

Wild-type HEK293T cells (WT, ATCC CRL-11268)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Carlsbad, CA, USA) sup-
plemented with 5% foetal bovine serum (Sigma, St
Louis, MO, USA) that was depleted of EVs by ultra-
centrifugation (110,000 x g, 18 h). HEK293T cells
transfected with empty vector (Empty), the full chi-
meric construct without miR-199a-3p (Full no 199),
and the full construct with miR-199a-3p (Full with
199) (Sutaria et al., [36]) were cultured in the above
media with 75 pg/mL hygromycin.

EV isolation and characterisation

EVs were isolated via ultracentrifugation according to our
previously published paper [37]. In brief, when the cells
cultured in 150 mm tissue culture dishes (VWR, Radnor,
PA, USA) reached 80-90% confluence (about 20 million
cells/dish), conditioned medium was recovered from 24
dishes (about 20 mL/dish) for EV isolation. Collected
medium was centrifuged at 300 x g for 10 min followed
by 2000 x g for 20 min, and then 10,000 x g for 30 min.
Supernatants were filtered using 0.22 um filter units and
ultracentrifuged at 110,000 x g for 75 min. EV pellets
were washed with phosphate-buffered saline (PBS) twice
and resuspended in PBS containing 1% dimethylsulfoxide
(DMSO) to reduce vesicle aggregation and to avoid
potential clumping of EVs as we prepared and injected
concentrated dosing solutions (e.g. 8.5 ug EV proteins per
100 pl PBS). The EV resuspension was stored at —80°C
after preparation of the samples for EV characterisation.
The protein concentration was measured by the bicinch-
oninic acid assay (BCA) method. Cryo-transmission
electron microscopy (Cryo-TEM) was used to study the
morphology of the isolated EV's. The size distribution and
number of EVs were determined using nanoparticle
tracking analysis (NTA) on a Nanosight NS300 instru-
ment (Malvern Instruments, Westborough, MA, USA).
The presence of miR-199a-3p and 6xHIS protein in EV's
isolated from engineered cells was confirmed by quanti-
tative polymerase chain reaction (QPCR) and Western
blot, respectively. Details of Cryo-TEM, NTA, and



Western blot methods are provided in the supplementary
materials section.

Animal study and pathology

The animal study was performed in C57BL/6 mice
following the protocols approved by the Institutional
Animal Care and Use Committees (IACUCs) of The
Ohio State University. Female, 6-7 week-old mice
were purchased from Envigo (previously Harlan,
Indianapolis, IN, USA) and housed in a barrier
rodent facility with free access to standard chow
diet and water for 1 week before the experiment.
The protein concentration of EVs was adjusted to
85 ug/mL using PBS containing 1% DMSO before
the experiment. Characterisation of EVs to confirm
particle size, 6xHIS tag presence, and miR-199a-3p
content is described in the supplemental materials
section. Animals were randomly divided into five
groups (n = 10/group) and received either PBS con-
taining 1% DMSO, WT, Empty, Full no 199, or Full
with 199 EVs at 8.5 ug protein/mouse/day (approxi-
mately 10'° EVs per dose, dose volume = 100 pL/
mouse) three times a week, with the first dose admi-
nistered intravenously (i.v.) by tail vein injection and
the second and third doses administered by the
intraperitoneal route. One final intraperitoneal dose
was administered on day 22 after 3 weeks of dosing,
and all the mice were killed on day 23, 1 day after
the last dose was given (Supplementary Figure 1).
Mice challenged with 0.4 mg/kg lipopolysaccharide
(LPS) three times (0, 6, and 24 h) by the intraper-
itoneal route were included as a technical control,
and mice receiving vehicle (0.9% saline) by the same
route were included as a vehicle control to demon-
strate that the various measurements we were mak-
ing (e.g. Rodent MAP and immune cell phenotyping)
were in fact identifying the anticipated signals from
our LPS technical control group.

Animals were monitored during the entire study for
visible signs of toxicity. Submandibular blood collec-
tion was performed before the first dose (day 1), 1 day
after the first dose (day 3), and before the animals were
killed (day 23) for complete blood count analysis
(Hematology Analyzer FORCYTE Autosampler 10;
Oxford Science, Oxford, CT, USA). Whole blood was
collected by cardiac puncture following death, and
serum was harvested upon centrifugation at 900 x g
for 10 min at 4°C for biochemical profiling (VetAce
Chemistry Analyzer; Alfa Wasserman, West Caldwell,
NJ, USA) and the Rodent MAP test.

