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A B S T R A C T

Triple negative breast cancer (TNBC) is a heterogeneous subset of breast cancer characterized by its lack of
estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2), which alto-
gether prevents TNBC from being treated effectively. For many years, the treatment paradigms and overall
survival of patients with TNBC have remained largely stagnant. Recent attempts to convert cold tumors to hot
tumors by promoting antigen presentation have shown increased T cell infiltration and significantly induced
immune responses for tumor killing. Inspired by this concept, the expression of specific targetable antigens on
TNBC cells may further benefit relevant targeted drug delivery. In this study, we successfully conferred sufficient
HER2 on the surface of TNBC MDA-MB-231 cells via simple EV-plasma membrane fusion with HER2+ extra-
cellular vesicles (EV) derived from HER2 overexpressing BT-474 cells. Subsequently, anti-HER2 antibody con-
jugated paclitaxel-loaded liposomes were used for HER2-targeted drug delivery. Our findings demonstrated this
HER2 grafting, in conjunction with targeted drug delivery, can improve the treatment efficacy in vitro and in vivo.
This novel approach represents a facile method of altering cell membrane antigen presentation via convenient
EVs uptake and may pave the way for the burgeoning wave of targeted therapy and/or immunotherapy.

1. Introduction

Triple negative breast cancer (TNBC) is a heterogeneous subset of
breast cancer (BC) characterized by a lack of estrogen receptor, pro-
gesterone receptor, and human epidermal growth factor receptor 2
(HER2) [1,2]. Accounting for 15–20% of total instances of BC, TNBC is
most prevalent in the African American and Hispanic community, as
well as in younger women [3]. Compared to other BCs, TNBC is very
aggressive, more likely to metastasize within 5 years of diagnosis, and
yields poorer prognoses than other subtypes [4–7]. Overall, TNBC pa-
tients generally exhibit shorter median times to death and poorer
overall survivals (OS) [5,8,9]. While TNBC appears to be more re-
ceptive to neoadjuvant chemotherapy than other receptor positive
subtypes, it is definitively less susceptible to receptor-based targeted
drug delivery or immunotherapy [8,10]. Hence, over the past few
decades, treatment paradigms and OS have remained relatively stag-
nant.

Immune checkpoint therapy using monoclonal antibodies has all but
revolutionized the treatment of many cancers, such as non-small cell
lung cancer, melanoma, and renal cell carcinoma [11–13]. Specifically
in BC, immunotherapeutic and hormone receptor treatments such as
trastuzumab have significantly improved the OS of patients with tumors
expressing these targetable receptors [14]. Of note, this benefit is not
universal. Many cancers, even typically susceptible subsets, often show
limited responses while other forms are resistant to immunotherapy
entirely [11]. Moreover, the development of adaptive resistance to
immunotherapies is extremely common. To this end, significant re-
search has been dedicated to the conversion of ‘cold’ tumors, wherein
scarce adaptive or innate immune response has taken place, to ‘hot’ or
inflamed tumors [15,16]. The latter typically represent a population
more conducive to immunotherapeutic agents. In an effort to heat cold
tumors up, various techniques have been used including priming T cell
activation via targeted radiotherapy, oncolytic viral therapies, or the
use of immunocytokines to promote T cell infiltration [16]. In brief, a
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major key for transforming cold tumors to hot is the alteration of spe-
cific antigen presentation on cancer cells to encourage immune cell-
mediated tumor killing. To this end, previous studies have attempted to
express specific targetable antigens on TNBC cells for treatment. De-
methylating agents and other epigenetic drugs have been successful in
modulating cellular antigen presenting machinery, thereby creating
specific treatment targets [17,18]. However, these attempts fail to
specifically imprint desired receptors on the cell membrane surface.

