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論文の内容の要旨 

Cancer prevalence has reached alarming proportions, impacting people across all genders, ages, 
and geographic regions. The World Health Organization (WHO) has reported that cancer, as a 
significant contributor to global mortality, accounts for roughly one out of every six deaths 
worldwide. The escalating burden of cancer calls for a comprehensive approach that encompasses 
various facets, including early detection methods, preventive measures, and efficacious treatment 
strategies. Despite the challenges posed by cancer, notable advancements have been achieved in 
recent years towards combating this complex disease. The efficacy of traditional cancer therapies in 
the ongoing fight against cancer is diminishing due to various factors, including the presence of 
heterogeneity within cancer cells, the development of treatment resistance, the occurrence of 
significant side effects, and the progression of metastasis. Consequently, there is a substantial 
demand to explore novel strategies that exhibit reduced toxicity and minimal adverse effects. 
Additionally, there remains a continuous need for the improvement of existing techniques and the 
exploration of innovative approaches to overcome these challenges. 
 
Over the past few decades, the utilization of bacterial therapy for cancer treatment has garnered 
increasing attention and recognition due to its notable efficacy and comparatively reduced incidence 
of side effects. Despite being a century-old technique, bacterial therapy is currently experiencing a 
renaissance, gaining significant momentum as a viable approach in the field of oncology. This 
therapeutic modality encompasses the utilization of bacteria, either in their natural state or after 
incorporating genetic modifications. Bacterial therapy has emerged as a highly promising avenue in 
the field of cancer treatment, presenting opportunities for both standalone utilization and 
synergistic integration with other therapeutic modalities and has successfully advanced to the 
stage of conducting human clinical trials. Presently, the majority of investigations and genetic 
modifications in bacterial therapy predominantly focus on pathogenic bacteria, which raises 
concerns about the potential generation of virulent revertants. Consequently, there exists a 
pressing necessity to explore the discovery of non-pathogenic strains in order to circumvent these 



challenges. Promising results have been observed in studies utilizing non-pathogenic probiotic 
strains as a viable alternative to pathogenic and genetically modified strains. Consequently, further 
exploration of these bacterial alternatives and the development of novel modification techniques 
that ensure the preservation of their inherent characteristics become crucial. Hence, the objective of 
our project is to delve into this unexplored realm and employ chemical modifications to tailor 
bacteria according to our specific requirements, while maintaining their morphology and 
functionality unaltered. 

The present work proposes the application of non-pathogenic anaerobic bacteria in bacterial 
therapy, with an emphasis on enhancing their functionality through chemical modifications. The 
thesis encompasses two major chapters that introduce innovative strategies for chemically 
modifying bacteria devoid of genetic modifications. These strategies involve the incorporation of 
specific properties essential for effective tumor targeting and localization, with the goal of 
improving tumor regression. The modified bacteria were employed in conjunction with 
photothermal therapy (PTT), synergistically aiming to achieve accelerated and enhanced tumor 
reduction outcomes. By developing such a system, it aims to effectively induce tumor regression and 
improve overall treatment outcomes. The findings elucidated in Chapter 2 demonstrate the 
chemical modification of probiotic bacteria named Bifidobacterium bifidum (BB) which inherently 
possesses anticancer properties. In this study, the bacteria were subjected to modifications aimed at 
enhancing their efficacy in tumor targeting studies. This was accomplished by incorporating a 
near-infrared (NIR) agent into the bacteria BB, resulting in the formation of modified bacteria that 
exhibit fluorescence and photothermal conversion efficiency. The desired outcome was achieved by 
subjecting BB to incubation with indocyanine green (ICG) dye encapsulated in cremophor EL(CRE), 
followed by subsequent washing. As a result, the bacteria underwent modification as the 
nanoparticles penetrated through the bacterial membrane, resulting in the modified bacteria, 
ICG-CRE-BB, which exhibited the desired augmentation in photothermal conversion efficiency. 
Subsequently, the modified bacteria were subjected to comprehensive characterization, comparing 
them with their pure form to analyze their altered properties. This was followed by in-vitro studies 
to evaluate their toxicity and anticancer properties. The in-vitro investigations demonstrated a 
significant increase in temperature when subjected to an NIR laser irradiation, along with minimal 
toxicity in the absence of laser irradiation. Upon exhibiting promising results in-vitro, the modified 
bacteria were subjected to in-vivo studies using Colon26 tumor syngeneic models, wherein they 
were administered via intratumoral injection into the tumor. The tumor treatment involved the 
synergistic use of modified bacteria and photothermal therapy (PTT), wherein laser irradiation was 
applied to the solid tumors. Using an NIR fluorescence bioimager, the accumulation of bacteria was 
observed explicitly in the hypoxic tumor environment. Furthermore, this observation was confirmed 
through the application of a colony assay. The outcomes demonstrated the remarkable tumor 
localization capability of the bacteria, followed by significant tumor regression. This research offers 
promising prospects for employing biocompatible chemicals in the chemical modification of bacteria 
for application in cancer therapy. We firmly believe that further refinement and optimization, 



particularly in the context of anaerobic probiotic strains, holds the potential for clinical studies to 
explore the utilization of these modified bacteria.  