Complete post-mortem evaluations were performed
on all mice, and body and organ (thymus, heart, lungs,

JOURNAL OF EXTRACELLULAR VESICLES @ 3

liver, spleen, kidneys, adrenals, ovaries and uterus, and
brain) weights were obtained for all mice. Portions of
spleens were harvested for immunophenotyping analy-
sis. All tissues were collected, separated into halves, and
then flash frozen and fixed in 10% neutral buffered
formalin. Following fixation, the skull, sternum, ver-
tebral column, and rear leg from each mouse were
decalcified in Decalcifier I (Surgipath Medical
Industries, Richmond, IL, USA) for 48 h. After forma-
lin fixation, all tissues were processed by routine meth-
ods and embedded in paraffin. Sections (4 pum) were
stained with hematoxylin and eosin (HE) and evaluated
by a veterinary pathologist certified by the American
College of Veterinary Pathologists.

Rodent MAP

Serum was prepared from whole blood samples col-
lected after death (as described above) following coa-
gulation of whole blood at room temperature for
30 min. A portion of each serum sample (75 pL) was
sent to Ampersand Biosciences (Saranac Lake, NY,
USA) for analysis of 42 biomarkers on the
Rodent MAP v.4.0 platform (Supplementary Table 1).

Spleen cell immunophenotyping

Splenocytes were isolated as described previously [38]
and stained with surface biomarkers conjugated with
different fluorochromes for flow cytometry immuno-
phenotyping experiments. Surface markers for these
experiments included the macrophage/monocyte/neu-
trophil marker CD11b-VioGreen; T-cell markers
CD8a-VioBlue, CD3e-PE-Vio770, and CD4-APC;
natural killer (NK) cell marker anti-NK1.1-PE; DC mar-
ker CD11¢-FITC; and B-cell marker CD19-APC-Vio770
(Miltenyi Biotech, Cambridge, MA, USA). Cell counts
were acquired on an LSR II  cytometer
(BD Immunocytometry Systems, San Jose, CA, USA).
The viable, single cell population was gated based on
forward scatter and side scatter. This cell population was
then used for further immunophenotyping analysis with
specific fluorophores, and gates were based on fluores-
cence minus one controls, including (1) minus
CD11b-VioGreen, (2) minus CD8a-VioBlue, (3) minus
CD3e-PE-Vio770, (4) minus CD4-APC, (5) minus anti-
NKI1.1-PE, (6) minus CDI11c¢c-FITC, and (7) minus
CD19-APC-Vio770. All data collection and sorting
were performed using BD FACS Diva software
(BD Biosciences, San Jose, CA, USA), and data analyses
were performed using FlowJo software (Tree Star,
Ashland, OR, USA). Fluorescence minus one control
was used for gating analyses to distinguish positively
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from negatively staining cell populations. Compensation
was performed using single colour controls.

RNA isolation and qPCR

EVs from WT or engineered HEK293T cells were
lysed for RNA isolation using the miRCURY RNA
Isolation Kit (Exiqon, Woburn, MA, USA). Frozen
tissue samples were homogenised using BeadBlaster
(MIDSCI, Valley Park, MO, USA) following three
cycles of 6 m/s for 20 s with 30 s pauses between
cycles. Total RNA was isolated using the miRNeasy
Mini Kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s protocol, and RNA integrity numbers
(RINs) were determined by the Genomics Core
Facility at The Ohio State University. miR-199a-3p
was quantified as previously described [28] using
TagMan microRNA Assays (Applied Biosystems,
Foster City, CA, USA). Data were normalised to the
reference genes 18S or U6, and the relative expression
was determined using the 272¢T method [39].

Immunohistochemistry

Liver, spleen, and pancreas samples were collected
and fixed in 10% neutral buffered formalin for HIS
protein detection by the immunohistochemistry
test. Paraffin-embedded sections of 10 um thickness
were prepared from these fixed tissue samples and
then were deparaffinised and sequentially rehy-
drated. The immunohistochemistry assay was per-
formed according to the method described by Jia
et al. [40]. Primary (rabbit anti-HIS; Cell Signaling
Technology, Danvers, MA, USA) and secondary
(goat anti-rabbit immunoglobulin G Alexa 488 anti-
body; Thermo Fisher Scientific, Waltham, MA,
USA) antibodies were diluted in blocking buffer
with concentrations recommended by the manufac-
turers. Sections stained with only secondary
antibody were used as negative controls. Images
were captured using a Zeiss Axio Imager M2.

