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ABSTRACT

Nanoengineered Bacteria for Cancer Immunotheranostics

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
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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.

Keywords: Cancer, bacteria, near infrared, immunotherapy, chemical functionalization, phototherapy, laser
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PEGylated and conventional RPs. Bacterial centration was 5 x 108 CFU mL™. Pink dots represent
bacteria. (d) Bacterial viability after various PEGylations for 24 h. Data are presented as means + SEM;
n = 3 independent experiments. (e¢) Bacterial colonies after various PEGylations. (f) BAM-RP
cytotoxicity. Colon26, MRCS5, and RAW264.7 cell viabilities were tested after 4 h of BAM-RP
treatment at different bacterial concentrations. Data are presented as means = SEM; n = 5 independent
experiments. Multiplicity of infections (MOIs) of each bacterial concentration (5x10%, 5x10°, 5x10°,
5x107, and 5x108 CFU/mL) are 2, 21, 214, 2142, and 21428. (g) NIR fluorescence microscopic images
of RAW264.7 mouse monocyte macrophage cells after incubation with various PEGylated RPs (2.4 x
109 CFU mL™Y) for 4 h. Pink dots show bacterial uptake into cells via macrophage phagocytosis. ...82
Figure 3.7 Influence of polydopamine nanocoating on biological activities of RP. (a) In vitro
differential interference contrast (DIC) imaging of RP after polydopamine nanocoating. Bacterial
concentration was 5.0 x 102 CFU mL . (b) UV-vis—NIR absorbance of polydopamine-functionalized
RP dispersions. Bacterial concentration was 2.5 x 10" CFU mL™. (c) Bacterial viability after
polydopamine nanocoating. Data are presented as means + SEM; n = 3 independent experiments. (d)
Temperature difference (AT) of the various sample solutions after irradiation with 808 nm laser at 0.6
W (~3.1 W cm™) for 1 min. RP concentration was approximately 5.0 x 108 CFU well-1. Data are
presented as means £ SEM; n = 3 independent experiments. (e) Bacterial colonies after polydopamine
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Figure 3.8 Cytotoxicity of various RP conjugates. Colon26, MRC5, and RAW264.7 cell viabilities
were tested after 4 h of treatment with various RP conjugates at different bacterial concentrations. Data
are presented as means = SEM; n = 5 independent experiments. Multiplicity of infections (MOIs) of
each bacterial concentration (5x10% 5x10°, 5x10°, 5x107, and 5x10® CFU/mL) are 2, 21, 214, 2142,
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Figure 3.9 FL images of live Colon-26 cells after treatment with BAM—RP and RP for 4 h at 4 °C or
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Figure 3.10 Long term safety of BAM coating on RP. The samples in 543 ATCC Rhodopseudomonas
medium were kept at 4 °C before the bacterial viability. Data are presented as means £ SEM; n = 3
independent experiments. The viability of the BAM-coated RP was measured using a bacterial counter.

Figure 3.11 Synthesis of functional molecules—BAM-modified RP. (a) Schematic illustration of
Alexad88-BSA-BAM-RP preparation. (b) TEM images of Alexa488-BSA-BAM-RP. The right
image represents a higher magnification of the boxed area. (c) In vitro differential interference contrast
(DIC) (left) and NIR fluorescence (right) imaging of Alexa488-BSA—BAM-RP. Bacterial
concentration was 5.0 X 109 CFU mL-1. The upper right images represent higher magnification for
each DIC and NIR flUOIrESCENCE PICTUIE. .....ccuiiiiiiiieiiieie et 87
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Figure 3.13 In vitro differential interference contrast (DIC) (left) and green fluorescence (right)
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Figure 3.17 Photothermal conversion of anti-PD-L1-BAM-RP. (a) Temperature difference (AT) of
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Figure 3.18 Laser-induced cytotoxicity of anti-PD-L1-BAM-RP. (a) Viability of Colon26 and WI38
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are presented as means = SEM; n = 5 biologically independent tests; ns, not significant. (b) Anti-PD-
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Figure 3.19 In vivo antitumor efficacies of anti-PD-L1-BAM-RP with and without laser irradiation.
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1.1 Research Interest

Cancer is a critical public health issue with a global impact, and its incidence has been steadily
increasing over the years. According to the World Health Organization (WHO) report, cancer is
the second biggest cause of mortality, after cardiovascular disease, inflicting about 10 million
fatalities in 2020, or nearly one out of every six deaths. Lungs, breast, colorectal, prostate and
rectum cancers are the most prevalent types of cancer. Many cancers can be cured if they are
diagnosed early and treated properly. The strategy for treatment will vary depending on the type
and stage of the disease, as well as the patient's physical condition and other circumstances.
Conventional anticancer therapies such as chemotherapy, surgery and radiation therapy are
gradually losing their sheen in the battle against cancer, as they face a myriad of shortcomings
which have hampered their widespread usage. The resistance, metastasis, heterogeneity, and
recurrence of cancer cells to radiotherapy and chemotherapy render many conventional therapeutic
approaches redundant against several malignant tumors. The ability of cancer cells to evade the
immune response is another reported cause of therapeutic failure.! Consequently, these anticancer
therapeutic approaches and strategies need to be constantly revised to address the increasing
healthcare demands. Over the past few decades, immunotherapy, or the use of immune system
components to specifically target and eradicate cancer, has gained significant momentum as a
treatment option. Pioneering the idea of leveraging the immune system for this objective dates
back more than a century, when a physician named William Coley successfully treated some of
his cancer patients with an amalgamation of attenuated and/or live bacteria, controversially known
as "Coley's toxins”.2® The emergence of synthetic biological techniques has enabled the genetic
modification of different bacterial strains to enhance their efficacy in cancer treatment.* According

to a top-tech engineering perspective, the ultimate goal of cancer therapy is to create miniature,
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programmable “robot factories” that can target tumors with precision, navigate autonomously,
sense the environment, be easily monitored externally, and respond to external stimuli.? Due to
bacteria's unique capability to colonize tumors, bacteria therapy has garnered considerable

interest.®

1.1.1 Bacteria Therapy

Bacteria therapy refers to the application of bacteria as a form of medical treatment for diseases.
These are live medications that are injected into patients and can be either genetically modified
bacteria strains or naturally occurring bacteria, like probiotics, that possess therapeutic
characteristics. Studies are currently being conducted to better understand the advantages and
disadvantages of employing bacteria as a medical treatment because this field is relatively
unexplored. Probiotics, which are naturally occurring, non-pathogenic bacteria that reside in the
human body, are one major topic of investigation. Probiotics are currently being studied for their
potential applications in domains such as dermatology and immunology. The use of genetically
engineered bacteria is another field of investigation in bacteria therapy. The feasibility of utilizing
genetically modified bacteria to selectively target disease-causing entities such as cancers is being
investigated by scientists. Preclinical studies have demonstrated the effectiveness of this approach,
and ongoing research is now focused on creating safe and reliable bacterial therapies for human
use. Besides the aforementioned research fields, scientists are also examining the potential dangers
linked with bacterial therapy, such as the risk of infections or other unfavorable consequences. The
progress of research in the field of bacteria therapy for cancer treatment over time is depicted in

Figure 1.1.