EVs are lipid-bilayer encapsulated particles released by virtually all
eukaryotic cells. As mediators of intercellular communication, EVs are
intimately involved with a wide range of pathophysiological mechan-
isms via transfer of functional protein/RNA contents to nearby or dis-
tant recipient cells. In cancer, the role of EVs in the induction of pre-
metastatic, metastatic, and pro-tumorigenic activity of both healthy and
cancerous cells via EV uptake has been previously substantiated
[19–28]. Moreover, the use of EVs in cancer treatment has received
considerable attention due in part to their advantages over artificial
nanoparticles, including their innate biocompatibility, excellent extra-
vasation, and extended blood circulation half-life [29–33]. Further-
more, EVs can fuse with the cell membrane and deliver drugs directly
into the cytoplasm. By evading engulfment by lysosomes, EVs re-
markably enhance delivery efficiency of vulnerable molecules [34,35].
Meanwhile, during membrane fusion, EV-harboring membrane anti-
gens will be integrated into the plasma membrane of recipient cells
[36,37]. Therefore, EVs have been exploited as drug vehicles for drug
delivery. However, to the best of our knowledge EVs have not been
explored to alter the phenotype of recipient cells for subsequent
therapy. Based on these EV features, it is possible to speculate that EVs
released from HER2-overexpressing BT-474 cells can directly impose
HER2 on TNBC MDA-MB-231 cells, and thus confer MDA-MB-231 cells
with targetable receptors for selective delivery of chemotherapeutic
drugs. Here, we report HER2+ EV-educated MDA-MB-231 cells can be
efficiently treated with HER2-targeted paclitaxel (PTX) in vitro and in
vivo.

2. Materials and methods

Cell culture. MDA-MB-231 cells were maintained in DMEM sup-
plemented with 5% FBS. BT-474 cells were cultured in McCoy's 5a
medium containing 5% FBS. All cells passed testing for mycoplasma
contamination. Cells were cultured in a humidified atmosphere of 5%
CO2 at 37 °C. Alexa Fluor 594 conjugated antibody (Santa Cruz, sc-
33684, 1:50) was used to identify HER2 on cell membrane. In brief, BT-
474 cells, MDA-MB-231 cells, and BT-474 EVs educated MDA-MB-
231 cells were fixed with 4% paraformaldehyde at 4 °C for 30 min
followed by PBS rinsing thrice. Without cell membrane permeabiliza-
tion, DAPI and fluorescence tagged HER2 antibodies were sub-
sequentially incubated with cells at 4 °C for 10 min and 2 h. After PBS
washing, cells were observed with a fluorescence microscope
(Olympus).

EV harvest. BT-474 cells at 70% confluence were maintained with
FBS-free medium for 24 h. The supernatant was collected and cen-
trifuged at 20,000g for 15 min to discard cellular debris. Afterward, a
total of 120 mL of supernatant was collected and ultracentrifuged at
100,000 g continuously at 4 °C for 2 h. EV pellets were suspended in
200 μl of PBS and stored at −80 °C until use. Similarly, MDA-MB-231
EVs were harvested following the exact same protocol.

EV characterization. 10 μl EV samples were loaded on 400-mesh
Formvar-coated copper grids and allowed to incubate for 3 min at room
temperature (RT). Excess samples were drained with filter paper and
stained with 1% filtered uranyl acetate solution for 1 min. Prepared
samples were imaged with a Hitachi TEM at an accelerating voltage of
100 kv. Size distribution and concentration of BT-474 EVs were mea-
sured with Nanosight NS300 according to manufacturer's instructions
followed by automated analysis.

Western blot. After lysis with RIPA buffer, protein amount in cells

were determined using Micro BCA Protein Assay (Pierce). Cell mem-
brane protein was extracted with Mem-PER Plus Membrane Protein
Extraction Kit (Thermo Fisher, 89,842) following the manufacturer's
instruction. Protein samples were analyzed using acrylamide gels, and
then transferred onto polyvinylidene difluoride membranes. The pro-
tein blot was blocked for 1 h at RT with 5% nonfat dry milk in PBS/
0.05% Tween 20 and incubated overnight at 4 °C with antibodies
against HER2 (sc-33684, 1:500), β-actin (sc-47778, 1:500), and integrin
(sc-9970, 1:500). Afterward, secondary antibodies were incubated for
1 h at RT. Samples were washed with PBS/0.05% Tween 20 for 10 min
thrice. Blots were developed with chemiluminescence. Similarly, BT-
474 EV protein was characterized, and MDA-MB-231 EV protein was
used as a control. Following the protocol described above, antibodies
against HER2, CD9 (sc-13118, 1:500), and TSG101 (sc-7964, 1:500)
were used to determine the amount of HER2 on EV and the other two
canonic EV markers.