Statistical analysis

Data were analysed by analysis of variance (ANOVA),
followed by pairwise comparisons, with the type I error
rate controlled at 0.05. SAS 9.4 statistical software was
used for data analysis (SAS, Cary, NC, USA). For
Rodent MAP data, values for parameters that were
not within the detection threshold were not included
in the statistical evaluation.

Results
EV characterisation

Details of EV characterisation data are provided in the
supplementary materials section, including (1) the
presence of CD63 and TSG101, and the absence of calreti-
culin in all isolated EVs by Western blot (Supplementary
Figure 2a); (2) Cryo-TEM of single EVs (Supplementary
Figure 2b); (3) the size distribution and number of EV's by
NTA (Supplementary Figure 3); and (4) the presence of
miR-199a-3p and 6xHIS protein in Full with 199 EVs by
qPCR and Western blot (Supplementary Figure 4).

Immunogenicity evaluation of EVs

Rodent MAP

To determine whether the injected EVs derived from
human cell lines would induce an immune response in
C57BL/6 mice, 42 cytokines were measured using the
Rodent MAP test. Mice challenged with LPS were
included as a technical control, and mice receiving
vehicle (0.9% saline or PBS with 1% DMSO) were
included as negative controls. The results indicated
that three injections of LPS elevated the levels of inter-
leukin-18 (IL-18), IL-5, interferon-y-inducible protein-
10 (IP-10), monocyte chemoattractant protein-1
(MCP-1), macrophage-derived chemokine (MDC),
macrophage inflammatory protein-1f (MIP-1p), IL-
12p40, tissue inhibitor of metalloproteinases-1
(TIMP-1), IL-6, IL-10, plasminogen activator inhibi-
tor-1 (PAI-1), and keratinocyte chemoattractant/
growth-regulated oncogene (KC/GRO) compared to
saline control (Supplementary Figure 5), which is
consistent with the results reported by Jaeger et al.
[41]. No significant differences were observed among
the five groups (PBS, WT, Empty, Full no 199, and Full
with 199) for all 23 antigens that were within detectable
ranges, although individual comparisons with the PBS
control group did reveal significant differences
(p < 0.05) for IP-10, MDC, MIP-1f, and vascular cell
adhesion molecule-1 (VCAM-1) markers (Table 1)

Spleen cell immunophenotyping

The spleen is the largest lymphoid organ. It plays a critical
role in immune responses, and splenocytes are good
indicators for initial immunotoxicity screening [42]. To
investigate whether EV's would affect the spleen immune
cell composition, splenocytes were isolated and the
viability was greater than 90% for all the samples. The
isolated cells were then stained with surface biomarkers
conjugated with different fluorochromes for flow cyto-
metry immunophenotyping experiments. As shown in
Figure 1(a, b), there was up-regulation of B-cell surface
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Table 1. Cytokine measurement summary for animals treated with extracellular vesicles (n = 10).