3|Page



700 -
600 -
500 -
400 A
300 -
200 -
100 ~

No.of scientific documents

Figure 1.1 Comparison of the number of publications with “bacteria therapy in cancer treatment” in the
period 2000-2022 (Data collected in 2023-03 from abstract, title or keywords in Scopus).

Table 1:1 Advantages and disadvantages of bacteria therapy

Advantages

Disadvantages

Reduced occurrence of side effects: Offers the potential
to minimize side effects when compared to conventional
therapies, mainly chemotherapy.

Safety concerns: Using genetically modified bacteria for
therapy may face regulatory challenges and require
thorough testing and approval processes.

Personalized treatments: can be customized for each
patient, considering their genetic profile and disease
characteristics.

Limited knowledge: Complex interactions between
bacteria and the human body, including long-term
effects and risks, still hold many unknowns.

Versatility: Genetic modification or engineering of
bacteria allows for the production and delivery of a
spectrum of therapeutic agents

Efficient delivery: Challenges in efficiently delivering
viable bacteria to the desired location.

Reduced or negligible impact on healthy cells: By
enabling targeted delivery, bacteria therapeutic agents
can be transported directly to the affected area, thereby
reducing exposure to nearby healthy tissues.

Resistance development: Develop resistance through
genetic mutations or acquiring resistance genes.

Combination therapy: can be integrated with other
treatment options, including chemotherapy, radiation,
and immunotherapy.

Standardization: Maintaining consistent and predictable
outcomes by controlling bacteria cell viability for
treatment.
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1.2 Research background

Certain bacteria are beneficial to human health because of the important function they perform in
maintaining homeostasis.® Recent studies have identified links regarding changes in bacterial
species or their abundance in the body and the emergence and progression of numerous diseases,
including gastrointestinal disorders, obesity, and even cancer. ®° Natural bacteria have been
harnessed both directly and indirectly to treat illness over the course of human history. The massive
growth in the field of synthetic material modification and genetic engineering technologies in
recent decades has paved the way for strengthening bacterial therapeutics, consequently boosting
its potential to treat refractory and incurable diseases.®'%'? Numerous bacterial genera, such as
Escherichia, Listeria, Salmonella, Bifidobacterium, Streptococcus, Proteus, and Clostridium have
been extensively studied for their unique capacity to selectively gather in tumors and have also
been explored as potential anticancer therapeutics.? These studies are driven by the goal of utilizing
bacteria's tumor-targeting abilities to develop precise and efficient delivery systems for anticancer

therapies.

1.3 Objective of this study

The primary objective of this study is to investigate the nanoengineering of bacteria for application
in cancer therapy. The aim is to develop a bacterial system that can effectively elicit tumor
regression while minimizing or eliminating any undesirable side effects. To mitigate the potential
risks associated with the use of pathogenic bacteria, such as Listeria, Salmonella, and Clostridium

strains in bacterial therapy studies, we selected non-toxic, anaerobic bacterial strains that have
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exhibited favorable characteristics for chemical modification in our investigations. This study
employed a chemical modification approach for the engineering of bacteria, without resorting to
genetic manipulations. The process was straightforward, yet highly effective, resulting in the
incorporation of key properties such as photothermal conversion efficiency, fluorescence, and
potent anticancer activity into the bacterial system. The newly engineered bacteria were subjected
to initial anticancer studies in vitro, which demonstrated promising results. Subsequently, in vivo
studies were conducted on tumor mice models, where the bacterial system exhibited excellent
tumor regression efficacy. Our goal is to advocate for the utilization of non-toxic bacterial strains
in further research and development in this field. We firmly believe that such strains have
significant potential as effective tools for cancer therapy and can potentially rival or surpass
currently available techniques in terms of efficacy. However, it should be noted that they are
currently limited in terms of clinical studies undertaken thus far and further exploration in this area

is required.

The thesis is organized into two separate chapters, each elucidating a unique approach to bacteria

modification:
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1.4 Future scope

Based on recent research findings, the potential of bacteria therapy as a treatment modality appears
highly promising and has demonstrated superiority over other established therapies. Further
exploration of certain bacterial species as potential biomarkers for the diagnosis of cancer holds
significant promise in the medical field. There is a need to further investigate and advance the
development of bacteria that inherently possess anti-cancer properties. Given that most of the
bacteria currently employed in cancer therapy are inherently toxic and are being modified
genetically to eliminate their harmful effects, the continuous progress in genetic modification may
unveil a vast potential for utilizing these bacteria in the treatment of cancer. To prevent the
emergence of virulent revertants from genetically modified bacterial strains, it is crucial to
investigate non-toxic bacterial strains that possess the ability to treat cancer, and to identify the
most appropriate strains for therapeutic use. Recent studies, including our own, have demonstrated
effective approaches for utilizing non-pathogenic and non-toxic bacteria in cancer treatment,
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achieving comparable outcomes to those observed with toxic strains. Advancements in these

approaches might alleviate concerns regarding bacterial toxicity and genetic manipulation,

potentially paving the way for safer and more effective cancer therapies. Thorough exploration of

this field has the potential to provide paradigm-shifting insights into cancer research, leading to

the development of effective treatments that may ultimately bring an end to this debilitating

disease.
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Chapter 2 Nanoengineered
Bifidobacterium bifidum with
Optical Activity for Cancer
Immunotheranostics
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2.1 INTRODUCTION

Therapeutic applications in cancer have entered a new age owing to the engineering of living
bacteria.>**1> Because of their particular tumor-targeting properties under hypoxic environments
and their highly controllable cytotoxicity production, anaerobic bacteria are currently being tested
in a number of engineered bacterial treatment clinical studies for cancer.’® In order to mitigate
bacterial toxicity and boost anticancer efficiency, however, complex genetic engineering
approaches are used to bacterial treatments, as conventional approaches frequently employ
naturally harmful bacteria with minimal medical value, such as Salmonella typhimurium, Listeria
monocytogenes and Clostridium novyi.2**® Moreover, the creation of potentially pathogenic

revertants as a result of genetic modification remains a cause for concern.?