Education of MDA-MB-231 cells with BT-474 EVs. To optimize
time of cell education with EVs, approximately 4 × 104 MDA-MB-
231 cells in 96-well plate were educated with 1 × 1010 BT-474 EVs for
2, 6, and 12 h. After incubation, supernatant was removed, and MDA-
MB-231 cells were thoroughly rinsed with PBS thrice to remove surplus
unbounded BT-474 EVs. Next, 1 × 107, 1 × 108, 1 × 109, and
1 × 1010 BT-474 EVs were used to educate MDA-MB-231 cells for 12 h
followed by thorough rinsing. The amount of HER2 in educated MDA-
MB-231 cells and counterparts was determined by Western blot.

Wound-healing assay. 4 × 104 MDA-MB-231 cells were seeded
into each well of a 96-well plate and were allowed to attach onto the
substrate overnight. When confluence reached 100%, a pipette tip was
used to scratch the cell monolayer. Detached cells were removed by
replacing the medium. Cells were educated with ~1 × 1010 BT-474 EVs
for 12 h. The width of the wound was monitored under the microscope
at 0, 24, and 48 h time points. ImageJ was used to calculate the wound
area.

Liposome preparation and characterization. PTX-loaded lipo-
somes (LP-PTX) were prepared following the widely used protocol [38].
Liposomes were composed of DSPC (Avanti, 850365C), Cholesterol, and
DSPE-PEG2000-maleimide (NanoCS, PG2-DSML-2k) at respective molar
ratio of 70:25:5. Excess free PTX was removed from LP-PTX with a
Sephadex G25 column. Then, the anti-HER2 antibodies (Santa Cruz, sc-
33684) were covalently conjugated onto liposomes at a molar ratio of
1:10 for 4 h at 4 °C followed by ultracentrifugation at 180,000 g and
4 °C for 1 h to remove unconjugated antibodies. The size distribution
and zeta potential of liposome and anti-HER2-liposome (Ab-LP) were
routinely measured. The amount of loaded PTX in each group was
measured by high-performance liquid chromatography (HPLC). To
measure PTX release, freshly prepared LP-PTX and Ab-LP-PTX were
placed in a 300 kDa molecular weight cutoff dialysis membrane
(Spectrum Labs). The device was then placed in PBS at room tem-
perature with stirring. Samples were taken at time points and analyzed
by HPLC. Before treatment of MDA-MB-231 cells with Ab-LP-PTX, we
examined whether educated MDA-MB-231 cells harbor HER2 derived
from BT-474 EVs. TopFluor Cholesterol (Avanti, 810,255) was used to
prepare Ab-LP bearing green fluorescence following the above-men-
tioned protocol. Approximately 4 × 104 MDA-MB-231 cells in a single
well of 96-well plate (n = 5) were incubated with 1 pmole Ab-LP at
37 °C for up to 20 min. Fluorescence images were taken every 5 min.

Therapeutic efficacy in vitro. The respective IC50 values of free
PTX, LP-PTX, and Ab-LP-PTX in BT-474 EV-educated MDA-MB-
231 cells were determined with an MTT assay (ThermoFisher Scientific)
following the manufacturer's instructions. 3 × 105 MDA-MB-231 cells
were seeded into each well of a 6-well plate and were allowed to attach
onto the substrate overnight. Cells were educated with ~1 × 1011 BT-
474 EVs for 12 h. Subsequently, MDA-MB-231 cells in 4 groups were,
respectively, treated with PBS, 100 nmol/L free PTX, LP-PTX, and Ab-
LP-PTX for 24 h. A total of 5 × 105 harvested MDA-MB-231 cells in
100 mL binding buffer (BD Biosciences) were incubated with 10 mL
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propidium iodide (PI) and 5 mL of Annexin V-FITC for 30 min at RT.
Each sample was analyzed by flow cytometry. With the same experi-
mental setup, cells in 4 groups were stained with PI only and photo-
graphed.