Marker PBS WT Empty Full no 199 Full with 199
IL-5 (pg/mL) 155+ 6.5 222 £ 135 265 £ 12,0 16.0 £ 11.8 247 £ 165
Insulin (mUI/mL) 1354 + 494 111.0 £ 514 144.4 + 66.7 1129 + 435 1299 + 347
IP-10 (pg/mL) 39.3 £ 121 352 +£89 459 =99 33.7 £ 7.4% 30.1 £ 7.9%
MCP-1 (pg/mL) 172.8 £ 333 188.9 + 49.6 159.2 + 53.6 156.0 = 71.3 179.2 = 60.0
MDC (pg/mL) 1745 + 62.8 1719 £ 57.0 173.8 +70.8 121.2 + 31.5* 129.8 + 33.0%
MIP-1B (pg/mL) 172 £35 18.0 £ 3.7 16.6 + 3.6 14.0 + 3.0% 133 + 1.7%
SCF (pg/mL) 524 £ 157 544 £ 13.0 55.6 £ 20.9 476 = 3.6 49.8 £ 10.0
VEGF-A (pg/mL) 13.7 £ 29 140 + 2.6 13.7 £ 36 123+ 1.7 125+ 2.1
CCL6 (ng/mL) 105 = 2.6 94 + 33 120 £ 2.0 95+ 18 10.1 £ 1.2
GCP-2 (ng/mL) 11.7 £ 40 121 £ 46 145 + 2.0 125+ 25 148 + 43
Eotaxin (pg/mL) 2029 + 528 1703 = 745 1571 + 448 1726 + 738 1864 = 491
IL-6 (pg/mL) 15.8 = 20.1 26.1 = 32.1 18.1 + 15.8 142 £ 83 232 £ 176
MIP-Ta (pg/mL) 226.8 £ 106.2 2903 £ 121.8 2395 £+ 164.7 143.0° 166.6 = 57.6
RAGE (ng/mL) 227 £ 243 2.66 = 1.94 2.04+£1.18 325+ 139 339 £3.25
TIMP-1 (ng/mL) 236 £ 0.99 2.03 £ 0.74 1.47 = 0.92 141 = 0.64 1.88 £ 0.85
CRP (ug/mL) 8.71 £ 1.68 9.29 + 1.48 6.64 £ 1.29 7.63 + 091 7.77 £ 0.98
M-CSF-1 (ng/mL) 1.12 £ 0.34 0.98 £ 0.16 0.92 £ 0.17 0.94 £ 0.11 092 +£0.18
MIP-1y (ng/mL) 244 +£53 219 + 46 21.7 £ 43 205 =37 20.7 £ 3.0
MMP-9 (ng/mL) 126.5 = 84.1 110.2 = 554 105.7 = 415 93.8 £ 52.7 181.3 = 1521
PAI-1 (ng/mL) 4.93 + 1.65 543 +1.57 383+ 176 4.20 + 1.66 5.88 + 231
SAP (ug/mL) 183.6 £+ 36.2 194.2 + 33.6 148.2 + 22.1 161.9 = 23.7 164.2 £ 193
VCAM-1 (ng/mL) 1692 + 582 1468 + 159 1349 + 285* 1343 + 97* 1384 + 145*
KC/GRO (pg/mL) 99.9 + 86.6 208.3 £ 211.0 130.0 = 1189 92.6 £ 90.4 1115 = 83.7

Data are shown as mean =+ SD. SD is not available owing to the limited data available.

PBS, phosphate-buffered saline control; WT, wild-type HEK293T cells; Empty, HEK293T cells transfected with empty vector; Full no 199, full chimeric construct
without miR-199a-3p; Full with 199, full construct with miR-199a-3p; IL, interleukin; IP, interferon-y-inducible protein; MCP, monocyte chemoattractant
protein; MDC, macrophage-derived chemokine; MIP, macrophage inflammatory protein; SCF, stem cell factor; VEGF, vascular endothelial growth factor;
CCL, chemokine ligand; GCP, granulocyte chemotactic protein; RAGE, receptor for advanced glycation endproducts; TIMP, tissue inhibitor of metallopro-
teinases; CRP, C-reactive protein; M-CSF, macrophage colony-stimulating factor; MMP, matrix metalloproteinase; PAI, plasminogen activator inhibitor; SAP,
serum amyloid P component; VCAM, vascular cell adhesion molecule; KC/GRO, keratinocyte chemoattractant/growth-regulated oncogene.

*p < 0.05 compared to PBS control.

marker CD19 expression in the LPS-positive control
group compared to vehicle control. The percentage of
B-cell population in the LPS and vehicle control groups
was 70.2% and 50.9%, respectively (Figure 1c), suggesting
that LPS could induce splenic B-cell proliferation in vivo.
However, no significant differences were found between
the five groups (PBS, WT, Empty, Full no 199, and Full
with 199) for any of the tested immune cell populations,
indicating that EV treatment did not affect the spleen
immune cell composition (p > 0.05) (Figure 1d).

General toxicity evaluation

Clinical findings and body weight changes

All 50 mice from the five treatment groups (PBS, WT,
Empty, Full no 199, and Full with 199) survived
throughout the experimental period, and no animals
showed any visible signs of abnormality or behavioural
changes. The increase in body weight was normal, and
no statistical differences in body weight were observed
between the five groups (Table 2).

Haematology and blood chemistry

EV treatment had little effect on the red blood cell,
white blood cell, platelet, neutrophil, lymphocyte, and
monocyte counts, or on the haematocrit and haemoglo-
bin levels, although there was a significant increase in

the percentage of neutrophils for mice in the WT,
Empty, and Full groups compared with the PBS control
group on day 23 (Table 3). Blood chemistry measure-
ments including albumin, alkaline phosphatase, alanine
transaminase, aspartate aminotransferase, blood urea
nitrogen, calcium, cholesterol, creatinine, globulin, glu-
cose, and phosphorus are provided in Table 4. No sig-
nificant difference was observed for any of the tested
markers when all five groups were included in the
ANOVA.

