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Despite the appreciable success of synthetic nanomaterials for
targeted cancer therapy in preclinical studies, technical challenges
involving their large-scale, cost-effective production and intrinsic
toxicity associated with the materials, as well as their inability to
penetrate tumor tissues deeply, limit their clinical translation. Here,
we describe biologically derived nanocarriers developed from a
bioengineered yeast strain that may overcome such impediments.
The budding yeast Saccharomyces cerevisiae was genetically engi-
neered to produce nanosized vacuoles displaying human epidermal
growth factor receptor 2 (HER2)-specific affibody for active target-
ing. These nanosized vacuoles efficiently loaded the anticancer
drug doxorubicin (Dox) and were effectively endocytosed by cul-
tured cancer cells. Their cancer-targeting ability, along with their
unique endomembrane compositions, significantly enhanced drug
penetration in multicellular cultures and improved drug distribu-
tion in a tumor xenograft. Furthermore, Dox-loaded vacuoles suc-
cessfully prevented tumor growth without eliciting any prolonged
immune responses. The current study provides a platform technol-
ogy for generating cancer-specific, tissue-penetrating, safe, and
scalable biological nanoparticles for targeted cancer therapy.

affibody | bioengineered yeast | cancer therapy | drug delivery |
yeast vacuoles

ecent decades have witnessed the emergence of the nano-

medicine era in cancer diagnosis and therapy, made possible
by the advent of new synthetic nanomaterials suitable for imag-
ing or drug delivery (1, 2). Such nanomaterial-based drug de-
livery systems have shown improved therapeutic efficacy with
lower unwanted adverse effects compared with conventional che-
motherapy, at least in animal models (1-5). Despite the appreciable
success of cancer nanomedicines in preclinical studies, only a few
such agents have entered clinical trials, and fewer still have shown
promising therapeutic outcomes and advanced to subsequent trial
stages (6-8). Among factors likely to hamper the clinical feasibility
of synthetic cancer-targeting nanomaterials are technical challenges
involving their pilot scale, cost-effective production, and intrinsic
cytotoxicity associated with these materials. In addition to these
limitations, tumor tissues have formidable physiological barriers,
such as a high interstitial pressure and densely entangled ECM.
Most synthetic nanomaterials fail to penetrate tumor tissues deeply
and localize only in perivascular areas, thereby limiting their ther-
apeutic efficacy (6-8). To overcome the limitations associated with
synthetic nanomedicines, researchers have recently developed bi-
ologically derived, nanosized vesicles as novel drug delivery systems
(9-12). Minicells and outer membrane vesicles derived from ge-
netically engineered bacteria and mammalian cell-derived exosomes
have shown potent antitumor efficacy (10-14). Moreover, such bi-
ological vectors can be engineered to achieve cancer cell-specific
delivery of diverse cargos by introducing cancer-targeting ligands
onto their surfaces (10-12). However, concerns remain about the
immunogenicity of bacteria-derived vehicles. For exosome-based
delivery systems, large-scale, cost-effective methods for producing
cancer cell-specific exosomes are currently bottlenecks for future
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clinical applications. Thus, there is a need for a new class of bi-
ologically derived drug delivery systems that have an enhanced tis-
sue-penetrating ability and cancer cell specificity, as well as low
immunogenicity and facile drug loading, and that can be produced
cost-effectively on a large scale.

To this end, we report here the development of a bio-inspired
drug delivery system using vacuoles isolated from genetically engi-
neered yeast cells that may fulfill these unmet needs. Budding yeast
(Saccharomyces cerevisiae) is nonhazardous and nonpathogenic, and
thus has been used in fermentation products for millennia (15). In
addition, its simple genetic and biochemical manipulations, together
with the fact that many yeast genes are conserved among higher
eukaryotes, including humans, make it an ideal model for various
biological studies (15, 16). Unlike bacteria, its lipid composition is
similar to the composition of mammalian cell membranes, poten-
tially increasing fusion efficiency with the plasma membrane or
endolysosomes, and thereby facilitating the release of drugs into
targeted cells or tissues (17-20). Exploiting these features, we
genetically engineered S. cerevisiae to express human epidermal
growth factor receptor 2 (HER2)-specific affibody on the vacuolar
membrane, enabling the targeting of HER2 receptors that are
expressed on various cancers (12, 21, 22). We further loaded the
anti-HER?2 affibody-expressing vacuoles (Affiggr,Vacuole) with
the chemotherapeutic drug doxorubicin (Dox), which is widely
used in treating solid tumors. We then examined the anti-
cancer effects of the drug-carrying, HER2-targeted vacuoles
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(AffiHERZVacuoleD °¥) and compared their anticancer efficacy with