Nanotechnological techniques are potential for increasing bacterial therapeutic performance and
synergistic properties.?®2% The potential of bacterial cancer therapy can be considerably increased
in particular by photothermal conversion that is dependent on nanotechnological approaches.?*2
Chen et al., for instance, described the chemical cross-linking of the exterior of the bacterial cell
membrane of S. typhimurium using indocyanine green (ICG)-loaded nanoparticles as a
photothermal agent for tumor hyperthermia.® Nonetheless, traditional nanotechnological
techniques continued to use gene editing to reduce toxicity and improve bacterial efficiency.
Furthermore, earlier approaches showed that direct anchoring with strong nanoparticles via
chemical processes or polydopamine nanocoating on the bacterial cell membrane was required.
The viability and natural division of the cells may be hampered by these surface decorations, such
as numerous Visible nanoparticles or a reasonably dense polydopamine coating on the bacterial

membrane. Furthermore, these procedures demand the multistep synthesis of nanoparticles as well
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as the alteration of bacterial cells. Hence, the creation of simplified and biologically non-
interfering nanofunctionalizations of non-pathogenic natural bacteria, which do not require
complex genetic alterations, is of great value for nanotechnology-based transformative bacterial

cancer treatments.

There is a great deal of interest in employing nanotechnology to investigate and remotely regulate
immune responses.?®3° Accordingly, functional nanoparticles have been developed for the
extended release of immunotherapeutic medicines, thereby enhancing a number of
immunostimulatory effects. The ability of nanoparticles to specifically target tumors falls short in
achieving the necessary anticancer efficacy when relying solely on immune cells. The efficacy of
immunotherapy using conventional nanoparticle technologies is primarily influenced by improved
penetration and retention effects, as well as biomarker-dependent ligand-receptor interactions. The
integration of functional nanoparticles with bacteria therapy could be a game changer for
extremely tumor-specific immunostimulatory control.?3! To properly manage immunological
activities for therapies, the main challenges at the present are to investigate simpler

nanofunctionalizations with nonpathogenic natural bacteria and new nanomicrobial technologies.

In this research, we establish a practical approach for the development of nanoparticle-
functionalized bacteria for photothermal immunotherapies. By the usage of a biologically
penetrable near-infrared (NIR) laser, the developed ICG encapsulating Cremophor EL (CRE)
nanoparticles could be utilized to effectively "nanoengineer” nonpathogenic Bifidobacterium for
cancer optotheranostics.  (Figure 2.1a). Unique optical absorbance and fluorescence
characteristics, excellent biocompatibility, robust photothermal conversion, remarkable tumor
selectivity, and powerful anticancer activity were all displayed by optically activated functional

bacteria. In addition to the tumor-targeting efficacy of bacteria, the NIR fluorescence (FL) of
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light-induced functional bacteria aided fluorescent tumor detection. With the aid of immune

responses, this approach could be employed efficiently to eradicate colorectal cancer cells in mice.

2.2 Materials and Methods

2.2.1 Bacterial strains and growth

The bacterial strain utilized in this research was acquired from the National Institute of Technology
and Evaluation Biological Resource Center (NBRC; Chiba, Japan). Bifidobacterium bifidum (BB;
NBRC 100015) was grown in NBRC medium no. 385 at a temperature of 37 °C while ensuring
anaerobic conditions. All reagents necessary for bacterial culturing were acquired from FUJIFILM

Wako Pure Chemical (Osaka, Japan).

2.2.2 Preparation of nanoengineered bacteria

Indocyanine green (ICG, 1 mg/mL; Tokyo Chemical Industry, Tokyo, Japan), Nile Red (NR, 1
mg/mL; Tokyo Chemical Industry, Tokyo, Japan), or 4,4- difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY, 1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in PBS with 5%
cremophor EL (Nacalai Tesque, Kyoto, Japan) using sonication to obtain ICG-CRE, NR-CRE,
and BODIPY-CRE. NR-CRE and BODIPY-CRE suspensions were filtered (0.45 um-
polytetrafluoroethylene syringe filter, Osaka Chemical, Osaka, Japan). The medium containing
BB was centrifuged at 2,300 x g for 5 min within a temperature range of 4-15 °C, followed by
washing with PBS. Subsequently, the concentration of the bacterial suspension was adjusted to 2
x 10° CFU/mL and subjected to centrifugation. Then ICG-CRE (ICG concentration = 1 mg/mL),
NR-CRE (NR concentration ~ 0.5 ug/mL), or BODIPY-CRE (BODIPY concentration ~ 3.7

ug/mL) was added to the bacterial pellet, and the resulting cell suspension was incubated at a
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temperature of 37 °C overnight. After overnight incubation, the samples were centrifuged to
eliminate any unbound dye molecules, and the modified bacterial cells were subsequently re-
suspended in PBS. The viability of nanoengineered bacteria was assessed using both a bacterial

counter (DUAAOLNP- H; PHC, Tokyo, Japan) and an active colony assay.

2.2.3 Optical characterizations

The absorbance spectra of the bacterial solutions were measured at a temperature of 20 °C using a
UV-Vis-NIR spectrophotometer (V-730 BIO; Jasco, Tokyo, Japan). The fluorescence of bacterial
dispersions was quantified using a fluorescence spectrometer (FP-8600 NIR Spectrofluorometer;
Jasco, Tokyo, Japan). Amount of loaded and internalized ICG into bacteria was determined by
measuring the collected supernatant of washed BB after modification of ICG-CRE using a UV—

Vis—NIR spectrophotometer.

2.2.4 Structural characterizations

High-resolution TEM (H-7600; Hitachi, Tokyo, Japan) operating at an acceleration voltage of 100
kV was employed to visualize the morphology and structure of ICG-CRE, ICG—CRE-BB, and
BB. This was accomplished through the utilization of negative staining. TEM observations were

performed by the Hanaichi Ultra Structure Research Institute Co., Ltd. (Aichi, Japan).

