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Exosomes are nanosized membranous vesicles secreted by a
variety of cells. Due to their unique and pharmacologically
important properties, cell-derived exosome nanoparticles
have drawn significant interest for drug development. By
genetically modifying exosomes with two distinct types of sur-
face-displayed monoclonal antibodies, we have developed an
exosome platform termed synthetic multivalent antibodies
retargeted exosome (SMART-Exo) for controlling cellular im-
munity. Here, we apply this approach to human epidermal
growth factor receptor 2 (HER2)-expressing breast cancer
by engineering exosomes through genetic display of both
anti-human CD3 and anti-human HER2 antibodies, resulting
in SMART-Exos dually targeting T cell CD3 and breast can-
cer-associated HER2 receptors. By redirecting and activating
cytotoxic T cells toward attacking HER2-expressing breast can-
cer cells, the designed SMART-Exos exhibited highly potent
and specific anti-tumor activity both in vitro and in vivo.
This work demonstrates preclinical feasibility of utilizing
endogenous exosomes for targeted breast cancer immuno-
therapy and the SMART-Exos as a broadly applicable platform
technology for the development of next-generation immuno-
nanomedicines.
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INTRODUCTION
Exosomes are phospholipid bilayer membranous vesicles secreted
by various types of cells. By serving as nanocarriers of nucleic
acids, proteins, and lipids, endogenous exosomes are known to
play important roles in mediating intercellular communications
through fusions with recipient cells, transfer of membrane recep-
tors, and/or direct stimulations by surface receptor interac-
tions.1–6 In contrast with conventional nanoparticles, naturally
occurring exosomes are characterized by abundant membrane pro-
teins, high biocompatibility, and low immunogenicity, conferring
unique and important properties for therapeutic development.
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For instance, tetraspanin CD9 abundantly expressed in exosomes
can facilitate rapid membrane fusion with target cells, which en-
ables direct cytosolic delivery of endogenous and exogenous ther-
apeutic agents.7 Moreover, exosomal surface CD47 can protect
exosomes from phagocytosis by the mononuclear phagocyte sys-
tem.8 Clinically, human cell-derived exosomes are unlikely to
have immunogenicity issues encountered by viral and synthetic
nanocarriers.7

By leveraging these valuable characteristics, endogenously derived
exosomes have been increasingly utilized for the delivery of various
types of cargos.9–17 A number of preclinical and clinical studies
demonstrate promising efficacy and safety for exosome-based thera-
peutics in the treatment of many human diseases, including cancer,
immune disorders, ischemic diseases, liver diseases, and neurodegen-
erative diseases.9,13,15,18–22 Given their therapeutic potential,
exosomes have drawn significantly growing interest for nanomedi-
cine development. Recently, we reported the development of an exo-
some platform named synthetic multivalent antibodies retargeted
exosome (SMART-Exo) that functions as an artificial modulator of
cellular immunity to redirect immune effector cells and control their
immunoreactivity.23 By genetically displaying two types of mono-
clonal antibodies on exosome surfaces, which are specific for human
CD3 and epidermal growth factor receptor (EGFR), SMART-Exos
simultaneously recognizing T cell surface CD3 and cancer cell-asso-
ciated EGFR were generated and demonstrated to elicit highly potent
in vitro and in vivo anti-cancer immunity in a controlled and directed
fashion.
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Figure 1. Schematic Representation of the Design

and Application of aCD3-aHER2 SMART-Exos as a

Targeted Breast Cancer Immunotherapy
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Herein, to explore the generality of this platform, we apply this
approach to human epidermal growth factor receptor 2 (HER2)-ex-
pressing breast cancer, which accounts for 25%–30% of the most
commonly diagnosed cancers among women worldwide.24 We ratio-
nally designed an innovative class of SMART-Exos (Figure 1), which
feature genetically encoded anti-human CD3 and anti-human HER2
antibodies on the exosome surface. The resulting SMART-Exos
dually targeting T cell CD3 and HER2 receptors were shown to not
only recruit human T cells to HER2-positive breast cancer cells but
also induce highly potent and specific killing of HER2-expressing
breast cancer cells in the presence of non-activated human peripheral
blood mononuclear cells (PBMCs). Importantly, in vivo studies using
mouse xenograft models indicate excellent anti-tumor activities for
the SMART-Exos. This study provides a SMART-Exos-based strategy
for targeted immunotherapy of HER2-positive breast cancer and
demonstrates SMART-Exos as a broadly applicable platform for the
development of cell-free therapies.

RESULTS
Design, Generation, and Characterization of SMART-Exos

We envisioned that by targeting T cell CD3 and HER2, which is
frequently overexpressed in human breast cancers,25 the designed
SMART-Exos may induce strong immune responses against HER2-
positive breast cancer through redirecting and activating endogenous
cytotoxic effector cells toward attacking tumor cells overexpressing
HER2 receptor. To this end, we utilized the human platelet-derived
growth factor receptor (PDGFR) transmembrane domain (TMD) as
a fusion partner for genetic display of functional monoclonal anti-
bodies on the exosomal surface. The TMD of PDGFR has been widely
used to express functional proteins on mammalian cell surfaces and
was also used to display functional proteins on exosome sur-
faces.13,26–28 To ensure co-expression of aCD3 and aHER2 anti-
bodies on the same exosome nanoparticles and minimize decreased
Molec
binding affinity resulting from potential steric
hindrance between two antibody scaffolds, we
fused single polypeptide encoding in-tandem
single-chain variable fragments (scFvs) against
human CD3 and HER2 receptors with the
PDGFR TMD. A flexible (GGGGS)3 linker
was inserted between two scFv antibodies.
Because the orientation of individual scFvs
may affect physicochemical and biological
properties of the designed SMART-Exos, an
anti-human CD3 UCHT1 scFv antibody was
placed at the N or C terminus of the anti-human
HER2 trastuzumab scFv, resulting in the aCD3-
aHER2 and aHER2-aCD3 SMART-Exos (Fig-
ures 1 and S1).29 aCD3 and aHER2 SMART-
Exos were also generated as controls by sepa-
rately fusing the respective scFv antibodies with the PDGFR TMD
(Figure S1). Each fusion construct included an N-terminal
hemagglutinin (HA) epitope tag.

Following transfection of Expi293 cells with the generated expression
constructs, secreted SMART-Exos in the chemically defined culture
media without fetal bovine serum (FBS) were purified through differ-
ential centrifugation and ultracentrifugation.30,31 As a widely used
method for isolation of extracellular vesicles, the differential ultracen-
trifugation usually results in intermediate recovery with intermediate
purity.13,32,33 The overall yields for the expressed SMART-Exos were
approximately 74 mg (5.4 � 109 particles) per 30 mL transfected cell
culture. Immunoblot analysis showed expression of antibody-PDGFR
TMD fusion proteins, as well as exosomal markers (CD9, CD81, and
CD63) (Figure 2A). The binding of SMART-Exos to plate-coated hu-
man HER2-Fc was examined by enzyme-linked immunosorbent
assay (ELISA) (Figures 2B and S2). No binding to HER2 was detected
for aCD3 SMART-Exos. The aHER2 SMART-Exos showed the tight-
est binding to HER2, followed by aCD3-aHER2 SMART-Exos and
aHER2-aCD3 SMART-Exos. This result was further confirmed by
flow cytometric analysis with HER2-positive cell lines (Figure 2C).
Furthermore, flow cytometric analysis revealed tight binding of the
aCD3-aHER2 and aHER2-aCD3 SMART-Exos to both the CD3+

and HER2+ cell lines (Figures 2C and S3) and little binding to
MDA-MB-468 cells (CD3� HER2�) (Figures S3 and S4), demon-
strating functional display of dual scFv antibodies on exosome surface
for targeting both CD3- and HER2-expressing cells. Consistent with
ELISA results, the aCD3-aHER2 SMART-Exos displayed higher
binding affinity to both the CD3+ and HER2+ cell lines in comparison
with the aHER2-aCD3 SMART-Exos and were thus chosen for
further in vitro and in vivo evaluation. Nanoparticle tracking analysis
(NTA) of aCD3-aHER2 SMART-Exos showed a size distribution
peaking at 109 nm in diameter, consistent with previous studies
ular Therapy Vol. 28 No 2 February 2020 537
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Figure 2. In Vitro Characterization of the SMART-Exos

(A) Immunoblot analysis of the SMART-Exos. (B) ELISA analysis of binding of the SMART-Exos to human HER2. Human HER2-Fc (0.5 mg/mL) was coated on plates overnight

for ELISA analysis. Data are shown asmean ±SD of duplicates. (C) Flow cytometry analysis of the binding of the SMART-Exos to SK-BR-3 (HER2+ CD3�), HCC 1954 (HER2+

CD3�), and Jurkat (HER2� CD3+) cells. (D) Size distribution of the aCD3-aHER2 SMART-Exos. (E) TEM image of the aCD3-aHER2 SMART-Exos showing immunogold

labeling of surface HA tags. Arrows indicate gold particles. Scale bars: 100 nm. (F) Confocal microscopy of the crosslinking of (left panel) SK-BR-3 (red) and Jurkat cells

(green), (middle panel) HCC 1954 (red) and Jurkat cells (green), and (right panel) MDA-MB-468 (red) and Jurkat cells (green) mediated by the aCD3-aHER2 SMART-Exos.