Gross necropsy and histopathology findings

There were no significant changes in absolute and relative
organ weights (data not shown). No gross lesions
were identified, including any attributed to EV treatment.
Histopathological examination did not reveal any signifi-
cant abnormalities or treatment-related changes in the full
tissue sets examined from mice in any of the treatment
groups. Representative photomicrographs of kidney, liver,
and spleen from the control and EV treatment groups
depict normal histological features (Supplementary
Figure 6). All mice in all groups had varying degrees of
irregular cytoplasmic vacuolisation of hepatocytes with
centralisation of nuclei, consistent with glycogen accumu-
lation (Supplementary Figure 7). Mice were not fasted
before being killed, and glycogen levels vary depending
on the physiological state of the animal. Virtually all mice
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Figure 1. Measurements of different cell populations in spleen cells by flow cytometry using appropriate surface markers
conjugated with different fluorochromes. Fluorescence signal of T-cell surface marker CD3e conjugated with PE-Vio770 (P1 =T
cells) and B-cell surface marker CD19 conjugated with APC-Vio770 (P2 = B cells) on the cells from mice receiving (a) vehicle control
or (b) lipopolysaccharide (LPS). The percentage of each cell population in mice (c) 24 h after LPS treatment (three doses, n = 4) or
(d) 3 weeks after treatment with extracellular vesicles (10 doses, n = 10). Bars and error bars denote the mean and standard
deviation, respectively, of experimental groups. PBS, phosphate-buffered saline; WT, wild-type HEK293T cells. *p < 0.05.

Table 2. Summary of mouse body weights (n = 10).
Body weight (g)

Group Day 1 Day 23

PBS 183 + 0.7 19.5 + 1.0
WT 184 + 0.8 193 £ 0.7
Empty 184 + 0.6 19.7 £ 1.1
Full no 199 185 + 0.8 19.5 + 0.9
Full with 199 18.6 + 0.8 19.3 + 0.6

Data are shown as mean + SD.

PBS, phosphate-buffered saline control; WT, wild-type HEK293T cells;
Empty, HEK293T cells transfected with empty vector; Full no 199, full
chimeric construct without miR-199a-3p; Full with 199, full construct with
miR-199a-3p.

in all groups also had rare foci of cellular infiltrates ran-
domly distributed in the liver. These infiltrates were typi-
cally characterised by necrosis of individual hepatocytes
associated with very few inflammatory cells, including

neutrophils, lymphocytes, and histiocytes
(Supplementary Figure 7). The small number and size of
these foci in the liver did not result in altered liver weights
or elevations of serum liver enzymes, and therefore were
not considered to be clinically significant. Foci of extra-
medullary haematopoiesis were also occasionally noted in
the liver (not shown). Other findings were not indicative
of pathology and/or were considered common back-
ground lesions in C57BL/6 mice.

Evaluation of EVs in tissues

6xHIS protein detection by immunohistochemistry
To investigate the in vivo distribution of the EVs,
tissue samples from liver, spleen, and pancreas were
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Table 3. Haematology summary for test animals on day 23 (n = 10).

Parameter PBS WT Empty Full no 199 Full with 199
RBC 10.28 £ 0.43 10.12 = 0.38 10.31 £ 0.33 10.00 + 0.42 10.13 = 0.19
HCT 46.02 = 1.57 4499 + 1.89 46.23 + 1.17 4458 + 1.62 4478 + 0.71
HB 15.01 = 0.49 14.78 = 0.33 15.19 = 0.40 14.67 £ 0.39 14.93 = 0.37
WBC 535+ 1.08 5.62 £ 0.98 4.50 = 1.30 542 £ 1.10 5.04 £ 1.44
NE 0.93 £ 0.22 1.16 = 0.29 0.99 + 0.41 1.09 £ 033 1.14 £ 0.35
LY 418 + 093 421 +0.74 331+ 093 4.07 = 0.80 3.64 = 1.05
MO 0.22 £+ 0.07 0.22 £ 0.05 0.18 + 0.08 0.23 £+ 0.06 0.23 £ 0.08
NE% 17.58 + 337 20.57 + 2.88* 21.58 + 4.83* 19.84 + 3.22 22.51 + 2.64*
LY% 7791 £ 3.20 7493 + 2.95 73.62 + 497 7534 £ 437 7242 + 278
MO% 411 + 094 4.01 = 0.67 4.00 = 1.31 4.16 + 0.70 459 = 1.06
PLT 682.6 + 86.6 663.7 £ 94.5 592.1 £ 1749 689.6 + 86.7 696.7 £ 67.1

Data are shown as mean + SD.