2.2.5 Photothermal conversion tests

Bacterial dispersions (100 pL) or PBS buffer (100 uL) (FUJIFILM Wako Pure Chemical) were
subjected to irradiation using an 808 nm NIR laser (CivilLaser, Hangzhou, Zhejiang, China) at 1.2
W (~ 61.1 mW/mm?; spot diameter, approximately 5 mm), 0.6 W (~ 30.6 mW/mm?), or 0.3 W (~
15.3 mW/mm?) under the indicated conditions. The temperature of the solutions was measured in

real time using a temperature sensor (AD-5601A; A&D, Tokyo, Japan).
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2.2.6 Cell culture and cell viability assays

Murine colon carcinoma (Colon26) and human normal diploid fibroblast (MRCS5) cell lines were
acquired from the Japanese Collection of Research Bioresources Cell Bank (Tokyo, Japan).
Murine macrophage cell line (RAW264.7) was procured from Riken Bio Resource Center (Ibaraki,
Japan). The Colon26 cell line was cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 1 mM sodium pyruvate, gentamycin, and penicillin-streptomycin (100 IU/mL). MRC5
and RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Grand Island, NY, USA) containing 10% FBS, 2 mM I-glutamine, 1 mM sodium pyruvate,
gentamycin, penicillin-streptomycin (100 IU/mL), and Hank’s balanced salt solution (Life
Technologies, Carlsbad, CA, USA). The cells were maintained at 37 °C in a humidified chamber
containing 5% CO- and were cryopreserved in multiple vials using liquid nitrogen. Cell viability
was assessed using a Cell Counting Kit (CCK-8; Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. Briefly, cells (7 x 10 cells/well) were seeded in 96-
well plates and allowed to adhere overnight. Subsequently, the cells were then subjected to bacteria
exposure and laser irradiation, as indicated. Following a washing step using fresh medium, the
cells were subjected to incubation with the CCK-8 solution at a temperature of 37 °C for 3 h.
Absorbance at 450/690 nm was then assessed using a microplate reader (Infinite 200 PRO M Plex;

Tecan, Ménnedorf, Switzerland).
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2.2.7 In vitro cytotoxicity of bacteria

To assess the in vitro cytotoxicity of BB, CRE-BB, and ICG-CRE-BB, normal human cells
(MRCS5) or cancer cells (Colon26) were seeded overnight in 96-well plates at a density of 7 x 103
cells/well. The various bacterial suspensions were co-cultured with these adhered cells for a
duration of 24h. Afterwards, cells were washed with fresh medium and the viability was assessed

using a CCK-8 kit following the previously described method.

2.2.8 Laser-induced cytotoxicity

The Colon26 or MRC5 cells were seeded in 96-well plates at a density of 7 x 10° cells/well. After
adhering overnight, the cells were subjected to treatment with PBS (100 uL) containing BB, CRE—
BB, ICG-CRE, or ICG-CRE-BB with 808 nm laser irradiation at a power of 1.2 W (~ 61.1
mW/mm?) for a duration of 3 min. Concentrations of ICG and BB were approximately adjusted to
22.9 pg/mL and 1.0 x 10° CFU/mL, respectively. The control (PBS without bacteria) was also
irradiated. Throughout the laser irradiation process, the temperature of a cells-seeded plate with
nanoengineered bacteria was placed in an incubator, where the temperature was carefully
maintained at 37 °C. Following the completion of laser irradiation, the bacteria were thoroughly
washed away, after which the cells were sub-cultured with fresh medium and incubated for another

24 hours. Subsequently, cell viability was assessed using the CCK-8 kit.

2.2.9 Fluorescence microscopy imaging

The BB, CRE-BB, or ICG-CRE-BB bacterial solutions (10 pL, 1 x 10° CFU/mL) was plated on
a glass coverslip (AGC Techno Glass, Shizuoka, Japan) and then observed using a fluorescence

microscopy system (1X73) and cellSens V3.1 software (Olympus) equipped with a mirror unit
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(IRDYEB800-33LP-A-U01; Semrock, Lake Forest, IL, USA) and an objective (x40 magnification,

aperture 0.95; UPLSAPO40X, Olympus) at 20 °C.

2.2.10 Confocal laser scanning microscopy

The NR-CRE-BB, BODIPY—-CRE-BB, or BB bacteria solution (1 mL, 1 x 10° CFU/mL) was
incubated in a poly-L-lysine coated glass bottom dish (Matsunami Glass Industry, Osaka, Japan)
for 30 min at 20 °C. The bacteria underwent five washes with PBS buffer (1 mL) and were
observed at 20 °C using a confocal laser scanning microscopy (FV-1000, Olympus) through an
objective (X100 magnification, aperture 1.35; UPLANSAPO100XS, Olympus). The images were

examined by FluoView V4.2 software (Olympus).

2.2.11 In vivo phototherapy

The animal experiments were carried out following the approved protocols by the Institutional
Animal Care and Use Committee of JAIST (No. 01-002). Female BALB/cCrSlc mice (n = 12; 4
weeks old; average weight = 15 g) were obtained from Japan SLC (Hamamatsu, Japan). Mice
bearing the Colon26 cell-derived tumors were generated by injecting culture medium/Matrigel
(Dow Corning, Corning, NY, USA) mixture (v/v = 1:1; 100 pL) containing 4 x 10° cells into the
left and right flanks of the mice. Once the tumor volumes reached approximately 400 mm?3 after a
duration of around 2 weeks, the mice were administered intratumoral injections of PBS (100 uL)
or PBS containing bacteria (100 uL; 5.0 x 108 CFU) or ICG-CRE (100 uL). Concentrations of
ICG and BB are approximately 45.8 ug/mL and 2.0 x 10° CFU/mL, respectively. The tumors
located on the right flank were irradiated for 3 min on alternate days (a total of six times) using
the 808 nm laser (713 mW, 36.3 mW/mm?) after sample injection. Using a clamp, the laser beam

was directed towards the center of the solid tumor. During the irradiation process, thermographic
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measurements were performed using IR thermography (i7; FLIR, Nashua, NH, USA). Tumor
development and overall health (body weight and viability) were monitored on alternate days.
Additionally, the tumor volume was estimated using the equation: V = L x W?/2, where L and W
denote the length and width of the tumor, respectively. Upon reaching a tumor volume exceeding
2,000 mm? on either side of the mice, which was determined as the endpoint, the mice were

euthanized following the guidelines of the Institutional Animal Care and Use Committee of JAIST.

2.2.12 Fluorescent bio-imaging

To monitor the chronological changes in FL intensity caused by the tumor targeting effect of ICG—
CRE-BB in mice, Colon26 tumor-bearing mice (female; 7 weeks; n = 4; average weight = 18 g;
average tumor size = 400 mm? BALB/cCrSIc; Japan SLC) were injected intratumorally or
intravenously with PBS containing ICG-CRE-BB (100 uL, 5 x 108 CFU) or PBS alone. The mice
were euthanized, and the major organs, including heart, liver, spleen, lung, kidney, and tumor,
were imaged using an in vivo fluorescence imaging system (VISQUE™ InVivo Smart-LF,
Vieworks, Anyang, Republic of Korea) with a 3 sec exposure time and ICG filter (Ex, 740-790
nm; Em, 810-860 nm) at 0.5, 3, 24, 48, 72, and 96 h post-injection. The FL images were acquired

and analyzed using CleVue™ software (Vieworks).