PBS and a mixture (1:1) of aCD3 and aHER2 SMART-Exos were included as controls. Scale bars: 50 mm. (G) Quantitative analysis of confocal microscopy of cell-cell

crosslinking induced by SMART-Exos. Based on fluorescence color, cell numbers of each cell line were counted to calculate cell number ratios (Jurkat cell/target breast

cancer cell) for each treatment group. Data are shown as mean ± SD (n = 5). ****p < 0.0001; nsp > 0.05. ns, not significant.
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(Figure 2D).8,9,34,35 Transmission electron microscopy (TEM) anal-
ysis of aCD3-aHER2 SMART-Exos immunogold stained with anti-
HA antibody confirmed the surface expression of antibody-PDGFR
TMD fusion proteins (Figures 2E and S5). To examine whether
aCD3-aHER2 SMART-Exos could recruit T cells toward HER2-ex-
pressing cancer cells, we analyzed SMART-Exos-mediated cell-cell
538 Molecular Therapy Vol. 28 No 2 February 2020
interactions by confocal microscopy. The presence of aCD3-aHER2
SMART-Exos resulted in significant crosslinking (p < 0.0001; Figures
2F and 2G) of Jurkat and SK-BR-3 cells (HER2 3+) and Jurkat and
HCC 1954 (HER2 2+) cells, but no crosslinking of Jurkat and MDA-
MB-468 (HER2 0) cells.36 In contrast, few Jurkat cells were bound to
these breast cancer cells in the presence of a mixture of aCD3 and
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aHER2 SMART-Exos or in the presence of native exosomes (Figures
2F, 2G, and S6). In addition to cell-cell crosslinking induced by
aCD3-aHER2 SMART-Exos, confocal microscopic analysis revealed
cellular uptake of the PKH67-labeled aCD3-aHER2 SMART-Exos
by both Jurkat andHCC 1954 cells (Figure S7). These data demonstrate
cell-cell interactions induced by aCD3-aHER2 SMART-Exos and
suggest possible therapeutic cargo delivery by SMART-Exos to target
cells.

In Vitro Cytotoxicity of SMART-Exos

We next performed in vitro cytotoxicity assays using human PBMCs
(effector cells) and HER2+ breast cancer cell lines (target cells). In the
presence of non-activated human PBMCs, the aCD3-aHER2
SMART-Exos resulted in potent and specific killing of SK-BR-3 cells
(HER2 3+) with an EC50 = 0.85 ± 0.23 ng/mL and exhibited no cyto-
toxicity for the MDA-MB-468 cells (HER2 0) (Figure 3A). Minimal
killing effects were observed for the mixtures of aCD3 and aHER2
SMART-Exos on either cell type. In addition to SK-BR-3 (HER2
3+) cells, the aCD3-aHER2 SMART-Exos showed potent cytotox-
icity for HCC 1954 (HER2 2+) with a half maximal effective concen-
tration (EC50) of 50.20 ± 7.67 ng/mL (Figure 3B), indicating that the
observed cytotoxicities of the aCD3-aHER2 SMART-Exos for
different breast cancer cell lines correlate with their HER2 expression
levels. In addition to the different levels of HER2 expression on breast
cancer cell surface, the observed significant difference in cytotoxicity
for SK-BR-3 and HCC 1954 cells could result from their differed
sensitivity to immune attack. Using human PBMCs from five
different healthy donors, aCD3-aHER2 SMART-Exos showed
consistent efficacy in killing HCC 1954 cells (Figure S8). These results
demonstrate excellent potency and specificity of the aCD3-aHER2
SMART-Exos for inducing HER2+ cancer cell-specific immune
response. In addition, native exosomes displayed no cytotoxicity for
HCC 1954 and MDA-MB-468 cells (Figure S9A).

To confirm that the observed cytotoxicities induced by aCD3-aHER2
SMART-Exos are dependent on human CD3+ T cells, we examined
cytotoxicities of aCD3-aHER2 SMART-Exos for breast cancer cells
in the absence of human PBMCs or presence of CD3/CD4/CD8-
depleted human PBMCs. It was shown that in the absence of human
PBMCs, aCD3-aHER2 SMART-Exos have little effect on the viabil-
ities of HCC 1954 and MDA-MB-468 cells at concentrations up to
1 mg/mL (Figure 3C). In contrast with their potent cytotoxicity against
HCC 1954 cells in the presence of human PBMCs, aCD3-aHER2
SMART-Exos resulted in minimal cytotoxicity for those breast cancer
cells at concentrations as high as 10 mg/mL in the presence CD3-
depleted human PBMCs (Figures 3D and 3E). Furthermore, in vitro
cytotoxicity assays for aCD3-aHER2 SMART-Exos with CD4- and/
or CD8-depleted PBMCs as effector cells revealed significantly
increased viabilities of target breast cancer cells relative to ones
with non-depleted PBMCs (Figures 3F and 3G). These results indi-
cated that aCD3-aHER2 SMART-Exos cause only minimal effects
on the growth of breast cancer cells, and CD3+ T cells are required
for the aCD3-aHER2 SMART-Exos-mediated cytotoxicity against
HER2-expressing breast cancer cells.
SMART-Exos-Mediated T Cell Activation

In vitro T cell activation was then evaluated for aCD3-aHER2
SMART-Exos on the basis of T cell surface activation markers
CD69 and CD25 and secreted interferon (IFN)-g and granzyme B.
Robust T cell activation was observed only in the presence of both
HCC 1954 (HER2+) cells and aCD3-aHER2 SMART-Exos (Figures
4A–4D). Elevated granzyme B secretion indicated aCD3-aHER2
SMART-Exos-mediated engagement and activation of cytotoxic
T cells toward HER2-positive target cells (Figure 4D). In the absence
of HER2+ breast cancer cells or presence of MDA-MB-468 (HER2�)
cells, the aCD3-aHER2 SMART-Exos resulted in no T cell activation.
PBS, native exosomes, and mixtures of aCD3 and aHER2 SMART-
Exos were unable to activate the T cells in the absence or presence
of target breast cancer cells (HCC 1954 and MDA-MB-468) (Figures
S9B–S9E). Moreover, the aCD3-aHER2 SMART-Exos exhibited
dose-dependent activation of human T cells in the presence of
HER2-expressing HCC 1954 cells (Figures 4E–4H). In addition,
pre-treatments of human PBMCs with aCD3-aHER2 SMART-
Exos revealed no effects on T cell activation induced by anti-CD3
and anti-CD28 antibodies (Figure S10). These results demonstrate
robust T cell activation mediated by the aCD3-aHER2 SMART-
Exos in a HER2+ cancer cell-dependent manner.

In Vivo Stability, Efficacy, and Toxicity of SMART-Exos

The pharmacokinetics of aCD3-aHER2 SMART-Exos was then
examined in mice. The intravenously administered aCD3-aHER2
SMART-Exos showed a characteristic two-phase clearance profile
with an elimination half-life of 417.03 ± 126.63 min (Figure S11).
Next, we evaluated in vivo efficacy of the aCD3-aHER2 SMART-
Exos using human HER2+ breast cancer xenograft mouse models
with tumors derived from HCC 1954 cells. According to our
in vitro studies, HCC 1954 cells express high levels of HER2 on
cell surface, and aCD3-aHER2 SMART-Exos induce potent cytotox-
icity against HCC 1954 cells in the presence of human PBMCs.
Subcutaneously implanted HCC 1954 cells can result in rapid growth
of human tumors in mice. Thus, HCC 1954 cell-derived mouse
xenograft models were used for in vivo efficacy studies. To evaluate
anti-tumor immunity induced by aCD3-aHER2 SMART-Exos,
immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice
bearing tumors from HCC 1954 cells were engrafted with human
PBMCs.

