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研究成果の概要（和文）：1. A generic method has been developed to construct smart enzyme-loaded 
nanoreactors for targeting tumor metabolism.
2. As a accident discovery, nanoreactors could induce an immunostimulatory form of cell death by 
pyroptosis, which has the great potential to prime anti-tumor immune responses.

研究成果の概要（英文）：We developed a oxidase-loaded nanoreactor that could specifically render 
tumor cells immunogenic by pyroptosis, a highly pro-inflammatory programmed cell death. Of 
particular interest, the vesicular system based on PICsomes is highly modular, generic, and simple 
and could be adapted to customize various kinds of activatable nanoreactors based on triggerable 
cross-linking membrane networks. As a consequence, the nanoreactor with self-boosting catalytic 
glucose oxidation could protect oxidase to initiate pyroptosis in the long term. We confirmed that 
not only glucose oxidase-loaded but also lactate oxidase-loaded nanoreactors could induce 
pyroptosis. In combination with immunotherapy, the antitumor efficacy has been confirmed.

研究分野： Biomaterials
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  ２版

令和

研究成果の学術的意義や社会的意義
1. Scientific significance: a generic method has been developed to construct smart oxidase-loaded 
nanoreactor for specifically targeting tumor metabolism.
2. Social significance: Our nanoreactors can increase the potential of immunotherapy to bring more 
benefits to cancer patients.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Mounting evidence indicates that cancer is a metabolic disease, in which tumor cell could 
rewire nutrients utilization and cellular metabolism to satisfy the demands of growth and 
metastasis. A well-known dysregulation in cancer metabolism is Warburg effect that cancer 
cells exhibit a marked increase in glucose uptake and produce more lactate (LA) than normal 
tissues. The corresponding therapeutic opportunity for targeting glucose metabolism is to use 
glycolytic inhibitor, 2-deoxyglucose (2-DG), as an anticancer drug, which could lead to 
intracellular ATP depletion and induction of autophagy. However, its use in clinical trials has 
shown very little efficacy in solid tumors and the dosing necessary to achieve antitumor 
effects in patients resulted in adverse toxicity. As same as that of 2-DG for antitumor 
application, most of other therapeutic agents for inducing the stress of nutrients metabolism 
in clinical and preclinical stage are native enzymes or small molecular inhibitors, both of 
which suffer from immunogenicity, short half-life, low bioavailability, and substantial toxicity 
issues. On the other hand, lactate, the end product of glycolysis from Warburg metabolism, 
initially considered a waste product. Recently, lactate has been recognized as a metabolic 
driver to rewire the tumor microenvironment and power tumor malignancy, including 
acidifying the extracellular space, modulating immune cell function and promoting invasion 
and metastasis. Evidence further indicates tumor use tumor-derived and blood-borne lactate 
from Warburg metabolism as a fuel to feed the tricarboxylic acid cycle (TCA cycle) and 
generate energy. The scarcity of nutrients promotes this metabolic symbiosis, that is to say, 
tumor could switch to prefer lactate as respiratory fuel over glucose when glucose 
bioavailability is limited. However, lactate has rarely been employed as a direct target to 
manipulate tumor metabolism and simultaneous targeting glucose and lactate metabolism 
is also rarely investigated. 

Polymer nanomedicine is promising for cancer treatment especially in site-specific 
therapeutic agents delivery compared to administration of free agents, as it has obvious 
advantages in terms of biosafety, stability, drug loading efficiency, targeting, and 
multifunctionality. Based on the tumor microenvironment or the available exogenous stimuli, 
the design of responsive polymeric nanocarrier is rising for tissue-specific activation.  

Cancer is the first leading cause of death in Japan since 1981 and mortality rate is 
further increasing year by year, which makes Japan face ballooning healthcare costs. Among 
females, breast cancer is the most commonly diagnosed cancer and the leading cause of 
cancer death. The growing incidence and mortality of breast cancer during the past two 
decades in Japan highlights the importance of developing new therapeutics (Lancet. Oncol. 
2016, 17, E305- E312). Herein, the applicant would try to use the marriage of nanomedicine 
and targeting tumor metabolism to yield an offspring that is expected to selectively fight 
against breast cancer growth and metastasis. 
 