2.2.13 Biodistribution of nanoengineered bacteria in tumor model

The Colon26 tumor-bearing mice (female, 7 weeks; n = 4; average weight = 18 g; average tumor
size ~400 mm?®; BALB/cCrSIc; Japan SLC) were intravenously injected in the tail vein with culture
medium (100 pL) containing ICG-CRE-BB (1 x 10’ CFU/mL) or PBS (100 pL). After 120 h, the
organs and tumors were carefully excised and weighed. After homogenizing thoroughly with a

homogenizer pestle in 1 mL of PBS solution at 4 °C, the mixture was shaken for 20 min at a speed
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of 380 rpm/min at 15 °C. The supernatant was serially diluted with PBS 10 time or 102 times, and
each dilution mixture was individually plated (50 pL) onto an a Trypticase—Phytone—Yeast (TPY)
agar plate. The TPY medium (per liter) contained 10 g of trypticase [Becton, Dickinson and
Company (BD), Franklin Lakes, NJ, USA], 5 g of peptone (Sigma-Aldrich), 5 g of glucose
(FUJIFILM Wako Pure Chemical), 2.5 g of yeast extract (BD), 1 mL of Tween 80 (FUJIFILM
Wako Pure Chemical), 0.5 g of L-cysteine (FUJIFILM Wako Pure Chemical), 2 g of K2HPO4
(FUJIFILM Wako Pure Chemical), 0.5 g of MgCl2-6H20 (FUJIFILM Wako Pure Chemical), 0.25
g of ZnS04-7H,0 (FUJIFILM Wako Pure Chemical), 0.15 g of CaCl, (FUJIFILM Wako Pure
Chemical), and 0.03 g of FeCls (FUJIFILM Wako Pure Chemical). TPY agar is the TPY medium
supplemented by agar in a concentration of 15 g/L. The pH value of the medium was around pH
6.0. The inoculated agar plates were anaerobically incubated for 1 day at 37 °C and the formed

bacterial colonies were imaged and were manually counted.

2.2.14 Immunohistochemistry staining of tumor tissues

The Colon26 tumor-bearing mice were euthanized the day after the administration of intratumoral
injection of PBS (100 pL), BB (100 pL, 5 x 108 CFU), CRE-BB (100 pL, 5 x 108 CFU), or ICG—
CRE-BB (100 pL, 5 x 108 CFU), and laser irradiation. The control groups were not irradiated.
Thereafter, the tumor tissues from the different treatment groups were harvested for IHC staining.
The IHC analysis was performed by Biopathology Institute Co., Ltd. (Oita, Japan) using standard
protocols. Briefly, primary tumors were surgically removed, fixed in 10% formalin, processed for
paraffin embedding, and cut into 3—4-pum-thick sections. After incubation with primary antibodies
(listed in Table 2.1), the sections were stained with hematoxylin and examined using light

microscopy (1X73).
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Table 2:1 Antibodies used in this study

Antibody Type Source Catalog No. Application
F4/80 Mouse Monoclonal  BMA Biomedicals T-2028 IHC (1:50)
CD3 Rabbit Monoclonal ~ Apcam ab16669 IHC (1:100)
Caspase-3 Rabbit Polyclonal %l'hi'cﬂgglymg 9661S IHC (1:100)
TNF-a Rabbit Polyclonal ~ Apcam ab6671 IHC (1:100)
Anti-digoxigenin-peroxidase  Sheep Polyclonal Merck Millipore S7100 Tunel

2.2.15 In vitro TNF-a expression

The concentration of expressed TNF-o was measured using RayBio® Mouse TNF-alpha ELISA
kit (RayBiotech, Norcross, GA) according to the manufacturer’s instructions. Briefly, RAW264.7
cells (4 x 10* cells/mL) were seeded in 24-well plates and allowed to adhere overnight. The cells
were then exposed to bacteria and laser irradiation, as indicated. After collecting samples from
wells, each sample was carefully centrifuged to remove bacteria, and their supernatants were
further used for ELISA assay. Absorbance at 450 nm was then determined using a microplate
reader. Lipopolysaccharides from Escherichia coli 0157 (FUJIFILM Wako Pure Chemical) was

used as a positive control.

2.2.16 Blood tests

The CBC and biochemical parameters were investigated by the Japan SLC and Oriental Yeast
Co., Ltd (Tokyo, Japan). The tail vein of BALB/cCrSlc mice (female, 10 weeks; n = 5; average
weight = 21 g; Japan SLC) was injected with PBS containing BB (200 pL, 1 x 10° CFU), CRE—
BB (200 puL, 1 x 10° CFU), ICG-CRE-BB (200 pL, 1 x 10® CFU), or PBS (200 uL). After 30

days, blood samples were collected from the inferior vena cava of these mice.
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2.2.17 Statistical analysis

All experiments were conducted in triplicates and repeated three or more times. Quantitative
values were expressed as the mean + standard error of the mean (SEM) of at least three independent
experiments. Statistical differences were analyzed using Student’s two-sided t-test and one-way or

two-way analysis of variance (ANOVA).

2.3 RESULTS AND DISCUSSION

2.3.1 Characterizations of nano-engineered bacteria

Due to their remarkable tumor targeting abilities, Bifidobacterium strains, such as Bifidobacterium
bifidum (BB) and Bifidobacterium longum, have often been utilized as effective microbial tools,
such as drug delivery systems in hypoxia-driven tumor biotherapy.323 In fact, live anaerobic
bacteria including Bifidobacterium strains, employ distinctive mechanisms to specifically target
solid tumors.23* Upon systemic administration, therapeutic bacteria distribute to both tumor and
healthy tissues. Nevertheless, bacteria present in the bloodstream and other normal tissues are
eliminated, whereas those residing in the tumor persistently proliferate, often reaching
significantly higher numbers of colony-forming units compared to the initially administered
dosage, owing to their preference for a hypoxic environment. The selective colonization of bacteria
in solid tumors is believed to be influenced by the immunosuppressive and biochemically distinct
microenvironment that arises due to pathological alterations associated with these tumors. While
Bifidobacterium strains normally necessitate genetic manipulation using synthetic plasmids to
acquire anticancer properties, these strains demonstrate inherent high tumor-targeting efficacy and
low toxicity, without the requirement for genetic manipulations. Hence, natural BB was selected

as the model platform for nanoengineering. Figure 2.1b and ¢ show a schematic illustration of the
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preparation of nanoengineered BB. Among the numerous attractive photothermal converters
available,>¢ ICG was chosen as the model photoactivatable reagent due to its status as an Food

and Drug Administration (FDA)-approved NIR fluorescent agent.®’