Mice treated with the aCD3-aHER2 SMART-Exos displayed signifi-
cant inhibition of tumor growth (Figure 5A). In comparison, the
PBS-treated mice showed rapid growth of tumors. These results
demonstrate excellent efficacy of the aCD3-aHER2 SMART-Exos
for HER2-positive tumors in mice. Moreover, no loss in body weight
or the weights of major organs was observed for mice in the PBS-
and SMART-Exos-treated groups (Figures 5B and 5C). In addition,
the plasma levels of both alanine aminotransferase (ALT) (a liver dam-
age marker) and creatinine (a kidney damage marker) at the end of the
in vivo efficacy study were comparable between PBS- and SMART-
Exos-treated groups, suggesting no liver or kidney damage (Figures
5D and 5E). Flow cytometric and immunohistofluorescence analysis
Molecular Therapy Vol. 28 No 2 February 2020 539
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Figure 3. In Vitro Cytotoxicity of the aCD3-aHER2 SMART-Exos

(A) Cytotoxicity of the aCD3-aHER2 SMART-Exos for SK-BR-3 (HER2+) and MDA-MB-468 (HER2�) cells. (B) Cytotoxicity of the aCD3-aHER2 SMART-Exos for three breast

cancer cell lines. Non-activated humanPBMCs (effector cells) were incubatedwith breast cancer cells (target cells) at an effector:target (E:T) ratio of 10 for 48 h in the presence

of aCD3-aHER2 SMART-Exos. A one-to-one mixture of aCD3 and aHER2 SMART-Exos was used as a control in (A). Following removal of human PBMCs suspensions,

viabilities of target cells were determined with MTT assays. (C) In vitro cytotoxicity of aCD3-aHER2 SMART-Exos in the absence of human PBMCs. HCC 1954 cells (HER2 2+)

and MDA-MB-468 cells (HER2 0) were incubated with various concentrations of aCD3-aHER2 SMART-Exos for 48 h, followed by measurements of cell viabilities by MTT

assays. (D and E) In vitro cytotoxicity of aCD3-aHER2 SMART-Exos in the presence of human PBMCs or CD3-depleted PBMCs. (D) Flow cytometric analysis of CD3+ T cells

in human PBMCs without and with CD3 depletion. (E) HCC 1954 cells (HER2 2+) were incubated with various concentrations of aCD3-aHER2 SMART-Exos in the presence

of human PBMCs or CD3-depleted PBMCs for 48 h, followed by measurements of cell viability by MTT assays. The ratios for PBMCs/tumor cells were 10:1. EC50: 16.9 ±

3.3 ng/mL for PBMCs without depletion; not applicable (N.A.) for PBMCs with CD3 depletion. (F and G) In vitro cytotoxicity of aCD3-aHER2 SMART-Exos in the presence of

human PBMCs or CD4- and/or CD8-depleted PBMCs. (F) Flow cytometric analysis of CD4+ and CD8+ T cells in human PBMCs without and with CD4 and/or CD8 depletion.

(G) HCC 1954 cells (HER2 2+) were incubated with aCD3-aHER2 SMART-Exos (200 ng/mL) in the presence of human PBMCs or CD4- and/or CD8-depleted PBMCs for

48 h, followed by measurements of cell viability by MTT assays. The ratios for PBMCs/tumor cells were 10:1. Data are shown as mean ± SD of triplicates. **p < 0.01.
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indicated that in comparison with low levels of tumor-infiltrating
T cells for tumors from PBS-treated mice, significant T cell infiltrations
were observed in tumors of the SMART-Exos-treated mice (Figures
5F–5H), suggesting SMART-Exos-mediated recruitment of cytotoxic
T cells to the tumor microenvironments. No significant differences
in T cell abundance were detected in the other tissues examined,
including the spleen, blood, and bone marrow (Figure 5F).
540 Molecular Therapy Vol. 28 No 2 February 2020
SMART-Exos-Displayed Antibody Molecules

SMART-Exos are featured with two distinct types of monoclonal anti-
bodies displayed on the exosome surface. To determine the number of
dual-scFvs onSMART-Exonanoparticles and compare binding affinities
of free bispecific scFv and SMART-Exos-displayed dual-scFvs, a bispe-
cific aCD3-aHER2 scFv antibody with identical sequence and orienta-
tion was generated (Figure S12). Based on particle concentrations



Figure 4. T Cell Activation Induced by aCD3-aHER2 SMART-Exos

(A–D) HCC 1954 cell-dependent activation of T cells by aCD3-aHER2 SMART-Exos. (A) The percentages of CD69+ T cells. (B) The percentages of CD25+ T cells. (C) The

levels of secreted IFN-g. (D) The levels of secreted granzyme B. (E-H) Dose-dependent activation of T cells by aCD3-aHER2 SMART-Exos. (E) The percentages of CD69+

T cells. (F) The percentages of CD25+ T cells. (G) The levels of secreted IFN-g. (H) The levels of secreted granzyme B. Non-activated human PBMCs were incubated with

aCD3-aHER2 SMART-Exos or a one-to-one mixture of aCD3 and aHER2 SMART-Exos or PBS in the presence or absence of MDA-MB-468 (HER2�) or HCC 1954 (HER2+)

cells at an E:T ratio of 10 for 24 h. The percentages of CD69+ and CD25+ T cells were analyzed by flow cytometry. The levels of secreted IFN-g and granzyme B were

measured by ELISA. Data are shown as mean ± SD of triplicates. ***p < 0.001; ****p < 0.0001.
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determined by NTA and the ELISA using purified bispecific aCD3-
aHER2 scFv antibody as standards, it was estimated that on average
each aCD3-aHER2 SMART-Exo particle carries approximately
1,180± 140aCD3-aHER2 bispecific scFvmolecules. Using plate-coated
humanHER2-Fc, ELISA-based binding assays indicated that in contrast
with free bispecific aCD3-aHER2 scFv antibodywith an EC50 of 241.5±
21.9 ng/mL, the accessible bispecific scFv molecules on aCD3-aHER2
SMART-Exos require concentrations of up to 8.3 ± 0.3 ng/mL for
half-maximal binding (Figure S13), supporting significantly increased
antibody avidity throughmultivalent expression on the exosome surface.

In addition, the in vitro cytotoxicity and T cell activation induced by
aCD3-aHER2 SMART-Exo and bispecific aCD3-aHER2 scFv anti-
body were compared (Figures S14 and S15). Consistent with the
increased antibody avidity, the aCD3-aHER2 SMART-Exos relative
to free bispecific aCD3-aHER2 scFv antibody showed improved
potency in inducing HER2-positive cell-specific cytotoxicity and
T cell activation based on the concentrations of bispecific scFv and
the molar concentrations of SMART-Exos. These results support
enhanced efficacy for SMART-Exos with genetically displayed anti-
body molecules.
DISCUSSION
Exosomes are cell-derivedmembranous vesicles known tomediate cell-
cell communications. Extensive studies have been performed by utiliz-
ing exosomes as transport vehicles for drug delivery,9–12 but fewer
studies are done to develop exosome-based therapeutics through engi-
neering their surface proteins, in particular for cancer immunotherapy.
In this work, we genetically engineered exosomes to display dual scFv
antibodies. As a result of multivalent expression of antibodies on
exosome surface, the increased antibody avidity on spherical exosomes
may enhance lateral stabilization of HER2 antigens and T cell receptor
clustering and hence facilitate T cell activation. The designed aCD3-
aHER2 SMART-Exos reveal excellent in vitro and in vivo efficacy in
eliciting anti-tumor immunity against HER2-positive breast cancer
cells in a controlled and directed manner.