２．研究の目的 
The purpose of this proposal is to develop site-specific nanomedicine-directed targeting breast 
cancer metabolism. 
 
３．研究の方法 
A series of glucose oxidase (GOD), or lactate oxidase (LOD)-loaded vesicles will be constructed 
based on electrostatic self-assembly of a pair of oppositely charged PEG-b-polyanion and 
homopolycation. Glucose/lactate starvation and ROS burst in tumor site are induced by 
GOD/LOD-catalyzed the oxidation of glucose/lactate. The primary objective is to find a rational 
design for oxidase-loaded redox-responsive vesicular nanoreactor to target breast tumor 
metabolism. Tumor redox microenvironment provide distinct opportunity that can be exploited 
by redox-responsive nanocarrier. However, in the tumor, redox microenvironments are numerous, 
complex, and heterogeneous. Mounting evidence indicates that a ‘‘one size fits all’’ redox 
microenvironment does not exist in tumor. This is a great challenge that utilization of redox-
responsive nanocarriers as a delivery system. Here, three kind of redox microenvironment-
responsive nanocarriers have been screened for tumor-specific activable nanoreactor. Three 
different redox-responsive linkers are engineered into polycations to construct oxidation-
responsive (thioketal bond), reduction-responsive (disulfide bond), and oxidation/reduction dual-
responsive (diselenide bond) segments, respectively. The secondary objective is to exploit the 
benefit of optimal glucose oxidase and lactate oxidase-loaded nanoreactor on improvement in the 
tumor-specific activation to simultaneously suppress breast tumor growth and metastasis. Most 



women with breast cancer do not succumb to primary tumor but instead to metastatic progression 
that become apparent after surgical resection. Disseminated cells are much dependent on altered 
metabolism to withstand oxidative and fuel starvation stress. 4T1, MDA-231-D3H1, and MDA 
231-LM2-4175 orthotopic breast cancer models will be utilized to investigate the influence of 
nanoreactor-directed targeting tumor metabolism on tumor growth and metastasis. 
 
４．研究成果 
This work provided a general platform to engineer vesicular nanodevices with tunable 
permeability without involving trade-offs between structural integrity, flexibility and 
functionality by integrating stimuli-responsive linkers into crosslinking membrane network. 
Given that varying polycations have already been used to form PICsomes, it is feasible to extend 
application of this flexible strategy to other responsive vesicles. We can tailor the responsive 
properties in on-demand manner, for example, smart tumor microenvironment-responsive 
nanoreactors design. Successful fabrication of several redox-responsive PICsomes and its 
triggered expansion without fracture affirmed this strategy. Based on high oxidative stress 
environment and high glucose/lactate in tumor site, it is reasonable to design ROS-responsive 
GOD-loaded nanoreactor for site-specific activation and amplification of oxidative stress, 
avoiding the production of excessive ROS in blood and normal tissue. However, mounting 
evidence indicates that ‘‘one size fits all’’ microenvironment does not exist in tumor. There is 
clearly an urgent need to construct a series of responsive vesicles with similar physicochemical 

properties for screening optimal 
nanoreactor. Furthermore, we found that 
LOD/GOD-loaded PICsomes as 
therapeutic nanoreactor with self-
boosting catalytic ROS production 
capability and long-term cytocidal 
function could induce an 
immunostimulatory form of cell death 
termed as pyroptosis, which has the great 
potential for priming anti-tumor 
immunotherapy and opens new avenues 
for using LOD/GOD-loaded nanocarriers 
as a cancer treatment modality. 
 

Scheme 1. (a) Schematic illustration of the ROS-responsive GOD-loaded therapeutic nanoreactor 
with self-boosting catalytic glucose oxidation due to membrane permeability enhancement during 
ROS production for achieving cytocidal function via pyroptosis-mediated immunogenic cell 
death followed by glucose starvation (i) and oxidative stress induction (ii). (b) Schematic 
illustration of vesicle swelling from membranal crosslinking density decreasing and membranal 
hydrophobic-to-hydrophilic transition followed by H2O2-triggered cleavage of hydrophobic 
thioketal linker into hydrophilic thiols. 
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