Furthermore, NIR light-activatable ICG has found widespread use in clinical settings for a variety
of biomedical applications, including diagnosis and phototherapies. This is primarily attributed to
its exceptional transparency within the optical wavelength range, allowing effective penetration
through biological tissues. Nonetheless, ICG tends to agglomerate within physiological
environments, such as aqueous buffered solutions and blood serum, due to its anionic and
hydrophobic nature. The tendency of IGG to agglomerate in physiological environments, despite
its powerful optical properties as an NIR agent, frequently hinders its desired biomedical
applications. Thus, we nanoformulated ICG using 5% CRE to avoid its aggregation in agueous
PBS solution during its internalization into the bacteria cells. Additionally, CRE, an FDA-
approved amphiphilic synthetic polymer (polyoxyethylene castor oil derivative), is commonly

employed as a drug delivery carrier for several poorly water-soluble molecules.®"

21|Page



a
Nano-engineering of bacteria Optical Cancer immunotheranostics

? NIR laser
Nanoparticle % Balcteria /

Heat

NIR FL

Blood vessel

Tumor cell

" Colorectal tumor model mouse

Washing /
\ ﬁ 4 s — (

. Loy
% % BB Internalization of ICG-CRE ,
% > into BB ICG-CRE-BB

Figure 2.1 (a) Concept of nanoengineered bacteria with optical activity for photothermal cancer
immunotheranostics. (b) Schematic illustration of ICG—CRE nanoparticle. (c) Scheme of ICG-CRE-BB
synthesis.
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CRE nanoparticles encapsulating ICG molecules (ICG—CRE) can be spontaneously synthesized
by a straightforward one-step sonication process because of the self-assembly nature of
amphiphilic CRE molecules (Figure 2.1b and Figure 2.2). ICG—CRE-functionalized BB
(ICG—CRE—-BB) can also be easily prepared in only two steps, namely incubation and washing
processes (Figure 2.1c). Flexible soft nanoparticles are possibly transportable through the bacterial
cell membrane.®**°As expected, the synthesized ICG-CRE showed as a transparent greenish-
colored solution (Figure 2.2a, right vial), while ICG alone formed visible aggregations in PBS

after being incubated at 20 °C for several minutes (Figure 2.2 left vial).

Figure 2.2 Photo of aqueous solutions of ICG in PBS (left) and ICG-CRE in PBS (right). ICG forms
visible aggregations in PBS.

Dynamic light scattering (DLS) results showed that the ICG—CRE exhibited a monodispersed

hydrodynamic diameter (~10.6 nm) (Figure 2.3).
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Figure 2.3 DLS size distribution of ICG-CRE

The average hydrodynamic diameter of CRE nanoparticles (~10.4 nm), without ICG, was similar
to that of the ICG—CRE. In transmission electron microscopy (TEM), the ICG— CRE nanoparticles

were regular in size and shape. (~5—13 nm) (Figure 2.4).

Figure 2.4: TEM images of ICG—CRE. Upper right image represents higher magnification of the boxed
area.

Significantly, the prepared ICG—CRE—BB seemed as a cloudy green suspension, in contrast to the
natural white color of pristine BB (Figure 2.5). The ICG—CRE—-BB dispersion also demonstrated
the ability to selectively absorb light in the NIR region, which is a characteristic derived from ICG

molecules (Figure 2.6a).
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Figure 2.5 Photos of the bacterial suspensions (left, BB; right, ICG-CRE—BB).

The content of the loading and the internalization of ICG was 45.8 pg/mL and 22.9 pug/mL against
2.0 x 10° CFU/mL and 1.0 x 10° CFU/mL of BB, respectively. Upon NIR excitation at 700 nm,
ICG—CRE-BB also displayed fluorescence (FL). Notably, the FL of ICG—CRE—BB was observed
to be blue-shifted compared with ICG—CRE, possibly due to electron transfer or energy transfer,

or both, occurring between the biomolecules and dyes within the cells during the photoinduction

process (Figure 2.6b).*
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Figure 2.6 (a) UV—vis—NIR absorbance spectra of ICG-FCRE-BB (ICG, 45.8 ug/mL; BB, 2.5 x 10’
CFU/mL), ICG—CRE (ICG = 45.8 ug/mL), and BB (2.5 x 10" CFU/mL). (b) FL spectra of ICG-CRE-BB
(ICG, 45.8 ug/mL; BB, 2.5 x 10’ CFU/mL), ICG—CRE (ICG = 12.5 ug/mL), and BB (2.5 x 10" CFU/mL).

In any case, fluorescent optical microscopy showed sufficient NIR FL in ICG-CRE—BB (Figure

2.7), while natural BB did not exhibit any FL (Figures 2.6b and 2.8).
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Figure 2.7 In vitro NIR fluorescent (upper) and differential interference contrast (DIC) (bottom) imaging
of ICG-CRE—BB. Bacterial concentration is 1.0 x 10° CFU/mL.
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Figure 2.8 In vitro bright-field (left) and NIR fluorescent (right) imaging of (a) ICG-CRE-BB and (b) BB.
Bacterial concentration is 1.0 x 108 CFU/ml. These bright-filed images do not represent the perfect bacterial
location for each fluorescent image because of Brownian motion of bacteria under microscopy.
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Remarkably, effective loading of ICG—CRE in BB was achieved at 37 °C in comparison with the
incubation at 4 °C. This difference is presumably because of the temperature response nature of
the bacterial membrane (Figure 2.9). In fact, a lower temperature significantly enhances the
rigidification of the bacterial membrane which may impede in the incorporation of ICG—CRE with

the bacteria.*2
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Figure 2.9 Effect of incubation temperature on loading efficiency of ICG—CRE with BB. (a) Images of BB
and ICG-CRE-BB pellets. ICG-CRE-BB were prepared at different incubation temperature. (b)
UV-vis—NIR absorbance spectra of ICG-CRE-BB prepared at different temperature. (c) Differential
interference contrast (DIC) and NIR fluorescent imaging of BB and ICG—CRE-BB prepared at different

temperature.

Moreover, in order to clarify the distribution of dye molecules loaded CRE nanoparticles within

bacteria, 3D colocations were examined using confocal laser scanning microscopy (Figure 2.10).

Before the observation, conventional red and green FL-colored hydrophobic organic dyes such as

Nile Red (NR) and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) were encapsulated in

CRE nanoparticles for the preparation of nanoengineered bacteria. The concentrations of the
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loading of NR and BODIPY were 0.34 pg/mL and 1.1 pg/mL, respectively, against 2.0 x 10°
CFU/mL of BB. 3D images clearly showed that the entire bacterial body was stained with both the
organic dye molecules following the same modification as ICG—CRE with BB. These findings
indicate that dye-loaded nanoparticles can be passed through the membrane and achieve even

distribution within the bacterial cell.
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Figure 2.10 Confocal laser scanning microscopy of NR-CRE-BB and BODIPY-CRE-BB. (a) Chemical
structures of NR (left) and BODIPY (right). DIC/fluorescent merge and 3D images of (b) NR-CRE-BB
and (c) BODIPY-CRE-BB. The numbers (1 or 2) represent the location for analyzing 3D colocation.
Upper-right inlet of DIC/fluorescent merge images are the control natural BB without nanoengineering.
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Besides, TEM images showed that, during the modification process, the ICG—CRE nanoparticles
were localized on the surface of BB and no morphological changes were observed in BB either

during or after this process (Figures 2.11 and 2.12).