Depending on the sources and states of parental cells, exosomes may
possess immunomodulatory potential.37 To produce the aCD3-
aHER2 SMART-Exos, we chose Expi293 cells that are derived from
the HEK293 cell line. Extracellular vesicles from HEK293T cells
were shown to have minimal toxicity and immunogenicity.38 No sys-
temic cytotoxicity was observed for aCD3-aHER2 SMART-Exos in
the animal studies. Further studies are needed to gain deeper under-
standing of the exosomal compositions and their effects on cellular
functions and immunemodulation for production of therapeutic exo-
somes with desired properties.

This work demonstrates preclinical feasibility of utilizing endogenous
exosomes for targeted breast cancer immunotherapy. Future studies
include immunogenicity of SMART-Exos, impacts of SMART-Exos
administration on tumor growth and T cell functions, evolution of tu-
mor growth following SMART-Exos treatment, and in vivo mecha-
nism(s) of action. The therapeutic applications of the SMART-Exos
could be further expanded by leveraging the broad scope of
Molecular Therapy Vol. 28 No 2 February 2020 541
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Figure 5. In Vivo Evaluation of the aCD3-aHER2 SMART-Exos

(A) In vivo efficacy of the aCD3-aHER2 SMART-Exos. HCC 1954 cells were subcutaneously (s.c.) injected into the flank of female NSG mice (n = 5). In vitro activated and

expanded human PBMCs from the same healthy donor were intraperitoneally (i.p.) injected into the mice on days 13 and 22 post tumor implantation. Two days post the first

PBMCs injection, mice were intravenously (i.v.) injected with PBS or aCD3-aHER2 SMART-Exos (10 mg/kg, 1.5� 1010 particles per mouse) every other day for a total of six

times. Data are shown as mean ± SD. **p < 0.01. (B–E) Evaluation of systemic toxicity of SMART-Exo treatments. (B) Body weights of mice during in vivo efficacy study. Body

weights of mice were measured every other day. Data are shown as mean ± SD. (C) Major organ weight indexes at the end of the in vivo efficacy study. The kidneys, livers,

brains, lungs, and hearts from mice were collected and weighted, and organ weight indexes were calculated as organ weight (mg) per gram (g) of mouse body weight. (D)

Plasma levels of kidney damagemarker creatinine at the end of the in vivo efficacy study. (E) Plasma levels of liver damagemarker alanine aminotransferase (ALT) at the end of

the in vivo efficacy study. Data are shown as mean ± SD (n = 5 for body weights and organ weight indexes; n = 4 for plasma levels of ALT and creatinine). (F) In vivo T cell

infiltration induced by the aCD3-aHER2 SMART-Exos. Blood, bone marrow, and single-cell preparations of residual tumors and spleens from the PBS- and SMART-Exos-

treated groups were analyzed by flow cytometry. Data are shown as mean ± SD (n = 5; *p = 0.0195). (G) Representative immunohistofluorescence images of the margin and

interior of frozen tumor sections fromPBS- and SMART-Exos-treated mice. Blue: nuclei stained with DAPI. Green: CD3+ cells stained with the anti-CD3 antibody. Scale bars:

50 mm. (H) Quantitative representation of the number of CD3+ cells from each field of view along the margin and interior of each tumor from PBS- and SMART-Exos-treated

groups (15 fields of view per region and two mice per group). Data are shown as mean ± SD. ****p % 0.0001.
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monoclonal antibodies, aswell as by functionally displayingmore than
two types of monoclonal antibodies and/or effector proteins. More-
over, SMART-Exos could potentially carry various forms of endoge-
nous and exogenous therapeutic cargos for enhanced efficacy through
targeted delivery. Notably, the efficacy and safety for aCD3-aHER2
SMART-Exos need to be further evaluated in immunocompetent
mice, which will involve the generation of surrogate mouse SMART-
Exos and the use of murine syngeneic cancer models. Additionally,
instead of using PBMCs from healthy donors, in vivo efficacy studies
could be assessed for aCD3-aHER2 SMART-Exos by using PBMCs
542 Molecular Therapy Vol. 28 No 2 February 2020
from donors with HER2-positive breast cancer, which could improve
prediction of clinical outcomes.

In summary, genetically engineering exosomes with anti-CD3 and
anti-HER2 antibodies resulted in SMART-Exos for potent and selec-
tive induction of HER2-expressing tumor-specific immunity, leading
to the creation of an innovative class of immunotherapeutic candi-
dates for HER2-positive breast cancer. Our results suggest that the
SMART-Exos may provide a general and versatile approach for the
development of next-generation immuno-nanomedicines.
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MATERIALS AND METHODS
Cell Culturing

SK-BR-3, HCC 1954, MDA-MB-468, and Jurkat cells were obtained
from the American Type Culture Collection (ATCC) and cultured
in RPMI 1640 medium (Corning, NY, USA) supplemented with
10% FBS (VWR International, PA, USA) at 37�C and 5% CO2.
Expi293 cells (Thermo Fisher Scientific, MA, USA) were cultured
in Expi293 expression medium with shaking at a speed of 125 rpm
at 37�C and 8% CO2. Human PBMCs were obtained from HemaCare
(Van Nuys, CA, USA).
Animal Study

All animal procedures were approved by the University of Southern
California Institutional Animal Care and Use Committee (IACUC).
Six- to eight-week-old female NSG mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) and housed in sterilized
cages for efficacy and T cell infiltration studies.
Molecular Cloning and Expression of SMART-Exos

Synthetic genes encoding the anti-HER2 and anti-CD3 scFvs,
which were derived from anti-HER2 trastuzumab and anti-
CD3 UCHT1 antibodies, respectively, were purchased from Inte-
grated DNA Technologies (Skokie, IL, USA). The anti-HER2
scFv contained an N-terminal light chain variable region
(VLaHER2) and C-terminal heavy chain variable region (VHaHER2)
of the trastuzumab separated by a 218-peptide linker
(GSTSGSGKPGSGEGS).39 The anti-CD3 scFv had an N-terminal
light chain variable region (VLaCD3) and C-terminal heavy chain
variable region (VHaCD3) of the anti-CD3 UCHT1 antibody con-
nected by a flexible (GGGGS)3 linker. Through overlap extension
PCR using primers listed in Table S1, gene fragments encoding
anti-HER2-anti-CD3 dual-scFv and anti-CD3-anti-HER2 dual-
scFv were generated. A flexible (GGGGS)3 linker was placed be-
tween the anti-HER2 and anti-CD3 scFvs. To generate expression
constructs of SMART-Exos, single and dual-scFv gene fragments
were cloned into pDisplay vector (Thermo Fisher Scientific, MA,
USA) between BglII and SalI restriction enzyme sites, resulting
in the fusion proteins of scFv antibody-TMD of human PDGFR.
A HA-tag was located at the N terminus of the designed fusion
proteins. The generated expression constructs were confirmed by
DNA sequencing provided by GENEWIZ (South Plainfield, NJ,
USA). The endotoxin-free plasmids were prepared using
ZymoPURE Plasmid Maxiprep Kits (ZYMO Research, CA,
USA), followed by transfection into Expi293 cells using ExpiFect-
amine 293 transfection kits (Thermo Fisher Scientific, MA, USA)
by following the manufacturer’s instructions.
Molecular Cloning of Bispecific scFv

To generate the expression construct of anti-CD3-anti-HER2 bispe-
cific scFv, the anti-CD3-anti-HER2 dual-scFv gene fragment was
cloned into pFUSE vector (Invivogen, CA, USA) between EcoRI
and NheI restriction enzyme sites. A HA-tag and a 6XHis-tag were
placed at the N and the C terminus of the dual-scFv gene fragment,
respectively. The resulting expression construct was confirmed by
DNA sequencing provided by GENEWIZ (South Plainfield, NJ,
USA). The endotoxin-free plasmids were prepared using ZymoPURE
Plasmid Maxiprep Kits (ZYMO Research, CA, USA).

Purification of SMART-Exos

Culture media of Expi293 cells transfected with the expression con-
structs were collected at days 3 and 6 posttransfection. Expressed
SMART-Exos were isolated by differential centrifugation and ultra-
centrifugation. In brief, cell cultures were centrifuged at 90 � g for
10 min at 4�C to pellet suspension cells. The collected supernatants
were then centrifuged at 4,000 � g for 30 min and 24,000 � g for
40 min at 4�C, followed by ultracentrifugation at 265,000 � g for
120 min at 4�C in a Type 70 Ti rotor (Beckman Instruments, IN,
USA). Exosome pellets were washed once with PBS, resuspended in
PBS, and filtered with 0.2-mm filters. Protein concentrations of the
exosomes were determined using Bradford assays.