PBS, phosphate-buffered saline control; WT, wild-type HEK293T cells; Empty, HEK293T cells transfected with empty vector; Full no 199, full chimeric construct
without miR-199a-3p; Full with 199, full construct with miR-199a-3p; RBC, red blood cell count; HCT, haematocrit; HB, haemoglobin; WBC, white blood cell
count; NE, neutrophil count; LY, lymphocyte count; MO, monocyte count; PLT, platelet.

*p < 0.05.

Table 4. Blood chemistry summary for test animals (n = 10).

Parameter PBS WT Empty Full no 199 Full with 199
ALB (g/dL) 34 +£0.2 33+£02 34 +0.2 34 +£0.1 34 +£0.2
ALP (U/L) 1385 + 13.7 1425 £ 17.0 1476 = 17.7 1443 + 19.6 1294 + 243
ALT (U/L) 58.0 + 284 47.2 £ 9.1 49.0 £ 11.9 39.4 £10.2 444 + 143
AST (U/L) 143.4 + 46.7 1289 + 61.6 137.6 £ 55.8 1484 + 71.7 140.1 + 52.8
BUN (mg/dL) 204 £ 2.3 226 £ 38 241 £ 48 23.0 £ 42 21.0 £ 3.5
CA (mg/dL) 10.7 £ 2.0 10.7 £ 0.7 1.0+ 03 109 £ 04 11.0 £ 0.5
CHOL (mg/dL) 89.3 £ 88 80.9 + 8.1 847 £7.2 90.2 £ 10.2 90.2 £ 6.6
CREAT (mg/dL) 0.3 + 0.05 0.2 + 0.09 0.3 £ 0.04 0.2 + 0.06 0.3 +0.04
GLOB (U/L) 25 +0.2 24 0.1 25+04 25+0.2 25+ 0.1
GLU (mg/dL) 256.2 + 60.2 251.1 £37.9 2527 + 273 2452 + 324 229.6 + 35.5
PHOS (mg/dL) 115+18 10.7 £ 2.1 104 =13 1M0£15 123 £13
TBILI (mg/dL) 0.3 +0.08 0.3 +0.08 0.3 £ 0.07 0.3 £ 0.09 0.3 +0.09
TPROT (g/dL) 59 03 58 £ 0.3 5906 59+ 03 6.0 £0.2
TRIG (mg/dL) 884 + 185 854 £ 119 883 £ 159 752 + 8.2 79.7 £ 22.8

Data are shown as mean + SD.

PBS, phosphate-buffered saline control; WT, wild-type HEK293T cells; Empty, HEK293T cells transfected with empty vector; Full no 199, full chimeric construct
without miR-199a-3p; Full with 199, full construct with miR-199a-3p; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; CA, calcium; CHOL, cholesterol; CREAT, creatinine; GLOB, globulin; GLU, glucose; PHOS, phosphorus; TBILI,

total bilirubin; TPROT, total protein; TRIG, triglycerides.

collected from PBS control and Full with 199
groups. Tissue were evaluated for the 6xHIS tag
protein detection by immunohistochemistry, given
the high expression of 6xHIS in the engineered EVs
(Supplementary Figure 4b). Expression of 6xHIS
protein was present in pancreas from mice receiving
Full with 199 EVs (Figure 2). However, no signal
was observed in liver or spleen from the same mice,
compared to the negative controls (data not shown).

miR-199a-3p quantification by qPCR

To track the disposition of therapeutic EVs, we isolated
total RNA from pancreas and liver samples from mice
receiving Full with 199 EVs for miR-199a-3p quantifica-
tion. The RIN for pancreas was too low for qPCR
(range 1.0-2.0), but the range for RIN in all liver samples
was 7.3-8.7 and these samples were therefore analysed in
gPCR. Liver threshold cycle (C,) values from each sample
are presented in Table 5. No significant differences were
observed in the livers from the mice receiving Full with 199
EVs compared to the mice receiving PBS (Table 5). Pre-

miR-199a-3p was also quantified by qPCR, considering
that this part of the RNA contains the modified TAR region
and is not present in the mice. C, values for all the liver
samples tested were undetermined, indicating a very low
level or an absence of pre-miR-199a-3p.