Therapeutic efficacy in vivo. Approximately 1 × 106 uneducated
MDA-MB-231 cells in 50-mL PBS mixed with 50 mL of Matrigel were
inoculated subcutaneously to the flanks of 6-week BALB/c mice
(n = 4), and allowed to grow to a tumor size approximately 100 mm3.
The mice were then randomly divided into 4 groups. Before drug or PBS
infusion, ~3 × 1011 BT-474 EVs were directly injected into solid tu-
mors at multiple sites with a 30G needle. After 12 h inoculation, PBS,
free PTX or Ab-LP-PTX was then intravenously administered every 2
days (2 mg of PTX-equivalent per kg of body weight per dose) for 3
weeks. Mice were euthanized to harvest tumors. All animal experiments
were approved by and performed in accordance with guidelines from
the Institutional Animal Care and Use Committee (IACUC) of the Model
Animal Research Center of the Wuxi People's Hospital Affiliated to
Nanjing Medical University (Wuxi, Jiangsu, China).

Statistics Analysis. Results are presented as mean ± standard
deviation (SD). Statistical comparisons were performed by two-tailed T-
test and two-tailed ANOVA test. A p-value ˂ 0.05 was considered sta-
tistically significantly.

3. Results

Characterization. Previous studies reported that the average
amount of HER2 on MDA-MB-231 cells and BT-474 cells is ~4 × 104

and ~4 × 106, respectively [39–41]. The fluorescent staining con-
firmed that HER2 fluorescence signal was either undetectable or ex-
tremely weak in MDA-MB-231 cells, demonstrating the former is HER2
low expressing (Fig. 1a). By contrast, BT-474 cells overexpress HER2
[42]. This was further confirmed with Western blot analysis of cell ly-
sates derived from MDA-MB-231 cells and BT-474 cells (Fig. 1b). In
addition, Western blot analysis also confirmed the dearth of HER2 in
lysates of MDA-MB-231 EVs and its presence within BT-474 EV lysates
(Fig. 1c). Meanwhile, EV canonic protein markers CD9 and TSG-101
were identified in both MDA-MB-231 EVs and BT-474 EVs. Under
electron microscopy, BT-474 EVs displayed a characteristic saucer-
shaped morphology (Fig. 1d), and Nanosight data displayed that the
majority of isolated BT-474 EVs were between 100 and 150 nm in
diameter (Fig. 1e) with average size of 122 nm.

We incubated 1 × 1010 BT-474 EVs with 4 × 104 starved MDA-MB-
231 cells for 2 h, 6 h, and 12 h, respectively. The EV-cell plasma
membrane fusion directly imprinted BT-474 cell-derived HER2 on
MDA-MB-231 cell membranes, and thus the educated MDA-MB-
231 cells were successfully observed with fluorescence labeled anti-

HER2 antibodies (Fig. 1f). Western blot analysis revealed 2-h incuba-
tion was insufficient as the amount of HER2 did not show significant
change in comparison with the counterpart. At 6 h and 12 h timepoints,
the quantified data show that signal intensities of HER2 derived from
educated MDA-MB-231 cells were 2.47- and 8.75-fold higher than those
of negative controls (Fig. 1g). Therefore, we chose 12-h incubation for
further optimization. Of note, in our previous study we demonstrated
EVs can be internalized by cells at 2 h timepoint [43]. In fact, when EVs
reach the plasma membrane the internalization of EVs only takes
~3 min after the initial interaction [44]. Nevertheless, the extended
incubation time can benefit internalization of EVs by recipient cells.
Moreover, the Western blot of membrane proteins extracted from
educated MDA-MB-231 cells further demonstrated HER2 derived from
BT-474 EVs can be integrated to MDA-MB-231 cell membrane (Fig. 1h).
Next, ~4 × 104 MDA-MB-231 cells were educated with ~1 × 109,
~1 × 108, and ~1 × 107 BT-474 EVs for 12 h. The signal intensity of
HER2 derived from educated MDA-MB-231 cells decreased along with
the decreased amount of BT-474 EVs. The quantified data show that
signal intensities of HER2 derived from educated MDA-MB-231 cells in
the former two groups were 5.62- and 2.33-fold higher than those of
negative controls. No significant difference in HER2 was found in
~1 × 107 BT-474 EVs educated MDA-MB-231 cells (Fig. 1g), indicating
limited EVs were internalized. Subsequently, we estimated the amount
of conferred HER2 on educated MDA-MB-231 cells. Given uneducated
MDA-MB-231 cells inherently harbor ~4 × 104 HER2, we speculate
additional 3.1 × 105, 1.8 × 105, and 5.9 × 104 HER2 were further
conferred from ~1 × 1010, ~1 × 109, and ~1 × 108 BT-474 EVs to
recipient cells after 12-h incubation. These imprinted HER2 can remain
on MDA-MB-231 cells for at least 24 h. The measured average diameter
of BT-474 cells is 13.1 μm. Assuming HER2 homogeneously distributes
on plasma, therefore the individual BT-474 EV may harbor ~350 HER2.
Then, we deduced that conferral efficiency of HER2 on MDA-MB-
231 cells in three groups was 0.35%, 2.06%, and 6.74%, respectively.
The low efficiency might be caused by inefficient interaction between
EVs in suspension and cells attached on the flask surface. On the other
hand, to maintain the optimal surface area to volume ratio we speculate
the recipient cells have to reach a dynamic equilibrium between in-
ternalization of foreign EVs and release of self-derived EVs, and this
unknown kinetics may limit the internalization of foreign EVs. There-
fore, EV internalization kinetics and methods for improving the inter-
nalization efficiency deserve further investigation. Moreover, it was
reported that cells can form early endosomes, multivesicular endo-
somes, and then release multivesicular compartments via fusion with
the plasma membrane in 3 h. The conferred HER2 could be released
into the extracellular environment via MDA-MB-231 cell-derived EVs
[45]. Furthermore, the conferred HER2 might be internalized. They are