Expression and Purification of Bispecific scFv

Anti-CD3-anti-HER2 bispecific scFv antibody was expressed through
transient transfection into Expi293 cells using ExpiFectamine 293
transfection kits (Thermo Fisher Scientific, MA, USA) by following
the manufacturer’s instructions. Culture media of Expi293 cells trans-
fected with the expression construct were collected at days 3 and 6
posttransfection. Bispecific scFv was purified using HisPur Ni-NTA
Resin (Thermo Fisher Scientific, MA, USA) according to the manu-
facturer’s instructions.

Immunoblot Analysis

Exosome samples (3 mg of protein) were boiled with 100 mM dithio-
threitol (DTT) in NuPAGE LDS sample buffer (Thermo Fisher Scien-
tific, MA, USA) at 98�C for 10 min, separated in 4%–20% Express-
Plus-PAGE gels (GeneScript, Piscataway, NJ, USA), and then
transferred to Immun-Blot PVDF (polyvinylidene fluoride) mem-
branes (Bio-Rad Laboratories, CA, USA) using a Trans-Blot SD
Semi-Dry Transfer Cell (Bio-Rad Laboratories, CA, USA). The mem-
branes were subsequently blocked with 5% BSA in PBST (PBS with
0.1% Tween 20) for 1 h at room temperature, followed by incubation
with appropriate primary antibodies for 1 h at room temperature,
which included anti-HA (2-2.2.14; Thermo Fisher Scientific, MA,
USA), anti-CD9 (D8O1A; Cell Signaling Technology, MA, USA),
anti-CD63 (H5C6; BioLegend, CA, USA), and anti-CD81 (1.3.3.22;
Thermo Fisher Scientific, MA, USA). After 1-h incubation with
appropriate secondary antibodies, including anti-mouse immuno-
globulin G (IgG)-horseradish peroxidase (HRP) and anti-rabbit
IgG-HRP (Thermo Fisher Scientific, MA, USA), the membranes
were developed by additions of SuperSignal West Pico PLUS Chemi-
luminescent Substrate (Thermo Fisher Scientific, MA, USA) and
imaged using a ChemiDoc Touch Imaging System (Bio-Rad Labora-
tories, CA, USA).

TEM and NTA

For immunogold labeling of exosomes, 200-mm mesh grids were
floated on 20 mL of exosome sample drop for 10 min and washed
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twice with water by floating on a drop of water for 30 s. The grids were
then blocked with 1% goat serum for 30 min and were incubated with
either the anti-HA antibody (2-2.2.14; Thermo Fisher Scientific, MA,
USA) or the IgG1 control antibody (Thermo Fisher Scientific, MA,
USA) diluted with 0.1% goat serum 1:10 for 2 h at room temperature,
followed by incubation with a goat anti-mouse secondary antibody
gold conjugate (1:10 dilution in 0.1% goat serum in PBS) for 2 h at
room temperature. The grids were washed twice by floating on a
drop of water for 30 s, and negatively stained with 2% uranyl acetate
(UA) by floating on a drop of freshly filtered 2%UA for 30 s. The grids
were blot dried with filter paper and imaged using JEOL1230 TEM
(JEOL, Peabody, MA, USA).

The size distribution and particle concentration of the exosome sam-
ples were determined through NTA using a NanoSight LM10 (Mal-
vern Instruments, UK) by following the manufacturer’s instructions.
Ten replicates of analysis with 60 s for each were performed.

Bindings of SMART-Exos andBispecific scFv to HumanHER2 as

Measured by ELISA

Ninety-six-well ELISA plates were coated with human HER2-Fc (0.5
and 2.5 mg/mL; R&D Systems, MN, USA) overnight at room temper-
ature. Non-bound antigens were washed away with PBST (0.05%
Tween 20) three times. The wells were blocked with PBS containing
1% BSA for 2 h, followed by washing with PBST. Various concentra-
tions of SMART-Exos and bispecific scFv were added and incubated
for 2 h, followed by washing. The anti-HA primary antibody
(2-2.2.14; Thermo Fisher Scientific, MA, USA) was subsequently
added for 2-h incubation, followed by washing and incubation with
an anti-mouse IgG-HRP secondary antibody (Thermo Fisher Scien-
tific, MA, USA) for 1 h. QuantaBlu Fluorogenic Peroxidase Substrate
(Thermo Fisher Scientific, MA, USA) was then added after washing,
and the fluorescence signals were measured using a BioTek Synergy
H1 Hybrid Multi-Mode Microplate reader (BioTek, VT, USA).

Quantification of Surface scFv on aCD3-aHER2 SMART-Exos by

ELISA

ELISA 96-well plates were coated with various concentrations of
aCD3-aHER2 bispecific scFv and SMART-Exos overnight at room
temperature. Non-bound antigens were washed away with PBST
(0.05% Tween 20) three times. The wells were blocked with PBS con-
taining 3% BSA for 2 h, followed by washing with PBST. The anti-HA
primary antibody (2-2.2.14; Thermo Fisher Scientific, MA, USA) was
subsequently added for 2-h incubation, followed by washing and in-
cubation with an anti-mouse IgG-HRP secondary antibody (Thermo
Fisher Scientific, MA, USA) for 1 h. QuantaBlu Fluorogenic Peroxi-
dase Substrate (Thermo Fisher Scientific, MA, USA) was then added
after washing, and the fluorescence signals were measured using a
BioTek Synergy H1 Hybrid Multi-Mode Microplate reader (BioTek,
VT, USA). Serial dilutions of aCD3-aHER2 bispecific scFv in PBS
were used as standards to determine the protein concentrations of
surface bispecific scFv on aCD3-aHER2 SMART-Exos. The numbers
of surface aCD3-aHER2 bispecific scFv per SMART-Exos particle
were calculated based on the measured protein concentrations of sur-
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face bispecific scFv and the particle concentrations of the same batch
of aCD3-aHER2 SMART-Exos by NTA.

Flow Cytometry Analysis

The binding of SMART-Exos to human breast cancer cell lines
(SK-BR-3, HCC 1954, and MDA-MB-468 cells) and Jurkat cells
was analyzed by flow cytometry. Cells were incubated with exosomes
(0.1 mg/mL) in PBS for 1 h at 4�C. Following three washes with PBS
containing 2% FBS, cells were incubated with the anti-HA primary
antibody (2-2.2.14; Thermo Fisher Scientific, MA, USA) for 30 min
at 4�C. After washing three times with PBS containing 2% FBS, cells
were incubated with the Alexa Fluor 488-conjugated anti-mouse IgG
(H+L) secondary antibody (Thermo Fisher Scientific, MA, USA) for
30 min at 4�C. Following three washes, samples were analyzed using
an LSR II flow cytometer (BD Biosciences, CA, USA). To evaluate cell
surface expression levels of HER2 and CD3, we stained cultured
SK-BR-3, HCC 1954, MDA-MB-468, and Jurkat cells with the trastu-
zumab followed by an anti-human IgG Fc-fluorescein isothiocyanate
(FITC) antibody (Thermo Fisher Scientific, MA, USA) or an anti-
CD3-FITC antibody (UCHT1; BioLegend, CA, USA). Samples were
then analyzed using the LSR II flow cytometer. All flow cytometry
data were processed with FlowJo_V10 software (Tree Star, OR, USA).

Confocal Microscopy of Cell Crosslinking

Breast cancer cells and Jurkat cells were stained with MitoSpy Red
CMXRos (BioLegend, CA, USA) and carboxyfluorescein succini-
midyl ester (CFSE; BioLegend, CA, USA), respectively, by following
the manufacturer’s protocols. Jurkat cells (5 � 105) were incubated
with SMART-Exos (100 mg/mL), native exosomes (100 mg/mL), or
bispecific scFv (5.4 mg/mL) in 100 mL of PBS for 30 min at 4�C. In
separate tubes, Jurkat cells were incubated with a mixture (1:1) of
aCD3 and aHER2 SMART-Exos as controls. After washing with
1 mL of ice-cold PBS, the Jurkat cells were resuspended with
250 mL of RPMI 1640 media with 10% FBS, then mixed with
SK-BR-3, HCC1954, orMDA-MB-468 cells (5� 104) in the sameme-
dia (250 mL). The cell mixtures were added onto glass coverslips in 24-
well cell culture plates and incubated at 37�C with 5% CO2. After 4 h,
wells were gently washed with PBS (500 mL) three times and imaged
with a Leica SP8 confocal laser scanning microscope (Leica Microsys-
tems, IL, USA) equipped with HC PL APO 40�/1.30 Oil CS2 and HC
PL APO 63�/1.40 Oil CS2 oil immersion objective lenses using
rhodamine (for MitroSpy Red) and FITC (for CFSE) filters. Images
were processed using LAS X software (Leica Microsystems, IL,
USA). Five images per group were randomly chosen, and cell
numbers of Jurkat and breast cancer cells were counted to calculate
ratios of Jurkat/breast cancer cells.