the anticancer efficacy of the free drug (FreeP™); drug-free vacu-
oles (Affiggr,Vacuole); and affibody-free, Dox-carrying vacu-
oles (Vacuole®™) in HER2-overexpressing, in vitro-cultured,
cell-based models and an in vivo mouse xenograft model.

The proposed bioengineered yeast vacuole-based platform
partly imparts limitations associated with synthetic cancer-targeting
nanomaterials and provides inspiration and future directions for
designing of an effective anticancer drug delivery system that could
be considered in clinical applications to treat various cancers.

Results and Discussion

Preparation and Characterization of Cancer-Targeting Vacuoles. Al-
though WT yeast cells have two to five large vacuoles that are
around 1 pm in diameter, their size and number vary depending
upon the cell cycle and environmental conditions, reflecting vac-
uole-associated fission and fusion events (17, 19, 20, 23). The
processes of fission and fusion are tightly regulated by multiple
factors, including Rab GTPases that mediate membrane tethering
and docking, which are prerequisites for homotypic vacuole fusion
(24-29). The major Rab GTPase for yeast vacuole fusion is yeast
protein transport 7 (YPT7); thus, its deletion results in a large
number of fragmented, nanosized vacuoles (25-27, 30-32). To
obtain a high yield of nanosized vacuoles, we generated a yeast
strain with a YPT7 deletion (YPT7A) (Fig. 14 and Fig. S14).
Additionally, the yeast cells were genetically engineered to express
the HER2-specific affibody on the vacuolar membrane for cancer
targeting. Such modified YPT7A yeast cells contained a large
number of fragmented vacuoles with enhanced colloidal stability.
To express the Affibodyyer, on the vacuolar membrane, we
genetically fused the gene encoding myc-tagged Affibodyygro
to the 5" end of the PHOS gene, which encodes vacuolar trans-
membrane alkaline phosphatase. The Affibodyyggr,.expressing
vacuoles (Affiggr, Vacuoles) were then purified as described in
SI Materials and Methods, Yeast Strains, Plasmid Construction, and
Vacuole Isolation. Specific expression of the PHOS-Affibodyygro
chimeric protein in the Affiggr,Vacuole was shown by Western
blot analysis using antibodies against PHOS and the myc tag
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e
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(Fig. 1B). These Affiggr,Vacuoles were characterized in terms
of their size and morphology using electrophoretic light scattering
(ELS) and transmission electron microscopy (TEM) (Fig. 1C
and Fig. S1 B and C). These analyses of the Affiggr,Vacuoles
revealed a bilayered, circular morphology with a hydrodynamic di-
ameter of ~200 nm. The HER?2 specificity of the Affiggr,Vacuole
was verified by ELISA. The Affiygr,Vacuole showed an ~14-
fold higher affinity for HER2 compared with the controls (Fig.
1D). Importantly, after proteinase kinase (PK) treatment, the
Affiggr,Vacuole showed an almost complete loss of HER2 af-
finity, indicating that the functional form of the Affibodyyggz
was exposed on the exterior vacuole surface. Next, by confocal
imaging, we showed that the Affiygr,Vacuoles were specifically
bound to HER?2 receptors on the cell surface and internalized
through receptor-mediated endocytosis (Fig. 1E). A large pro-
portion of the AffiggroVacuoles were endocytosed by HER2-
overexpressing SKOV3 cells, whereas a relatively low nonspecific
uptake was evident in HER2-negative MDA-MB-231 cells. Col-
lectively, these results clearly indicate that the Affiggr,Vacuole can
be used for cancer-specific targeting and drug delivery. Because
of their subnanometer size, the engineered, drug-carrying vacuoles
could rapidly extravasate and accumulate in the periphery of
tumor tissue, where, after cancer receptor engagement, they
could undergo endocytosis before releasing their payload and
producing cytotoxic effects. In addition, with the available rapid
protocols for vacuole preparation and methods for large-scale
fermentation of yeasts, it is possible to obtain high yields of
vacuoles in a cost-effective manner (26, 33).