Fig. 1. Characterization of cells and BT-474 EVs. a, fluorescent images of BT-474 and MDA-MB-231 cells. Red: AF594 conjugated anti-HER2 antibody; Blue: DAPI
(scale bar, 10 μm). b, Western blot of HER2 and β-actin extracted from lysates of MDA-MB-231 cells (1) and BT-474 cells (2). c, Morphologic characterization of BT-
474 EVs by electron microscopy (scale bar, 500 nm). d, Size distribution of BT-474 EVs measured with Nanosight. e, Western blot of HER2, CD9, and TSG-101
extracted from lysates of MDA-MB-231 EVs (1) and BT-474 EVs (2). f, fluorescent images of BT-474 EV-educated MDA-MB-231 cells at 12 h time point. Red: AF594
conjugated anti-HER2 antibody; Blue: DAPI (scale bar, 10 μm). g, Western blot of HER2 and β-actin extracted from lysates of 107-1010 BT-474 EVs educated MDA-
MB-231 cells (1) and untreated MDA-MB-231 cells (2) for 2–12 h h, Western blot of HER2 and integrin extracted from plasma membrane of MDA-MB-231 cells
educated with 1010 BT-474 EVs for 2, 6, and 12 h, respectively. From left to right: 12 h, 6 h, and 2 h education with EVs and negative control. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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either recycled back to the cell surface after 7–28 h or transported to
the late endosome/lysosome for degradation [46]. Nevertheless, to ef-
ficiently confer HER2 on MDA-MB-231 cells, we chose 1 × 1010 BT-474
EVs to educate 4 × 104 cells for 12 h.

Electron microscopy verified that both LPs and Ab-LPs possess a
well-defined spherical shape and were homogeneously distributed
(Fig. 2a). Slight differences in physical properties were observed be-
tween LPs and Ab-LPs due to antibody inclusion (Fig. 2b). The average