Confocal Microscopic Analysis of Cellular Internalization of

aCD3-aHER2 SMART-Exos

The aCD3-aHER2 SMART-Exos were labeled with PKH67 dye by
following the manufacturer’s protocols. HCC1954 cells (4 � 104)
and Jurkat cells (2 � 105) were incubated with PKH67-labeled
aCD3-aHER2 SMART-Exos (10 mg/mL) for 2 or 6 h at 37�C with
5% CO2. After incubation, cells were gently washed with PBS
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(500 mL) three times and imaged with a Leica SP8 confocal laser scan-
ning microscope (Leica Microsystems, IL, USA) equipped with HC PL
APO 40�/1.30 Oil CS2 and HC PL APO 63�/1.40 Oil CS2 oil immer-
sion objective lenses using the FITC (for PKH67) filter. Images were
processed using LAS X software (Leica Microsystems, IL, USA). Five
images per group were randomly chosen, and fluorescence intensity
of PKH67 was measured using ImageJ and normalized to cell number.

Human PBMCs Depletion and Isolation

CD3/CD4/CD8-depleted human PMBCs were isolated from blood of
the healthy donors using RosetteSep Human CD3/CD4/CD8
Depletion Cocktail (STEMCELL Technologies, Canada) by following
the manufacturer’s protocols. To isolate non-depleted PBMCs, blood
was mixed with an equal volume of PBS and then added on top of 3/2
volume of Ficoll (GE Healthcare, IL, USA) and spun at 400 � g for
30 min without brake. The layer of PBMCs was transferred to a clean
tube and washed with PBS three times before any applications. The
isolated non-depleted or depleted PBMCs were stained with a
FITC-labeled anti-human CD3 antibody (clone: UCHT1; BioLegend,
CA, USA), allophycocyanin (APC)-labeled anti-human CD4 antibody
(clone: OKT4; BioLegend, CA, USA), and phycoerythrin (PE)-labeled
anti-human CD8 antibody (RPA-T8; BioLegend, CA, USA) and
analyzed by the BD Fortessa X20 flow cytometer. Flow cytometry
data were processed with FlowJo_V10 software (Tree Star, OR, USA).

In Vitro Cytotoxicity Assay

Cytotoxicity assays were performed using non-depleted or depleted
non-activated PBMCs as effector cells and breast cancer cells as target
cells. Target cells (1 � 104) were mixed with PBMCs (1 � 105) and
incubated with various concentrations of SMART-Exos, native exo-
somes, or bispecific scFv for 48 h at 37�C with 5% CO2. Cells were
washed with PBS to remove PBMC suspensions and then incubated
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution for 2 h at 37�C. For cytotoxicity assays without effector
cells, cancer cells (1� 104) were incubated with various concentrations
of SMART-Exos for 48 h at 37�C with 5% CO2. MTT solution
(10 mL/well) was added and incubated for 2 h at 37�C. A total of
100 mL/well of lysis buffer (20% SDS in 50% dimethylformamide,
0.5% [v/v] 80% acetic acid, 0.4% [v/v] 1 NHCl, pH 4.7) was then added
and incubated for 2 h at 37�C. The absorbance wasmeasured at 570 nm
using a BioTek Synergy H1 Hybrid Multi-Mode Microplate reader
(BioTek, VT, USA). Percent cytotoxicity was calculated as follows:

% Viability =
��
absorbanceexperimental � absorbancespontaneous average

� �

�
absorbancemaximum viability average � absorbancespontaneous average

��� 100:

T Cell Activation Analysis

Non-activated PBMCs (2 � 105) were incubated with target cells
(2 � 104) in the presence of various concentrations of SMART-
Exos, native exosomes, or bispecific scFv in 96-well cell culture plates.
After 24 h, cells were stained with the anti-CD3-Alexa Fluor 488
(UCHT1; BioLegend, CA, USA), anti-CD25-PE (M-A251; BioLegend,
CA, USA), anti-CD69-APC (FN50; BioLegend, CA, USA), and 7-ami-
noactinomycin D (7-AAD) (BioLegend, CA, USA), followed by flow
cytometry analysis using a BD Fortessa X20 flow cytometer (BD Bio-
sciences, CA, USA). The levels of secreted cytokines in the collected
culture media were measured using appropriate ELISA kits (R&D
System). Data are shown as mean ± SD of triplicates.

Effects of aCD3-aHER2 SMART-Exos Pre-treatment on T Cell

Activation

Non-activated human PBMCs (effector cells) were incubated with
200 ng/mL of aCD3-aHER2 SMART-Exos or PBS (control) for 2 h
at 37�C, followed by washing with PBS. PBMCswere then resuspended
in RPMI 1640medium with 10% FBS and stimulated with coated anti-
human CD3 antibody (clone: OKT3; BioLegend, CA, USA) and solu-
ble anti-human CD28 antibody (2 mg/mL) (clone: 28.2; BioLegend,
CA, USA). After 24 h, cells were stained with the anti-CD3-Alexa Fluor
488 (clone: UCHT1; BioLegend, CA, USA), anti-CD25-PE (clone: M-
A251, BioLegend, CA, USA), anti-CD69-APC (clone: FN50; Bio-
Legend, CA, USA), and 7-AAD (BioLegend, CA, USA), followed by
flow cytometry analysis using a BD Fortessa X20 flow cytometer
(BD Biosciences, CA, USA). The levels of secreted cytokines in the
collected culture media were measured using appropriate ELISA kits
(R&D System). Data are shown as mean ± SD of duplicates.

Pharmacokinetics of aCD3-aHER2 SMART-Exos in Mice

The aCD3-aHER2 SMART-Exos (800 mg/mouse) were adminis-
trated by intravenous (i.v.) injection into BALB/c mice (n = 4). Blood
samples were collected using Multivette 600 LH-Gel tubes (SAR-
STEDT, Germany) at 5, 30, 60, 120, 180, 240, and 360 min post i.v.
injection, immediately followed by centrifugation at 10,000 � g for
5 min at room temperature. The plasma samples were diluted with
PBS (1:50) and analyzed by sandwich ELISA with a mouse anti-HA
monoclonal antibody (clone: 2-2.2.14; Thermo Fisher Scientific) as
the capture antibody, a rabbit anti-HA polyclonal antibody (catalog
number: 600-401-384; Rockland Immunochemicals, Limerick, PA,
USA) as the detection antibody, and a goat anti-rabbit IgG (H+L)
HRP (catalog number: 5220-0336; SeraCare, Milford, MA, USA).
Serial dilutions of aCD3-aHER2 SMART-Exos in PBS with 2%
mouse plasma were used as standards to quantify plasma concentra-
tions of aCD3-aHER2 SMART-Exos. The plasma half-life of aCD3-
aHER2 SMART-Exos in mice was determined by noncompartmental
analysis using MATLAB.