The third chapter shows an alternative method of modification, namely the incorporation of 
monoclonal antibodies, which represents a groundbreaking strategy garnering significant attention 
in contemporary therapies. Notably, various types of checkpoint inhibitors have exhibited 
promising outcomes in accelerating the process of tumor regression. In this project, we expanded 
upon the modification approach utilized in the previous chapter and extended it to naturally 
fluorescent purple photosynthetic bacteria (PPSB). To identify the most suitable PPSB strain, 
extensive screening processes were conducted, evaluating factors such as toxicity, photothermal 
conversion, and fluorescence and Rhodopseudomonas palustris (RP) emerged as the most favorable 
candidate. Through a process of incubation and subsequent washing, a checkpoint inhibitor, 
anti-mouse programmed death ligand monoclonal antibody (anti-PD-L1), was covalently attached 
to RP (which has exhibited excellent efficacy in selectively targeting cancer cells in prior studies) 
using biocompatible anchor for membrane (BAM). This resulted in the formation of modified RP 
with anti-PD-L1 (anti-PD-L1‒BAM‒RP), enabling us to utilize the inherent fluorescence properties 
of RP in conjunction with the attached checkpoint inhibitor. A series of characterizations were 
conducted to compare the modified bacteria with their pure counterparts, aiming to identify any 
discernible differences. Subsequently, in-vitro studies were undertaken to investigate the 
cytotoxicity of both types of bacteria. They were conducted to assess the cytotoxicity of the modified 
bacteria and pure bacteria and it was observed that the modified as well as the pure bacteria 
demonstrated low cytotoxicity.  Moreover, upon laser irradiation, the temperature elevation 
observed owing to the inherent fluorescence properties of the bacteria. Encouraging results 
prompted further evaluation of the modified bacteria in an in-vivo setting, with a focus on exploring 
their targeting effects and tumor regression capabilities. Tumor syngeneic mouse models were 
employed for this study, and an 808 nm NIR laser was used to irradiate the tumor after bacterial 
injection. Remarkably, significant tumor reduction was achieved within a short duration, 
showcasing the efficacy of this non-toxic anaerobic bacteria. Additionally, the precise localization of 
bacterial tumors was verified through the utilization of a bioimager and a colony assay. We hold the 
belief that delving into the realm of anaerobic bacteria and augmenting them with synthetic 
therapeutic materials holds tremendous potential for the development of an ideal combination in 
bacterial therapy. 

In conclusion, we firmly believe that this research on the chemical modification of non-pathogenic 
bacteria to augment their therapeutic efficacy for application in cancer treatment holds tremendous 
potential and represents a paradigm-shifting advancement in knowledge. It is imperative that we 
explore alternatives to the currently employed pathogenic strains and delve into the untapped 
potential of non-pathogenic anaerobic strains. Our studies have instilled in us a strong belief that 
this approach has a bright future and the potential to match or even surpass existing therapies. 
This novel tool can significantly strengthen our arsenal in the fight against this formidable disease. 
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論文審査の結果の要旨 
近年、低酸素状態の腫瘍内部で選択的に集積・生育・増殖が可能な細菌を利用したがん標的治療

に注目が集まっている。しかし、従来のがん細菌療法は、基本的には抗がん剤の運搬という、いわ

ゆる従来型のドラッグデリバリーシステムの概念を出ない。また、薬効も十分であるとはいえない。

さらに、従来のがん細菌療法は、抗がん活性を発現するためには、遺伝子工学を用いた微生物の操

作・改変が必須である。米国や欧州ではヒトへの臨床試験が行われ第 3 相試験に進んでいる例もあ

るが、使用される細菌は、多くの場合、遺伝子組換えによって弱毒化したサルモネラ菌やリステリ

ア菌であり、体内で再び強毒化するリスクを常に伴っている。 
本論文では、機能性色素のインドシアニングリーンを封入したポリオキシエチレンヒマシ油から

成るナノ粒子と天然のビフィズス菌を生理食塩水中で一晩混合し、洗浄するだけで、高い腫瘍標的

能を有し、生体透過性の高い近赤外レーザー光によって近赤外蛍光と熱を発現するナノ複合化細菌

の創出に成功した。また、当該細菌のこれらの特性を活用し近赤外レーザー光照射と組み合わせる

ことで、体内の腫瘍を高選択的に検出し、標的部位を効果的に排除することが可能ながん光診断・

治療技術を開発することに成功した。さらに、マウスがん細胞とヒト正常細胞を用いた細胞毒性試

験、ならびにマウスを用いた生体適合性試験（血液学的検査、組織学的検査など）を行った結果、

いずれの検査からもナノ複合化細菌が生体に与える影響は極めて少ないことを明らかにした。 
また、本論文では、低酸素状態の腫瘍環境内で高選択的に集積・生育・増殖が可能で、かつ生体

透過性の高い近赤外レーザー光によって様々な機能を発現する非病原性かつ天然の紅色光合成細菌

の表面化学修飾法を開発した。また、当該化学修飾細菌の特性を活用することで体内の腫瘍を高選

択的に検出し、効果的な免疫細胞（特に T 細胞）の賦活化、ならびに標的部位のみを効果的に排除

することが可能ながん光免疫療法を開発することに成功した。 
本研究成果の一部は、アメリカ化学会が出版するナノテクノロジー分野の世界最高峰「Nano 

Letters」誌に掲載された。また、当該研究成果は、本学のプレスリリースに掲載されたのみならず、

数多くの情報メディアで注目の論文として取材されている。 
以上、本論文は、今回開発した簡便な細菌の表面化学修飾法が、がん光診断・治療法の基礎に成

り得ることを示すだけでなく、界面化学、ナノ・マイクロテクノロジー、光学、微生物工学といっ

た幅広い研究領域における材料設計の技術基盤として貢献することを期待させるものであり、学術

的に貢献するところが大きい。よって博士（マテリアルサイエンス）の学位論文として十分価値あ

るものと認めた。 
 