Fig. 2. Characterization of drug delivery liposome and treatment efficacy. a, Morphologic characterization of LP-PTX and Ab-LP-PTX by electron microscopy
(scale bar, 50 nm). b, Characterization of LP-PTX and Ab-LP-PTX, including size distribution, PDI, zeta potential, PTX loading efficiency, and PTX release profile. c, In
vitro release of PTX from LP-PTX and Ab-LP-PTX at 37 °C, respectively. d, fluorescent images showing Ab-LP binding to HER2-grafted MDA-MB-231 cell surface and
to uneducated MDA-MB-231 cell surface at 15 min time point (scale bar, 10 μm). e, Wound healing assay of MDA-MB-231 cells educated with BT-474 EVs or
uneducated and quantification of wound closure. Migration was assessed at 12 h time point after wounding. f, Fluorescence images of HER2-grafted MDA-MB-
231 cells and uneducated MDA-MB-231 cells treated with PBS, 100 nmol/L free PTX, LP-PTX, and Ab-LP-PTX, stained with propidium iodide (n = 5). g, Respective
IC50 values of Ab-LP-PTX after 24-h incubation with HER2-grafted MDA-MB-231 cells and uneducated MDA-MB-231 cells, respectively. h, Flow cytometry and
relevant quantified data of cell cycles of HER2-grafted MDA-MB-231 cells and uneducated MDA-MB-231 cells treated with 100 nmol/L Ab-LP-PTX for 24 h, re-
spectively.
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diameters of LPs and Ab-LPs were 47.92 nm and 48.79 nm, respec-
tively. Polydispersity indices (PDIs) were measured as 0.24 ± 0.01 and
0.26 ± 0.01 for LPs and Ab-LPs, respectively. Immobilization of HER2
antibodies on the liposomal membrane decreased the mean zeta po-
tential of the LPs from −5.18 mV to −6.43 mV, ensuring the stability
of both during blood circulation. A decrease in PTX loading efficiency
from 7.4% to 6.5% was observed in Ab-LPs compared to LPs which was
caused by the additional antibody conjugation and rinsing. Regardless
of antibody inclusion, PTX encapsulation efficiency was similar, around
90%. We further investigated the release kinetics of LP-PTX and Ab-LP-
PTX at 37 °C, respectively. Both exhibited burst release kinetics over the
first 6 h followed by an extended sustained release profile over the next
64 h (Fig. 2c). At the 24-h time point, LP-PTX and Ab-LP-PTX had re-
leased approximately 85% and 45% PTX, respectively. The slower re-
lease rate demonstrated by the Ab-LP-PTX suggests a significantly su-
perior in vitro administration profile. The loaded PTX can therefore be
safely delivered to cells, avoiding early release and partially amelior-
ating off-target effects. Next, the BT-474 EV-educated MDA-MB-
231 cells and uneducated MDA-MB-231 cells were incubated with Ab-
LPs. Fluorescence confirmed Ab-LPs could quickly recognize the

incorporated HER2 and significantly bind to MDA-MB-231 cells within
just 15 min (Fig. 2d). In contrast, fluorescence signal was undetectable
in control group at the same time point, indicating very few Ab-LPs
attached and fused with uneducated MDA-MB-231 cell membranes.
Altogether, successful integration of ~9-fold more HER2 into MDA-MB-
231 cell membranes should hereby allow for subsequent HER2 targeted
drug delivery.

Treatment of cancer cells in vitro and in vivo. As noted, both cell
types have previously exhibited the ability to transfer oncogenic pay-
loads, consisting of proteins and RNAs responsible for a myriad of pro-
tumor characteristics, to somatic cells [47,48]. The ability of highly
aggressive MDA-MB-231 and BT-474 cells to imprint more metastatic
phenotypes onto less aggressive cells, including healthy cells, is highly
documented [49]. However, whether BT-474 EVs can reduce the me-
tastatic potential of MDA-MB-231 cells is unclear. In order to confirm
that no ancillary education effect of BT-474 EVs was responsible for
treatment efficacy, a wound healing assay was performed as a simple
proxy for metastatic potential. No discernible difference was found
between the wound closure rates of EV-educated MDA-MB-231 cells
compared to their uneducated counterparts (Fig. 2e). After 12 h, both

Fig. 3. Tumor treatment in vivo. a, Tumor tissues obtained from each group of euthanized mice (n = 4) 18 days after administration of w/o EV + PBS (1), w/o
EV + free PTX (2), w/o EV + Ab-LP-PTX (3), and w/EV + Ab-LP-PTX (4), respectively. b, Typical histologic sections of tumors with HE staining. c-d, Tumor volume
and weight of MDA-MB-231 tumor xenograft in mice from each group after drug or placebo administration (n = 4). e, Average mass of mice from each group without
significant difference (n = 4). f, HE staining of major organs and tumor in each group.
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wound widths were ~60% and had closed before the 24 h time point.
Given education with BT-474 EVs did result in the integration of HER2
into MDA-MB-231 membranes, as evidenced by anti-HER2 fluorescence
staining (Fig. 1e), in the reduction metastatic potential of MDA-MB-
231 cells via education with BT-474 EVs is seemingly non-existent. In
the following experiments, the enhanced treatment effects were there-
fore assumed to be a product of the integrated HER2 and targeted drug
delivery.