In Vivo Efficacy and T Cell Infiltration Study

HER2-positive human breast cancer cell line HCC 1954 was used
to evaluate the in vivo efficacy of the aCD3-aHER2 SMART-Exos.
HCC 1954 cells (1.5 � 106 per mouse) in 50% Matrigel (BD Biosci-
ences, CA, USA) were subcutaneously implanted into the right flank
of NSG mice (6–8 weeks, female, n = 5). Freshly thawed human
PBMCs were resuspended in RPMI 1640 medium with 10% FBS at
2 � 106 cells/mL and stimulated in flasks with coated anti-CD3 anti-
body (OKT3, BioLegend, CA, USA), soluble anti-CD28 antibody
(2 mg/mL) (28.2; BioLegend, CA, USA), and recombinant human
interleukin-2 (rhIL-2; 40 IU/mL; R&D Systems, MN, USA) for
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3 days at 37�C with 5% CO2. Cells were then expanded in RPMI 1640
medium supplemented with 10% FBS and 40 IU/mL rhIL-2. When
tumor sizes reached a volume of 80–100 mm3, mice received two
intraperitoneal injections of activated human PBMCs (20 � 106 per
mouse) with a 9-day interval. Two days following first human PBMCs
injection, mice were administered intravenously with the aCD3-
aHER2 SMART-Exos (10 mg/kg) or PBS every other day for a total
of six times. Tumors were measured three times a week by a caliper.
Tumor volumes were calculated as follows: mm3 = length� width2/2.
At the end of the study, mice were euthanized. Tumors, major organs,
and tissues were collected. The harvested blood and bone marrow
were treated with the erythrocyte lysis solution (BioLegend, CA,
USA) by following the manufacturer’s instructions. Tumors and
spleens were cut into small pieces and subjected to mechanical
disruption and separation, followed by passing through 70-mm
strainers and treatment with the erythrocyte lysis solution. The result-
ing single-cell suspensions were stained with the FITC-labeled anti-
human CD45 antibody and the Pacific Blue-labeled anti-human
CD3 antibody, and analyzed by the BD Fortessa X20 flow cytometer.
Flow cytometry data were processed with FlowJo_V10 software
(Tree Star, OR, USA).

Immunohistofluorescence Analysis

Immunostaining of tumors was performed on 7-mm cryosections ac-
cording to standard protocols. The tissues were fixed with 4% parafor-
maldehyde (PFA) for 10 min at room temperature and blocked with
PBS containing 1% BSA and 5% goat serum for 1 h at room temper-
ature. The tissue sections were then incubated with the anti-CD3 anti-
body (UCHT1; BioLegend, CA, USA) and the Alexa Fluor 488-con-
jugated anti-mouse IgG (H+L) secondary antibody (Thermo Fisher
Scientific, MA, USA) sequentially for 1 h each at room temperature,
followed by counterstaining for nuclei with DAPI. Images were ac-
quired using a Leica SP8 confocal laser scanning microscope (Leica
Microsystems, IL, USA) equipped with a HC PL APO 40�/1.30 Oil
CS2 oil immersion objective lens using DAPI and FITC (for Alexa
Fluor 488) filters. Images were processed using the LAS X software
(Leica Microsystems, IL, USA). For quantification, 15 random,
non-overlapping regions along the margin and interior of each tumor
(n = 2 mice/group) were imaged.

ALT Activity Assay

At the end of the in vivo efficacy study, collected mouse plasma
(10 mL) or standard solution (2 mM sodium pyruvate) was added
to wells of clear 96-well plates, followed by additions of 50 mL of sub-
strate solution (0.2 M alanine, 2 mM 2-oxoglutarate, pH 7.4) and in-
cubation at 37�C for 30 min. Next, 50 mL of 2, 4-dinitrophenylhydra-
zine (2,4-DNPH) (1 mM) was added and incubated at 37�C for
10 min. Finally, 0.5 M sodium hydroxide was added, and the absor-
bance was measured at 510 nm using a BioTek Synergy H1 Hybrid
Multi-Mode Microplate reader (BioTek, VT, USA). Amounts of py-
ruvate generated were calculated from the standard. The ALT activity
was reported as nmol/min/mL = U/L, where 1 milliunit (mU) of ALT
is defined as the amount of enzyme that generates 1.0 nmol of pyru-
vate per minute at 37�C.
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Creatinine Colorimetric Assay

Working solutions were prepared by mixing picric acid (38 mM) with
sodium hydroxide (1.2 M) at 1:1 ratio. Mouse plasma samples
collected at the end of in vivo efficacy study were mixed with equal
volume of trichloroacetic acid (TCA) (1.2 M) and centrifuged at
2,500� g for 10 min. The collected supernatants and creatinine stan-
dards were added to 96-well plates, followed by additions of working
solution. The absorbance was measured at 500 nm using a BioTek
Synergy H1 Hybrid Multi-Mode Microplate reader (BioTek, VT,
USA). Creatinine concentrations in mouse plasma were determined
on the basis of standard curves.

Statistical Analysis

Statistical analyses were conducted with GraphPad Prism (GraphPad
Software, CA, USA). Data are shown as mean ± SD. Statistical signif-
icance between two groups was determined using two-tailed Student’s
t tests. One-way ANOVA analyses were carried out for comparisons
of multiple groups. Significance of finding was defined as follows:
not significant, nsp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

Data Availability

The raw/processed data required to reproduce these findings are
available from the authors upon request.
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Figure S1. Molecular designs of scFv antibody-PDGFR TMD fusions for the generation of SMART-Exos. Each 
fusion protein contained an N-terminal HA epitope tag and flexible linkers. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2. ELISA analysis of binding of the SMART-Exos to human HER2. Human HER2-Fc (2.5 µg/mL) was 
coated on plates overnight for ELISA analysis. Data are shown as mean ± SD of duplicates. 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. Flow cytometric analysis of HER2 and CD3 expressions of SK-BR-3, HCC 1954, MDA-MB-468, and 
Jurkat cells. Equal numbers of cells were incubated with the trastuzumab followed by the anti-human IgG Fc-FITC 
antibody or with the anti-CD3-FITC antibody in PBS with 2% FBS at 4°C for 1 hour. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Flow cytometric analysis of SMART-Exos binding to HER2-negative cell line MDA-MB-468. Cells 
were incubated with 0.1 mg mL-1 exosomes on ice, and then stained with the anti-HA antibody and Alexa Fluor 488-
conjugated anti-mouse IgG secondary antibody. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. TEM images of the αCD3-αHER2 SMART-Exos showing immunogold labeling of surface HA tags. The 
αCD3-αHER2 SMART-Exos were stained with the anti-HA antibody (A) or the IgG control antibody (B) as 
described in Materials and Methods. Arrows indicate gold particles. Scale bars: 100 nm. 

 

 



 

Figure S6. Confocal microscopy of cell-cell crosslinking mediated by αCD3-αHER2 SMART-Exos and bispecific 
scFv. (A) Crosslinking of HCC 1954 (red) and Jurkat cells (green) (upper panel) and MDA-MB-468 (red) and Jurkat 
cells (green) (lower panel) mediated by αCD3-αHER2 SMART-Exos and bispecific scFv. PBS and native exosomes 
were included as controls. Scale bars: 50 μm. (B) Quantitative analysis of confocal microscopy of cell-cell 
crosslinking induced by SMART-Exos and bispecific scFv. Based on fluorescence color, cell numbers of each cell 
line were counted to calculate cell number ratios (Jurkat cell:target breast cancer cell) for each treatment group. Data 
are shown as mean ± SD. (** P < 0.01, ns = not significant, P > 0.05) 
 

 

 

 

 



 

Figure S7. Confocal microscopic analysis of internalization of αCD3-αHER2 SMART-Exos. (A) Confocal imaging 
of PKH67-labeled αCD3-αHER2 SMART-Exos (green) crosslinking HCC 1954 cells (blue arrow) and Jurkat cells 
(red arrow) and cellular internalization of PKH67-labeled αCD3-αHER2 SMART-Exos (green) after 2 hours and 6 
hours of treatments. Scale bars: 20 μm. (B) Quantification of the internalization of PKH67-labeled αCD3-αHER2 
SMART-Exos. PKH67 fluorescence intensities of confocal images are measured and normalized to cell numbers for 
indicating the amount of internalized αCD3-αHER2 SMART-Exos per cell. Data are shown as mean ± SD. (** P < 
0.01). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. In vitro cytotoxicity of αCD3-αHER2 SMART-Exos for HCC 1954 cells (HER2 2+). Non-activated 
human PBMCs (effector cells) from five different healthy donors were incubated with HCC1954 cells (target cells) 
at an E:T ratio of 10 for 48 hours in the presence of αCD3-αHER2 SMART-Exos. Following removal of human 
PBMCs suspensions, viabilities of target cells were determined with MTT assays. Data are shown as mean ± SD of 
triplicates. 
 