Drug Loading, Quantification, and Release Kinetics. We expected
that Dox, a membrane-permeable drug, could be loaded into the
membrane and lumen of the Affiggro,Vacuole through physical
adsorption because the lipid composition of the vacuoles is rela-
tively similar to the lipid composition of mammalian cell mem-
branes (10, 17-19). As shown, the amount of drug loaded in the
vacuoles increased by increasing the initial Dox concentration,
suggesting that drug loading was mediated by a concentration
gradient (Fig. S24). Characterization of the size and shape of the
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Generation and characterization of AffiygryVacuoles. (A) Schematic illustration of fragmented vacuole generation and drug loading into anti-HER2

affibody-expressing vacuoles (Affi,gr,VacuoleP®). (B) Western blot analysis of PHO8-affibody and myc-tagged affibody in Affi,gr,Vacuoles. The analyses
confirmed the localization of the affibody in vacuoles as a fusion partner. (C) Representative TEM image of the Affi,gryVacuoles. (Scale bar: 50 nm.) (D) ELISA
results showing the specificity of the AffigryVacuoles for HER2 protein. Treatment with PK caused almost a complete loss of HER2p affinity. Data represent
the mean + SD of three replicates. (E) Confocal images showing cell binding (0 h) and uptake (3 h and 6 h) of Affiygr,Vacuoles in HER2-overexpressing SKOV3
cells and HER2-negative MDA-MB-231_cells. The nuclei were stained with DRAQ5 (blue), and AffiygryVacuoles were stained with anti-affibody antibody
(green). AffiygraVacuoles exhibited receptor-specific binding and internalization in HER2-overexpressing SKOV3 cells, whereas very low and nonspecific

uptake was evident in HER2-negative MDA-MB-231 cells: (Scale bars: 20 pm.)
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Dox-loaded vacuoles (Affiygpr,Vacuole®™) by ELS and TEM
analyses showed that these vesicles retained an intact circular
shape (Fig. S2 B and C), confirming that the drug loading did not
affect the physical properties of the AffiggroVacuole. Next, we
investigated drug release from AffiyproVacuole®*. As shown,
less than 10% of the Dox was released during 24 h of incubation
at pH 7.4, whereas drug release was accelerated in an acidic
(pH 5.1) environment (Fig. S2D). These results suggest that the
vacuole structure becomes destabilized or disrupted in an acidic pH
environment, like that in the lysosome of a cell, enabling the rapid
release of the payload, but remains intact and relatively stable under
physiological conditions, minimizing leaking of the loaded drug into
the circulatory system. This drug release profile is crucial for re-
ducing nonspecific cytotoxicity caused by the free drug and for
improving the terminal half-life (#,,) of the drug in vivo by pre-
venting its rapid metabolism or excretion.

Cellular Drug Delivery and Cytotoxicity of Affiyeg,VacuoleP**. We
next investigated the cellular uptake and cytotoxic effects of
Affigrer,VacuoleP™ in various cancer cell lines. As shown in Fig, 24,
compared with the nontargeting Vacuole®™, Affipzr,VacuoleP™
was largely endocytosed by HER2-overexpressing NIH3T6.7 cells. At
1 h and 12 h, the red fluorescence of Dox was detected largely in the
cytoplasm (Fig. S34), indicating that Dox remained associated with
the vacuoles. However, after 12 h, most of the Dox had been released
and was readily internalized in the nucleus. Although a clear differ-
ence in uptake efficiency was observed between both types of Dox-
loaded vacuoles, an almost similar pattern of delayed drug release
and nuclear uptake was evident with Affiggr,Vacuole™™ and
VacuoleP*, In contrast, due to its intrinsic property, the Free®™
could readily penetrate through the cell membrane and internalize
into the nuclei, which was observed within 1 h of treatment. The
results clearly show the differences in intracellular kinetics of FreeP™
and Dox-loaded vacuoles. Furthermore, compared with HER2-
overexpressing SKOV3 and NIH3T6.7 cells, HER2-negative MDA-

VacuolePo*

A Affiyygg,VacuolePox

B /1 PBS
I \acuole (20ug)
. VacuoleDx
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3 Freebox
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Fig. 2.
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In vitro drug delivery and cytotoxicity. (A) Confocal images showing in vitro uptake of HER2-targeted Affi,er,Vacuole