400 nm

400 nm

Figure 2.12 TEM images of (a) BB alone and (b) prepared ICG-CRE-BB after washing (left, low
magnification; right, high-magnification).
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The average viability of the ICG-CRE— BB was approximately 80% after modification. DLS also
revealed that the size of the ICG—CRE—-BB (~913 nm) was almost identical to that of natural BB
(~909 nm) after modification (Figure 2.13). These results clearly showed that ICG—CRE can be

safely loaded into BB cells using simple incubation and washing procedures.
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Figure 2.13 DLS size distribution of CRE, ICG-CRE, BB, and ICG-CRE-BB. Polydispersity index of
CRE, ICG-CRE, BB, and ICG-CRE-BB is 0.445, 0.451, 0.582, and 0.593, respectively.

ICG exhibits remarkable properties in converting near-infrared (NIR) light energy into heat, by
itself, via energy transfer. Compared to other regions of the electromagnetic spectrum, NIR light
has the advantage of deeper tissue penetration enabling its interaction with targets located deeper
inside the body. ICG exhibits a high absorption peak particularly in the range of 800-900 nm,
aligning precisely with the ideal transparency window of biological tissues. Thus, it can be used
as a functional dye with photoexothermic and opto-diagnostic properties upon laser irradiation in
the NIR range.***®* The temperature changes (AT) of the ICG-CRE-BB suspensions were

evaluated after irradiation at 808 nm NIR, at 1.2 W (~61.1 mW/mm?). It was observed that the
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temperature of the suspension exhibited a significant increase up to ~52.4 °C (maximum AT)

within after 2 min of laser irradiation owing to the photothermal conversion of ICG (Figure 2.14).
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Figure 2.14 Temperature elevation of the various sample solutions after irradiation with 808 nm laser at
1.2 W (~61.1 mW/mm?) for 2 min. Concentrations of ICG and BB are approximately 22.9 ug/mL and 1.0
x 10° CFU/mL, respectively. Data are represented as mean + standard errors of the mean (SEM); n = 3
independent experiments. ns, not significant; ***, p < 0.001.

The average AT values of the control experiments, obtained using PBS or PBS dispersions of BB
or CRE-functionalized BB without ICG dye (CRE—BB), were very slight, at 3.2, 2.6, and 2.8 °C,
respectively. Significantly, the AT of the laser-induced ICG—CRE-BB could readily controlled by

adjusting the laser power (Figure 2.15).
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Figure 2.15 Temperature difference (AT) of ICG-CRE—BB after laser irradiation for 2 min at different
laser powers. The concentrations of ICG and BB are approximately 22.9 ug/mL and 1.0 x 10° CFU/mL,
respectively.

Notably, AT of ICG—CRE—BB also represented higher than that of ICG—CRE after laser
irradiation for 2 min at each laser power possibly due to the aforementioned energy or electron
transfer mechanism (Figure 2.16).*! The photothermal conversion efficiency of ICG-CRE-BB
was ~38%, surpassing that of conventional photoexothermic nanoparticles like metal
nanoparticles, carbon dots, and semiconducting polymer nanoparticles (Table 2.2).%-%¢ Thus, we
believe that the NIR light-induced ICG—CRE—BB has the potential to serve as a promising NIR

theranostic agent for the treatment of deep-tissue cancer.
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Figure 2.16 Temperature difference (AT) of ICG-CRE-BB and ICG—CRE after laser irradiation for 2 min
at different laser powers. The concentrations of ICG and BB are approximately 22.9 pg/mL and 1.0 x 10°
CFU/mL, respectively. Data are represented as mean £ SEM; n = 3 independent experiments.

Table 2:2 The photothermal conversion efficiency of materials in previous reports

Photothermal conversion efficiency

Material (%) Reference
ICG-CRE-BB 38 This study
Gold nanorods 21 38
Gold nanoshells 13 38
Copper selenide 22 38
Carbon dots 31 39
Semiconducting polymer nanoparticles 37 40
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To investigate whether ICG—CRE-BB can be used for cancer therapy, the cytotoxicity of
ICG—CRE—BB was assessed using mouse rectal carcinoma (Colon26) and human normal diploid

fibroblast (MRC5) cell lines (Figures 2.17a and 2.17b).
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Figure 2.17 Cytotoxicity of bacteria. (a) The viability of Colon26 cancer cell line was tested 24 h after
treatment with ICG—CRE—BB, CRE—BB, and BB at different bacterial concentrations. (b) The viability of
MRCS5 cell line was tested 4 h after treatment with ICG-CRE-BB, CRE-BB, and BB at different bacterial
concentrations. Data are represented as mean + SEM; n = 5 independent experiments. ***, p < 0.001 vs
control w/o bacteria (Student’s t-test).

Regardless of the method of nanomodification employed, none of the bacterial suspensions
exhibited significant cytotoxicity at low bacterial concentrations (<2.5 x 108 CFU/mL) across any
of the tested cell lines. More importantly, ICG-CRE-BB and CRE-BB displayed lower
cytotoxicity than BB at a bacterial concentration of 1 x 10° CFU/mL, probably due to the enhanced
biocompatibility caused by polyethylene glycol moieties in the CRE structure.*” Subsequently, we
evaluated the complete blood counts (CBCs) and blood biochemical parameters of mice 30 days
after administering them with PBS or PBS dispersions containing ICG—CRE-BB, CRE-BB, or
BB (Tables 2.3—-2.5). No significant differences observed between the parameters of the bacteria-

injected and control PBS-injected mouse groups. Herein, we concluded that none of the bacterial
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dispersions exhibited toxicity at low concentrations in vivo. Next, laser-induced cytotoxicity of the
biocompatible bacteria on Colon26 and MRC5 cell lines was investigated using NIR laser
irradiation (Figures 2.18a and 2.18b). Cell seeded plates containing the samples were exposed to
laser irradiation in a 37°C incubator. The ICG—CRE-BB and ICG—CRE dispersions demonstrated
effectively elimination of the cells after irradiation at 1.2 W (~61.1 mW/mm?) for 1 or 3 min, due
to the powerful photothermal conversion property of [ICG—CRE—BB and ICG—CRE as cancer cells
are normally sensitive to heat.*® In contrast, the control groups (PBS, BB, and CRE-BB) exhibited