Discussion

EVs have received increasing interest as therapeutics
and as drug carriers. Although their biology is already
extensively known, EVs comprise heterogeneous com-
ponents and may interact with the immune system,
causing immunostimulatory or immunosuppressive
and potentially toxic effects based on the nature of
the donor cells [1,43] and species into which the EVs
are being introduced. Therefore, it is crucial to eluci-
date the immunogenic potential of EVs as they are
being tested in preclinical animal models and ulti-
mately in humans.

In this study, we investigated the potential of
HEK293T-derived EVs, both WT and engineered, to



8 (&) X.ZHUETAL

Table 5. Threshold cycle (Cy) values of mature miR-199a-3p in
liver tissue samples.

Group Sample ID miR-199a-3p U6
PBS Al 26.4 141
A2 26.4 14.5
A3 264 14.1
A4 26.5 13.8
Full with 199 E1 26.5 14.2
E2 26.3 14.2
E3 26.6 14.5
E4 26.7 14.7

PBS, phosphate-buffered saline control; Full with 199, full construct with
miR-199a-3p.

induce toxicity or to elicit an immune response in
C57BL/6 mice. The HEK293T cell line is an immorta-
lised line derived from human embryonic kidney,
although its phenotype and molecular characteristics
are not typical of renal cells [44]. While it is a non-
cancer cell line, HEK293 cells have been demonstrated
to grow in immune-compromised mice in vivo to form
subcutaneous tumours [45]. Furthermore, Li et al.
characterised HEK293T-derived EVs by profiling the
protein, mRNA, and miRNA components, and they
identified some potentially immunogenic molecules at
both RNA and protein levels [30]. Therefore, concern
has been raised as to whether or not this cell line is safe
as a source of therapeutic EVs.

Our results indicate that both WT and engineered
EVs obtained from HEK293T cells were overall benign
in terms of immune response and toxicity in mice
receiving 10 total doses of EVs (8.5 ug protein per
dose) over 3 weeks, as no statistically significant differ-
ences were observed in any of the markers when eval-
uated across PBS control and the four EV treatment
groups. The LPS-positive control group resulted in up-
regulation of B-cell surface biomarker CD19 and
increased the percentage of the spleen B-cell popula-
tion (Figure 2), which is in line with earlier findings
[46,47]. Similarly, no significant differences were
observed among the five groups for all 23 detectable

50 pm

cytokines (Table 1). However, levels for three of the
cytokines tested (IP-10, MDC, and MIP-1f) were sig-
nificantly lower in the Full no 199 and Full with 199
groups compared to the PBS group, and a fourth cyto-
kine, VCAM-1, was significantly lower in these two
groups plus the group dosed with Empty vesicles
(EVs obtained from HEK293T cells stably transfected
with empty vector). Although WT EVs did not appear
to induce any changes in cytokines, the few cytokines
that were altered in mice dosed with engineered EVs
could suggest that some engineered component, such
as the chimeric protein, may have been detected by the
mouse’s immune system. Overall, these data suggest
very limited, if any, immune response of C57BL/6
mice to WT or engineered EVs from HEK293T cells.
Regarding general toxicity, the repeated administra-
tion of EVs in mice did not elicit visual signs of toxicity,
and no statistical differences in body weight were
observed between the five groups (Table 2). The results
of complete blood count and blood chemistry panels
indicated no significant differenced between the five
groups for any of the tested markers (Tables 3 and 4),
suggesting no significant effects on haematological and
biochemical parameters when evaluated across the five
groups. Notably in the haematology analysis, we
observed that the WT, Empty and Full with 199 treat-
ment groups demonstrated statistically different
(increased) percentage of neutrophils (NE%) compared
to the PBS control group in pairwise comparisons,
although differences were not present when all treat-
ment groups were included in the ANOVA across all
groups, nor were statistical differences found in the
absolute neutrophil counts (see Table 3). The histo-
pathological examination of tissues/organs was
performed, and no significant gross/histopathological
changes were present in the evaluated organs (thymus,
heart, lungs, liver, spleen, kidneys, adrenals, ovaries and
uterus, and brain), indicating the absence of observable
toxicity in the organs (Supplementary Figures 6 and 7).