MB-231 cells exhibited a very low uptake of Affiggr,Vacuole®™

(Fig. S3B). These results show that the receptor-specific binding of
AffireroVacuoleP™ is crucial for cellular uptake, whereas drug
release from Affigpr,VacuoleP* takes place presumably due
to deformation of the Affigggr,Vacuole upon lysosomal acidi-
fication. Next, the cytotoxic effect of Affiggr,VacuolePo* was
quantitatively evaluated with colorimetric 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide assays. In contrast to
treatment with PBS, vacuole or VacuoleP* and treatment with
FreeP™ or Affigpr,VacuoleP™ caused significantly greater cyto-
toxicity after 96 h of incubation (Fig. 2B), reducing cell viability in
both the HER2-overexpressing NIH3T6.7 and SKOV3 cells by 75%
and 72%, respectively. The cytotoxicity of Free®™ in HER2-nega-
tive MDA-MB-231 cells was significantly higher than the cytotoxicity
of Affiprpr,VacuoleP, indicating that the HER2-specific targeting
of Affiger,VacuoleP* is necessary for cell-selective cytotoxicity.

Drug Penetration and Cytotoxicity in Multicellular Cultures. In addi-
tion to endocytosis, we monitored the transcytosis or penetration of
Affiyer,Vacuole®*™ with NIH3T6.7 cells cultured in multiple layers
on a Transwell filter system (Costar). Cells in the Transwell filter
system were treated with FreeP®, nontargeting Vacuole®*, or
Affigpr,VacuoleP*, and penetration was assessed as a function of
time by monitoring the fluorescence of the cells cultured below the
transwell. Drug uptake and accumulation were increased compared
with the controls after incubation with Affiypr,VacuoleP
(Fig. S4), suggesting that, following receptor-mediated endocytosis,
AffiperoVacuoleP™ might undergo transcytosis through layers of
cells. In contrast, Free™* could not penetrate the cellular layers due
to rapid nuclear entrapment and Vacuole®™ exhibited very low
transcytosis because of reduced uptake by cells in the transwell and
was largely removed by washing.

We next tested the uptake, penetration, and cytotoxic effects
of Affiyer,VacuoleP™ in 3D spheroid cultures generated from
NIH3T6.7 cells. Nonvascularized cancer cell spheroids are known

0% \facuolePo*  FreePox

B

Affiper
Vacuole'

MD-AMB-231

Pox and nontargeting

Dox

VacuoleP°* by NIH3T6.7 cells. Higher uptake was evident in the Affi,gr,VacuoleP*-treated cells. (Scale bars: 20 pm.) (B) In vitro cytotoxic efficacy (analyzed by
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay) of the Affiygr,VacuoleP® was compared with the in vitro cytotoxic efficacy of various
controls in different cell lines (NIH3T6.7, SKOV3, and MD-AMB-231). Cell viability was evaluated after 96 h of incubation with Affiyer,VacuoleP® (Dox: 1 uM)
and compared with empty vacuole (20 pg), Vacuole®® (Dox: 1 pM), and two sets of Free® (Dox: 100 nM and 500 nM, respectively). Data represent the mean + SD
of three replicates, expressed relative to the PBS-treated control (**P < 0.01). (C) Confocal images showing the time-dependent uptake and penetration of
the Affi,eroVacuoleP* in NIH3T6.7 spheroids. (Scale bar: 200 um.) (D) Bright-field images of the NIH3T6.7 spheroids after 96 h of treatment with (i) FreeP®*,
(i) Vacuole®, (iii) AffinersVacuole®®, and (iv) PBS. The cytotoxicity and total volume control were the highest in the AffiygroVacuoleP**-treated samples
compared with the controls. (Scale bar: 200 um.)
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to share several features in common with tumors studied in vivo
(34-36). As shown in Fig. 2C, internalization of Free®* was limited
to the outer region of rapidly proliferating cells; such uptake could
be attributable to the intrinsic high membrane permeability of the
drug. Vacuole®™, lacking the HER2-binding ability, as well as
FreeP™ showed a low level of uptake in the spheroids. In contrast,
Affizgr,VacuoleP™ not only showed a relatively higher uptake in
the outer proliferating regions but also penetrated much more deeply
into the inner parts of the spheroids, possibly reflecting the advan-
tages of the membrane composition and subnanometer size (mostly
below 100 nm) of the vacuoles, which could penetrate more upon
saturation of the outer region receptors. The greater penetration and
distribution of Affiyer,VacuoleP* in both the transwell and spher-
oid cultures compared with Free®* were dependent upon incubation
time. Moreover, growth inhibition and volume control of the cancer
cell spheroids after 96 h of treatment were much greater with
Affigpr,VacuoleP™ than with the other controls (Fig. 2D). These
results are in accordance with previous in vitro findings, showing
that cellular targeting and enhanced penetration improved the
efficacy of Dox (35). Taken together, these results show that
AffigproVacuoleP* can selectively deliver a drug payload to
targeted cancer cells and exert cytotoxic effects. Importantly,
AffigeroVacuole alone is not cytotoxic in cells; therefore, the
targeted Affigpgr,VacuoleP* system could be used to safely
treat cancers in vivo.