A marked difference in treatment efficacy, as observed by PI
staining, was found between Ab-LP-PTX group and the other groups,
with the former inducing apoptosis of almost all MDA-MB-231 cells
(Fig. 2f). In group of EV-educated MDA-MB-231, average 1.76%,
15.2%, 40.3%, and 97.8% cells treated with PBS, free PTX, LP-PTX, and
Ab-LP-PTX show detectable red fluorescence signal. In control group of
uneducated MDA-MB-231 cells, 2.94%, 12.2%, 38.8%, and 61.1% cells
showed red fluorescence signal in each subgroup. Significant difference
in amount of apoptotic cells was found between Ab-LP-PTX treated EV-
educated and uneducated MDA-MB-231 cells (t-test, p < 0.01), de-
monstrating the conferred HER2 could promote the treatment efficacy
of targeted drug delivery. Subsequently, we directly used Ab-LP-PTX to
treat EV-educated and uneducated MDA-MB-231 cells. The IC50 of Ab-
LP-PTX in two groups was 9.9 nM and 173 nM, respectively (t-test,
p < 0.01). Therefore, with equal amount of Ab-LP-PTX the treatment
efficacy of EV-educated MDA-MB-231 cells can be significantly im-
proved by 17.5-fold. Alternatively, to reach the equivalent treatment
efficacy, the EV-educated MDA-MB-231 cells would require sig-
nificantly less PTX in comparison with that of counterpart (Fig. 2g).
Moreover, flow cytometry data indicated the treatment of Ab-LP-PTX
caused ~65% EV-educated cells to retain in the G2-M phase. In con-
trast, ~30% of uneducated cells retain in this phase after the same
treatment, underlining Ab-LP-PTX can more efficiently prevent mitosis
of HER2 conferred cells compared to that of uneducated cells (Fig. 2h).

Next, we investigated the efficacy of anti-HER2 drug delivery in
xenograft BALB/c mouse models. A therapeutically ineffective dosing of
free PTX, 2 mg of PTX-equivalent per kg of body weight per dose, was
specifically chosen in order to highlight the potential differences in
treatment. In the first two negative control groups, PBS and free PTX
was used to treat uneducated tumor. The free PTX did not inhibit tumor
growth as designed (Fig. 3a). In the latter two groups, Ab-LP-PTX was
used to treat uneducated MDA-MB-231 cells and BT-474 EV educated
MDA-MB-231 cells. Following tumor harvesting, Ab-LP-PTX treated
mice displayed significantly reduced average tumor weights and vo-
lumes (Fig. 3a). Moreover, in the fourth group, the tumor educated with
BT-474 EVs showed the smaller volume and that of tumor without EV
education. Histological analysis of tumor tissue revealed enhanced de-
structive capabilities of the Ab-LP-PTX over those of PBS and free PTX
(Fig. 3b). Similarly, Ab-LP-PTX treated EV-educated tumor demon-
strated significant destruction of the tumor tissue. It indicates that even
a normally ineffective PTX dose is still successful in inhibiting tumor
growth when used to target inserted HER2. Harvested tumors from four
groups were found to have average volumes of 675, 680, 352, and
188 mm3, respectively and weight of 0.42, 0.38.0.18, and 0.10 g, re-
spectively (ANOVA, p < 0.05) (Fig. 3c–d). The use of targeted delivery
to treat educated tumors therefore decreased the average tumor weight
by 34.6% and the average volume by 33.3% over 18 days. No sig-
nificant cachexia was observed in any of the subjects. There was no
significant difference in mouse body weight during the administration
either (Fig. 3e). Tissue samples were further taken from the heart,
lungs, spleen, and kidney of each subject for histological analysis. Ex-
tensive damage in major organs was not observed in any groups
(Fig. 3f). However, slight difference in HE staining may indicate a fa-
vorable lack of tissue damage for the Ab-LP-PTX treatment of EV edu-
cated tumor compared to the others. Thus, compared to free PTX and
Ab-LP-PTX in treatment of uneducated tumor, higher dose of Ab-LP-
PTX can be administrated to kill HER2 conferred tumor, improving the
chemotherapeutic effects without the occurrence of severe adverse

reactions.