-
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Figure 2. HIS protein detection in pancreas by immunohistochemistry: (a) phosphate-buffered saline control; (b) full construct with
miR-199a-3p (Full with 199) extracellular vesicle (EV) treatment group. HIS protein was expressed and detected in the Full with 199

EVs (arrows).



While our study was not specifically designed to
track the biodistribution of EVs in mice, we looked
for evidence of EV distribution into liver, pancreas, and
spleen. We did attempt to follow the biodistribution of
the EVs with real-time qPCR focusing on the miR-199
cargo, and we were unable to locate this cargo, which
was probably a result of the relatively high background
of miR-199 in mouse tissues and the relatively small
quantities of cargo being delivered. We also were not
able to detect the presence of the 6xHIS tag in liver,
although our results do suggest that 6xHIS is present in
the pancreas of mice dosed with Full with 199 EVs. It is
unclear why we would be able to detect the presence of
EVs in pancreas and not in liver, especially since the
liver is believed to be a natural scavenger of circulating
EVs [48] and since others have demonstrated delivery
of HEK293T-derived EVs to the livers of rodents [31].
This may be a function of the timing of tissue collec-
tion after the last dose of EVs (24 h after the last
intraperitoneal dose and 1 week after the last intrave-
nous dose) and the relative stability of EVs and 6xHIS
in liver compared to pancreas. It is also possible that
our engineered EVs are not absorbed by the liver to the
extent that other EVs have been demonstrated to be
absorbed in liver. Wiklander et al. reported that the EV
distribution pattern is influenced by the route of
administration [31]. In that study, the authors dosed
mice with HEK293T-derived EVs by intravenous,
intraperitoneal, and subcutaneous routes, and they
observed the highest accumulation of EVs in liver,
followed by spleen and pancreas after intravenous
injection of EVs, but lower EV accumulation in the
liver and increased accumulation in the pancreas
following intraperitoneal or subcutaneous injection of
EVs [31]. Thus, another plausible explanation for our
ability to detect EVs in pancreas and not in liver is the
frequency of IP dosing within our study.

With respect to the mouse strain used, we chose the
C57BL/6 strain of mice because of its wide use for
preclinical drug testing and immunology studies [49-
51]. At the time these studies were designed and con-
ducted, the dosage of EVs in reported studies had
ranged from 1 to 250 ug per injection, and the dosing
schedules had varied from one single dose to repeated
doses given every other day for 3 weeks [1,35,52-54].
In our study, 8.5 pg (based on protein) of HEK293T-
derived EVs were injected in mice three times per week
for 3 weeks to provide a total dose of 85 pug protein (see
Supplementary Figure 1). While the data suggest that
HEK293T cell-derived EVs do not induce an appreci-
able immune response or toxicity in C57BL/6 mice at
the dose level tested, this is only a first look, and several
questions remain to be addressed. For example, would
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higher doses or a longer dosing period produce the
same results? What about EVs derived from different
cell types? Would human cell-derived EVs be immu-
nogenic or toxic in other mouse strains or in other
animal species? While we did not see strong evidence
of an immune response based on splenic immune cell
populations or circulating cytokine levels, and it is
therefore unlikely that immune cell activation is taking
place or that anti-drug antibodies are being produced,
this should be addressed across multiple studies by
investigators utilising different cell types, different
dose regimens, and different animal models.
Furthermore, it will be important to identify EV-
related positive controls that can be used to generate
immune responses and toxicities for direct comparison,
as our study lacked this type of control. Nonetheless,
we hope that the thorough approach taken in our study
will provide other investigators with a framework in
which to evaluate the immunogenicity and toxicity of
their EVs as they work to develop therapeutic EVs in
various disease models.

Conclusions

In summary, our results showed that EVs derived from
WT and engineered HEK293T cells and dosed at 8.5 ug
protein per dose over a 3 week period did not induce
either toxicity or an appreciable immune response in
immune-competent C57BL/6 mice. Although there
have been a few studies published recently investigating
the immune response of human EVs in animal models
[44,55], this study represents one of the most thorough
and extensive investigations into the immunogenicity
and toxicity of human cell-derived EVs in mice. These
findings highlight the potential application of EVs as
drug carriers and will contribute to the various efforts
to develop safe EV-based drug-delivery systems.
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