In Vivo Cancer Targeting, Biodistribution, and Antitumor Efficacy.
Researchers have developed a variety of nanocarriers to im-
prove the therapeutic index of drugs, mainly by increasing their

efficacy and reducing their toxic side effects. However, curtailing
vector-associated toxicity is technically challenging. Therefore,
biomaterials that are biocompatible, bioresponsive, and bio-
degradable could be advantageous over synthetic vectors and con-
tinue to be actively developed (8, 9). To 1nvest1gate the tumor
targeting and therapeutic efﬁcacy of Affiier,VacuoleP™ in vivo, we
used a HER2-overexpressing NIH3T6.7 cell-based mouse xenograft
model (37). Mice bearing NIH3T6.7 xenografts were systemlcally
injected with Affigrr,VacuoleP, VacuoleP, or FreeP via
the tail vein, and tumor tissue sections were analyzed for cellular
drug distribution at fixed time points (6 h and 12 h) by monitoring
the red fluorescence of the accumulated Dox. Images obtained from
the various tissue sections (from the top to the center) of each tumor
showed strong Dox fluorescence in the Affirsr,VacuoleP- injected
animals compared with the control animals (Fig. 34 and Fig. S54).
The results show a greater accumulation and penetration of the
Affiggrr,VacuoleP™ compared with the controls. Although
Vacuole”°* showed a relatively low cellular uptake due to passive
targeting, its enhanced distribution, like the enhanced distribution of
the AffiprgroVacuoleP™, ensures the effectiveness of biological car-
riers in penetrating tissue deepl ly. By comparison, the least accumu-
lation was observed with Free™™, indicating that passive targeting
prevents effective accumulation in tumors and that the drug is cleared
through the circulation. We extended this analysis by assessing the
biodistribution of Affiyrr,VacuoleP™ compared with the bio-
distribution of nontargetmg Vacuole™™ and Free®™ in NIH3T6.7
xenograft mice with each iv.-administered formulation at a Dox
dose of 1 mg/kg. Tumors and vital organs were collected 6 h post-
injection to quantify the drug. As shown in Fig. 3B, animals injected
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Fig. 3.

In vivo tumor targeting, biodistribution, and antitumor effects of Affiygr,Vacuole