4. Discussion

The quest to obtain an effective treatment for TNBC has hitherto
been met with considerable frustration. The most insurmountable
portion of this triple negative problem is the distinct lack of targetable
receptors, most notable HER2, which prevents TNBC from being swept
into the burgeoning wave of immunotherapeutic treatments [50].
While ongoing clinical trials are investigating the safety and efficacy of
PD-1, PD-L1, and CTLA-4 inhibitors in TNBC, chemotherapy largely of
completely unrelated cells has been, and continues to be, extensively
elucidated. As has been elegantly reported, EVs carrying membrane
proteins representative of their parent cells have demonstrated the
ability to confer these proteins on the recipient cell's membrane via
membrane fusion [51–53]. Hence, this paper represents a new ap-
proach to converting tumor phenotype by imposing targetable re-
ceptors into the membrane of deficient cells via EV membrane fusion.
We demonstrated that the use of targeted therapy in conjunction with
this receptor grafting is superior to the use of therapies without receptor
grafting. Not only was membrane insertion and targeted delivery more
effective in decreasing tumor size, it showed advantageous qualities in
terms of IC50 and reduced off-target effects. This proof-of-concept
showed promise in both in vitro and in vivo models.

It is noteworthy that the conferral of antigens via membrane fusion
and intratumoral injection is transient (~24 h), thus minimizing po-
tential tumorigenicity, as HER2 overexpression is associated with a
myriad of tumorigenic activities [54]. The vast majority of TNBC cells
lack the capacity to self-reproduce HER2 once the infusion of HER2+

EVs stops. Cells that do not natively express HER2 will undo its in-
tegration via dynamic remodeling of the cell membrane or lose the
conferred HER2 once it is transported to the late endosome/lysosome
for degradation or release to extracellular space. The simple insertion of
desirable membrane receptors is thus a double-edged sword. Over-
expression and dysregulation in healthy cells is largely avoided, but
treatment efficacy is dependent on the continuing infusion of EVs. It is
worthwhile to note that intratumoral injection is very flexible in terms
of conferring various targetable antigens, such as programmed death-
ligand 1 (PD-L1), prostate-specific antigen (PSA), and carbonic anhy-
drase IX (CA IX) on receipt cell membrane for targeted therapy. What
antigens can be inserted is limited only to the existence of harvestable
EVs that possess that receptor. In future work, BT-474 EV cargo, with
the exception of HER2, can be entirely depleted to limit undesired ef-
fects and specific EV subpopulations that are more prone to membrane
fusion could be selected to fine tune the efficiency of conferral.

On the other hand, intratumoral injection of HER2+ EVs for in-
oculation of TNBC cells before intravenous administration of drugs may
impractical in cancer patients, and thus further development of this
prototyping approach may be desired. For instance, the homing of
mRNA- and/or retrotransposon element-encapsulated EVs to the solid
tumor could be an alternative and feasible approach. Such a method
would initiate the synthesis, and subsequent membrane integration, of
targetable HER2 onto the plasma membrane of recipient cells.
Similarly, favorable mRNAs could be used to stimulate the expression of
a wide variety of antigens, such as PD-L1, so as to convert tumors into
phenotypes favorable for existing chemo- or immunotherapies. While
the overexpression of these receptors has been linked to enhanced
proliferation, motility, and invasion of cancer cells [54], the now im-
munologically revised hot tumors would contain more surface antigens
and higher levels of infiltrating T cells. As a result, these cells would be
more recognizable to the host's immune system, thus increasing the
likelihood of triggering a strong immune response. Consequently,
cancer patients may derive greater benefit from conventional targeted
drug delivery and/or immunotherapy such as CAR-T and monoclonal
antibody therapy. Nevertheless, delivery of mRNA and/or retro-
transposon elements may permanently alter the phenotype of recipient
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cells, and hence may promote tumorigenicity to a certain extent.
Altogether, this proof-of-concept represents a unique method of

priming tumor cells for targeted delivery or immunotherapy via the
conferral of relevant receptors. The ease of implementation, favorable
intrinsic characteristics of EVs, and reliance on previously tested drug
delivery systems make this potential treatment conducive to extensive
alteration and possible clinical translation.
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