 

 

 

 

 

 

 

 

 

 



 

Figure S9. In vitro cytotoxicity of native exosomes and effects of native exosomes on T-cell activation. (A) 
Cytotoxicity of native exosomes for HCC 1954 (HER2 2+) and MDA-MB-468 (HER2 0) cells. Non-activated 
human PBMCs (effector cells) were incubated with breast cancer cells (target cells) at an E:T ratio of 10 for 48 
hours in the presence of native exosomes at various concentrations. Following removal of human PBMCs 
suspensions, viabilities of target cells were determined with MTT assays. Data are shown as mean ± SD of 
triplicates. (B)-(E) Effects of native exosomes on T-cell activation at various concentrations. Non-activated human 
PBMCs were incubated with native exosomes in the presence or absence of MDA-MB-468 or HCC 1954 cells at an 
E:T ratio of 10 for 24 hours. The percentages of CD69+ and CD25+ T cells were analyzed by flow cytometry. The 
levels of secreted IFN-γ cytokine and granzyme B were measured by ELISA. Data are shown as mean ± SD of 
duplicates.  



 

Figure S10. The effects of αCD3-αHER2 SMART-Exos pre-treatment on T cell activation. Non-activated human 
PBMCs were pre-incubated with αCD3-αHER2 SMART-Exos (200 ng/mL) or PBS (control) for 2 hours at 37°C, 
followed by washing, resuspension in culture media, and activation with coated αCD3 antibody (clone: OKT3) and 
soluble αCD28 antibody (clone: 28.2) for 24 hours. (A) The percentages of CD25+ and CD69+ T cells as analyzed 
by flow cytometry. (B) The levels of secreted IFN-γ cytokine as measured by ELISA. Data are shown as mean ± SD 
of duplicates. (ns = not significant, P > 0.05). 
  



 

Figure S11. Pharmacokinetics of αCD3-αHER2 SMART-Exos in mice. Plasma concentrations of SMART-Exos 
were determined by sandwich ELISA post i.v. injection of αCD3-αHER2 SMART-Exos. Data are shown as mean ± 
SEM (n = 4). The t1/2 of αCD3-αHER2 SMART-Exos is 417.03 ± 126.63 min.  



 

Figure S12. Generation of bispecific scFv αCD3-αHER2 antibody. (A) Molecular design of the bispecific scFv 
αCD3-αHER2 antibody. The bispecific scFv αCD3-αHER2 antibody contained an N-terminal HA epitope tag, a 
flexible linker with a sequence identical to that of SMART-Exos αCD3-αHER2, and a C-terminal 6XHis tag. (B) 
SDS-PAGE gel of the purified bispecific scFv αCD3-αHER2 antibody. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S13. Binding affinities of αCD3-αHER2 SMART-Exos and bispecific αCD3-αHER2 scFv antibody to 
immobilized human HER2-Fc as measured by ELISA. Recombinant human HER2-Fc was coated on ELISA plates. 
Following the blocking step, various concentrations of αCD3-αHER2 SMART-Exos and bispecific αCD3-αHER2 
scFv antibody were added and incubated. Bound SMART-Exos and bispecific scFv molecules were detected by an 
anti-HA antibody. (A) Binding affinities based on concentrations of bispecific scFv. The concentrations of surface 
bispecific scFv of SMART-Exos were determined through ELISA using an anti-HA antibody and serially diluted 
bispecific αCD3-αHER2 scFv as standards. Considering the average sizes of SMART-Exos (~100 nm in diameter) 
and immobilized HER2-Fc (~10 nm in diameter), it is estimated that up to 10% of surface displayed bispecific scFv 
molecules on SMART-Exos are able to participate in binding to the coated HER-Fc. By correcting the accessible 
bispecific scFv concentrations of SMART-Exos by 10%, the binding curve (broken line) for SMART-Exos was 
plotted. EC50: 241.5 ± 21.9 ng/mL for free bispecific αCD3-αHER2 scFv; 83.1 ± 2.9 ng/mL for surface bispecific 
scFv of SMART-Exos; 8.3 ± 0.3 ng/mL for accessible bispecific scFv of SMART-Exos. (B) Binding affinities based 
on molar concentrations. The molar concentrations of SMART-Exos were calculated based on particle 
concentrations determined by NTA. EC50: 4160 ± 364 pM for bispecific αCD3-αHER2 scFv; 1.243 ± 0.036 pM for 
αCD3-αHER2 SMART-Exos. Data are shown as mean ± SD of duplicates. 
 

 

 

 

 

 

 

 

 



 

Figure S14. In vitro cytotoxicity of αCD3-αHER2 SMART-Exos and bispecific αCD3-αHER2 scFv antibody. Non-
activated human PBMCs (effector cells) were incubated with HCC 1954 cells (HER2 2+) (target cells) at an E:T 
ratio of 10 for 48 hours in the presence of various concentrations of αCD3-αHER2 SMART-Exos or αCD3-αHER2 
scFv antibody. Following removal of human PBMCs suspensions, viabilities of target cells were determined with 
MTT assays. (A) In vitro cytotoxicities based on concentrations of bispecific scFv. The concentrations of surface 
bispecific scFv of SMART-Exos were determined through ELISA using an anti-HA antibody and serially diluted 
bispecific αCD3-αHER2 scFv as standards. (B) In vitro cytotoxicities based on molar concentrations. The molar 
concentrations of SMART-Exos were calculated based on particle concentrations determined by NTA. Data are 
shown as mean ± SD of triplicates. 
 

 

 

 

 

 

 

 

 



 

Figure S15. T-cell activation induced by αCD3-αHER2 SMART-Exos and bispecific αCD3-αHER2 scFv antibody. 
Non-activated human PBMCs were incubated with αCD3-αHER2 SMART-Exos or bispecific αCD3-αHER2 scFv 
antibody in the presence of HCC 1954 (HER2+) cells at an E:T ratio of 10 for 24 hours. The percentages of CD25+ 
and CD69+ T cells were analyzed by flow cytometry. The levels of secreted IFN-γ and granzyme B were measured 
by ELISA. (A), (C), (E), and (G) T-cell activation based on concentrations of bispecific scFv. The concentrations of 
surface bispecific scFv of SMART-Exos were determined through ELISA using an anti-HA antibody and serially 
diluted bispecific αCD3-αHER2 scFv as standards. (B), (D), (F), and (H) T-cell activation based on molar 
concentrations. The molar concentrations of SMART-Exos were calculated based on particle concentrations 
determined by NTA. Data are shown as mean ± SD of duplicates. 
 
 
  



Table S1. List of primers used for molecular cloning. 

 

 

 

SMART-Exo αCD3 

BglII-F GGCCAGATCTGATATCCAGATGACACAGACAACCTCAAGTCTTAG 

SalI-R TTCGTCGACGCTTCCGCCACCCCCGCTGCTAACGGTAACGGTGGTACC 

SMART-Exo αHER2 

BglII-F GCCAGATCTGACATCCAGATGACCCAG 

SalI-R 
GTTCGTCGACGCTTCCGCCACCCCCAGAGGACACTGTGACCAGGGTG
CC 

SMART-Exo αHER2-αCD3 

BglII-F GCCAGATCTGACATCCAGATGACCCAGTCTCCATCC 

SalI-R TTCGTCGACGCTTCCGCCACCCCCGCTGCTAACGGTAACGGTGGTACC 

Overlap-F 
GGCACCCTGGTCACAGTGTCCTCTGGCGGTGGCGGATCAGGCGGGGG
AGGC 

Overlap-R 
GACTTGAGGTTGTCTGTGTCATCTGGATATCGCTGCCACCTCCGCCTG
AGCCTCCCCCGCCTGATCCG 

SMART-Exo αCD3-αHER2 

BglII-F GGCCAGATCTGATATCCAGATGACACAGACAACCTCAAGTCTTAG 

SalI-R GTTCGTCGACGCTTCCGCCACCCCCAGAGGACACTGTGACCAGGGTG 

Overlap-F 
CAGGCGGGGGAGGCTCAGGCGGAGGTGGCAGCGACATCCAGATGAC
CCAGTCTCCATCC 

Overlap-R 
CCTGAGCCTCCCCCGCCTGATCCGCCACCGCCGCTGCTAACGGTAACG
GTGGTACC 

Bispecific scFv αCD3-αHER2 antibody 

Forward CACGAATTCGTATCCATATGATGTTCCAGATTATGCTGGGG 

Reverse 
CCAGCTAGCACTTATCAATGGTGGTGGTGATGGTGAGAGGACACTGT
GACCAGGGTG 
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