Dox

in NIH3T6.7 xenograft mice. (A) Confocal images of tumor

MEDICAL SCIENCES

sections show the drug distribution in cancer cells after 6 h of treatment with Affi,er,VacuoleP®* (1 mg/kg) compared with the controls. (Scale bars: 10 um.)
(B) Tumor-specific distribution of Affi,er,VacuoleP® (1 mg/kg) analyzed 6 h after i.v. administration in NIH3T6.7 xenograft mice. Values are reported as the
mean + SD of triplicate samples. (C) Tumor growth was monitored throughout the course of the treatment (Dox at a dose of 1 mg/kg administered every other day)
in each treatment group. The percentage of tumor growth inhibition (TGI) caused by AffiyeroVacuoleP* was evaluated on the final day of treatment by
comparison with PBS-treated controls; each value represents the mean + SD (**P < 0.01 vs. control; n = 5 mice per group). (D) Apoptosis was determined by
TUNEL assay measured as BrdU-FITC-positive cells (green) in tumor tissue sections from animals treated with Affier;Vacuole®®* compared with PBS controls.
(Scale bars: 10 pm.) PI, propidium iodide.
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with Affiger,Vacuole™™ or Vacuole™" showed a relatively greater
tumor accumulation of Dox compared with animals injected with
FreeP™, suggesting the extended #,,, of Dox-carrying vacuoles
resulted in enhanced distribution to tumors. Furthermore, a com-
parison of targeted and nontargeted delivery showed a greater
tumor-specific retention and accumulation of the HER2-targeted
Affigpgr,Vacuole®™ (~11% injected dose per gram of tissue),
suggesting that the HER2-specific affibody is responsible for the
improved tumor-specific accumulation of the drug. To evaluate
the behavior of Affigrr,VacuoleP® and validate if the vacuole-
based formulation could prolong the systemic circulation of Dox,
the pharmacokinetic parameters were evaluated in tumor-free
mice. The Affizrr,VacuoleP* and FreeP% were administered
iv., and the plasma drug concentrations were measured as a
function of time. The Affipzr,Vacuole™** showed the highest level
of Dox retention in the circulation compared with FreeP°*
(Fig. S5B). The pharmacokinetic parameters obtained after fit-
ting the data in a noncompartmental pharmacokinetic model are
also given (Fig. S5B). The terminal #;, and area under the curve
(AUC) of AffipproVacuoleP™ were 6.16-fold and 15.37-fold
higher, respectively, than the terminal ¢,,, and AUC of FreeP~,
Taken together, these results suggest that the HER2-targeted
AffiproVacuolePo* performed well as a targeted drug delivery
platform. Importantly, Affiy;zr,Vacuole®® was able to circulate
for a significantly longer period. An extended ¢;,,, which ensures
enhanced extravasation and receptor-specific endocytosis, is an
essential parameter that achieves effective delivery of the cargo
and long-term accumulation of the drug at the target tumor site.
We next compared the antitumor efficacy of Affiypr,VacuoleP™
with the antitumor efficacy of the nontargeting VacuoleP* and
FreeP®™ in NIH3T6.7 xenografts. After the tumors had become
established, mice were divided into five groups: (i) vehicle control
(PBS-treated), (i) empty AffiperoVacuole, (iii) Free®™ (1 mg/kg),
(iv) nontargeting Vacuole®™ (1 mg/kg), and (v) HER2-targeted
Affiggr,VacuoleP™ (1 mg/kg). Each regimen was administered i.v.
every other day for a total of eight injections. Tumor growth rates
and animal body weights were recorded during the course of each
treatment. Tumor growth was significantly delayed in mice injected
with Affigrr,VacuolePo compared with mice injected with PBS,
empty Affippr,Vacuole, nontargeting Vacuole®*; or FreePo* (Fig.
3C and Fig. S64). The percentagg of tumor growth inhibition on the
last day of the Affiiygr,Vacuole™™ treatment was 77.8%. Next, the
harvested tumors were weighed and analyzed to assess the mech-
anism of cell killing. Consistent with the observed regression of
tumor growth, the average weight of the excised tumors was sig-
nificantly less in the Affipr,VacuoleP™-treated group than in the
control groups (Fig. S6B). Throughout the treatment, the animals in
all of the groups appeared normal, showing no overt signs of toxicity
and a consistent body weight (Fig. S6C). Finally, the apoptosis of
cells in the tumor tissue was assessed with TUNEL staining. This
assay revealed abundant BrdU-FITC—positive apoptotic cells in the

tumors excised from the mice treated with Affigsr,VacuoleP™

(Fig. 3D and Fig. S6D). Consistent with the drug distribution results,
tumors from mice treated with FreeP™™ or nontargeting Vacuole™**
showed minimal apoptosis; no signs of apoptosis were detected in
mice treated with PBS or empty AffiggroVacuole. Moreover, the
HER2-specific targeting of Affijjzg,Vacuole™™ enabled a prefer-
ential concentration of the drug in the tumor tissue through the
enhanced permeability and retention effect, as well as the promotion
of the subsequent receptor-mediated endocytosis and intratumoral
distribution. Collectively, these results indicate that nanocarrier-
based drug delivery and active targeting substantially enhance
therapeutic efficacy and increase the therapeutic index of the drug.

Cytotoxicity and Immune Responses. To test the cytotoxic effects
of the vacuoles in vitro, we treated human umbilical vein en-
dothelial cells (HUVECs) with either wild type (WT) or Affipggro-
modified vacuoles for 24 h, and evaluated the apoptotic effects by
immunostaining. Compared with the vehicle control (methanol)-
treated cells, vacuole-treated cells appeared normal; no signs of
cytotoxicity were evident, and overall cell viability remained high
(Fig. S74).

Next, we evaluated vacuole-induced immune responses both
in vitro and in vivo. For the in vitro analyses, we stimulated
murine macrophage-like RAW 264.7 cells with either form of the
vacuole; LPS was used as a positive control. The TNF-« levels in
the vacuole-treated cells were indistinguishable from the TNF-a
levels in the PBS-treated cells (Fig. S7B), whereas LPS caused a
significant and substantial cytokine response. These results suggest
that the vacuoles used herein are very weakly immunogenic and
could be well tolerated upon systemic administration. To confirm
the in vivo safety of the vacuoles, we investigated whether re-
peated systemic injection of vacuoles (WT or Affibodyyggro-
modified) overstimulated the immune system. Immune responses
were recorded in C57BL/6 mice after systemic administration of
100 or 200 pg of vacuoles for 4 consecutive days by measuring the
serum levels of TNF-a, IL-6, and IFN-y with ELISA. Cytokine
levels were evaluated at two time points, 2 h and 24 h, to monitor
early and delayed immune responses. Both forms of vacuoles
slightly increased the serum levels of TNF-a and IL-6 at the early
(2-h) time point but had no effect on IFN-y levels under any
condition (Fig. 4). Importantly, however, cytokine levels returned
to baseline by 24 h in all treatment groups. Moreover, there was
no significant difference in immune stimulation at the two dif-
ferent concentrations of vacuoles, and neither treatment resulted
in body weight loss or lethality. These results suggest that the
vacuoles are nontoxic and well tolerated upon systemic adminis-
tration. Therefore, the vacuoles themselves do not likely contrib-
ute to the antitumor effects by overstimulating immune pathways
and, as such, are safe for in vivo systemic administration. Although
these preliminary results in mice are encouraging, further blood
chemistry and safety profile analyses in higher animals will be
required.
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Fig. 4.

Investigation of immune responses upon treatment with Affigr,Vacuoles in C57BL/6 mice. The serum levels of cytokines TNF-o, IL-6, and IFN-y were

quantified by ELISA. Analyses were performed at early (2 h) and late (24 h) time points after treatment with PBS or vacuoles (WT or Affiyer,-modified: 100 ug
and 200 pg each) for 4 consecutive days. Each value represents the mean + SD (n = 5 mice per group) and was analyzed as described in S/ Materials and

Methods, Serum Cytokine Analysis.
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Conclusion

In conclusion, the proposed approach suggests a platform tech-
nology for generating cancer-specific, tissue-penetrating, safe,
and scalable biological nanoparticles from a nonhazardous yeast
strain as a potential targeted cancer therapy. The developed
nanocarriers can be generated on a large scale in a cost-effective
manner by optimizing the fermentation and purification meth-
ods. The results showed significant tumor growth inhibition due
to active drug delivery, enhanced biodistribution within tumors,
and minimal toxic side effects using Affigpr,VacuoleP, sug-
gesting that bioengineered vacuoles have potential for use as
drug delivery carriers in treating cancers. In the future, we plan
to investigate the possibility of loading diverse therapeutic agents,
including toxins, within vacuoles and testing their fate, both in vitro
and in vivo.
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Materials and Methods

Detailed methods on the following subjects are available in S/ Materials and
Methods: yeast strains, plasmid construction, and vacuole isolation; cell
culture and spheroid preparation; characterization of the vacuoles; cell
binding and uptake assay; characterization of drug-loaded vacuoles; in vitro
drug delivery and cytotoxicity; xenograft model, in vivo targeting, bio-
distribution and pharmacokinetic analysis; in vivo antitumor effects in
NIH3T6.7 xenografts; HUVEC cytotoxicity study; RAW 264.7 cell stimulation
assay; serum cytokine analysis; and statistical analyses. All animal experi-
ments were done according to established guidelines and with the approval
of the KAIST-Institutional Animal Care Committee (KA2013-25).
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