no cytotoxicity at any of the laser irradiation time.
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Figure 2.18 (a) Cell viability of Colon26 cancer cell line treated with laser-irradiated PBS (control), BB,
CRE-BB, ICG—CRE, and ICG—CRE—BB at different irradiation times. The concentrations of ICG and BB
are approximately 22.9 pg/mL and 1.0 x 10° CFU/mL, respectively. The cell viability was tested 24 h after
irradiation [laser power =1.2 W (~61.1 mW/mm?)]. (b) Cell viability of MRC5 cell line treated with laser-
irradiated PBS (control), ICG-CRE-BB, CRE-BB, and BB at different irradiation times. The concentration
of bacteria is 1 x 10° CFU/mL. The cell viability was tested 24 h after irradiation [laser power = 1.2 W (~
61.1 mW/mm?)]. Data are represented as the mean + SEM; n = 3 independent experiments. ***, p < 0.001
vs control w/o laser irradiation (Student’s t-test).
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Table 2:3 CBCs and biochemical parameters of the mice injected with PBS or BB dispersion after 30 days

Measured value Entry Unit PBS (n=5) BB (n=5) P
value
WBC ><102 JuL 58.2+435 58.4 + 5,57 > 0.05
RBC x10" juL 893 +17.81 915.2 + 30.02 >0.05
HGB g/dL 13.74 £ 0.26 14.42 £ 0.42 >0.05
CBC HCT % 41.64 +0.95 42.8+1.39 > 0.05
MCV fL 46.6 £ 0.16 46.78 £ 0.16 >0.05
MCH Py 14.72 £0.12 15.76 + 0.10 > 0.05
MCHC g/dL 33.36+0.15 33.72+£0.15 > 0.05
PLT ><104 JuL 71.28 +2.39 70.52 + 0.97 > 0.05
TP g/dL 4.02 £0.09 4.02+0.04 > 0.05
ALB g/dL 2.7+0.04 2.74 £ 0.04 >0.05
BUN mg/dL 19.2+0.89 19.4 + 0.66 > 0.05
CRE mg/dL 0.124 + 0.01 0.132+0.01 > 0.05
Na mEg/L 153.8 + 1.56 153.2 +0.97 > 0.05
Biochemical K mEqg/L 4.22 +£0.26 4.08 £0.30 >0.05
parameters Cl mEg/L 118 +0.32 118.6 + 0.87 >0.05
AST Iu/L 66.6 + 3.03 66.2 + 4.25 > 0.05
ALT IU/L 43.2+£0.73 4221271 >0.05
LDH IU/L 302.4 +22.23 363.8 + 27.52 > 0.05
AMY IU/L 1712.8 + 28.52 1708.8 + 85.29 >0.05
CK IU/L 174.6 + 28.67 171.6 £ 12.01 > 0.05

Data are represented as the mean + SEM; n = 5 biologically independent mice. Statistical analyses were performed

using the two-way ANOVA test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine; CRP, C-reactive protein; HCT, hematocrit;
HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; PLT, platelet; RBC,
red blood cell; TP, total protein; WBC, white blood cell.
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Table 2:4 CBCs and biochemical parameters of the mice injected with PBS or CRE-BB dispersion after

30 days.
Measured value Entry Unit PBS (n=5) CRE-BB (n=5) P value
WBC x10° jul 58.2+4.35 58.2 + 2.40 >0.05
RBC ><104 JuL 893 +17.81 892.6 + 28.97 > 0.05
HGB g/dL 13.74 £ 0.26 14.02 £ 0.44 >0.05
CBC HCT % 41.64 +0.95 41.46 +1.42 > 0.05
MCV fL 46.6 £ 0.16 46.44 + 0.22 >0.05
MCH Py 14.72 £0.12 15.7 + 0.08 > 0.05
MCHC g/dL 33.36+0.15 33.84+0.28 >0.05
PLT ><104 JuL 71.28 +2.39 72.28 £ 2.17 > 0.05
TP g/dL 4.02 £0.09 4.06 £0.05 >0.05
ALB g/dL 2.7+0.04 2.74 £ 0.02 > 0.05
BUN mg/dL 19.2+0.89 19.26 £ 0.36 > 0.05
CRE mg/dL 0.124 + 0.01 0.12+0.01 >0.05
Na mEg/L 153.8 £ 1.56 151.8 £ 0.58 > 0.05
Biochemical K mEg/L 4.22 £0.26 4+0.18 >0.05
parameters Cl mEg/L 118 +0.32 118.2 + 0.58 >0.05
AST IU/L 66.6 + 3.03 65.2 £ 6.04 > 0.05
ALT IU/L 43.2+0.73 43 +2.86 >0.05
LDH IU/L 302.4 +22.23 303.2+ 32 > 0.05
AMY IU/L 1712.8 + 28.52 1702 + 56.48 >0.05
CK IU/L 174.6 £ 28.67 129.3 £22.45 >0.05

Data are represented as the mean + SEM; n = 5 biologically independent mice. Statistical analyses were performed

using the two-way ANOVA test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine; CRP, C-reactive protein; HCT, hematocrit;
HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; PLT, platelet; RBC,
red blood cell; TP, total protein; WBC, white blood cell.
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Table 2:5 CBCs and biochemical parameters of the mice injected with PBS or ICG-CRE-BB dispersion
after 30 days.

Measured value Entry Unit PBS (n=5) ICG-CRE-BB (n =5) P value
WBC x10° jul 58.2+4.35 58 +2.77 >0.05

RBC ><104 JuL 893+17.81 883.8 + 10.16 >0.05

HGB g/dL 13.74 £ 0.26 13.88 £ 0.17 >0.05

HCT % 41.64 +0.95 40.98 + 049 > 0.05

CcBe MCV fL 46.6 £ 0.16 46.38 + 0.16 >0.05
MCH Py 14.72 £0.12 15.7 + 0.05 > 0.05

MCHC g/dL 33.36 £ 0.15 33.84+0.10 > 0.05

PLT x10" L 71.28+2.39 70.76 +0.88 >0.05

TP g/dL 4.02 £0.09 418 +0.12 >0.05

ALB g/dL 2.7+0.04 2.84 £ 0.05 > 0.05

BUN mg/dL 19.2+£0.89 19.44 + 0.89 >0.05

CRE mg/dL 0.124 + 0.01 0.114 +0.01 > 0.05

Na mEg/L 153.8 + 1.56 153 +0.71 >0.05

Biochemical K mEqg/L 4.22 +£0.26 4.12+0.13 >0.05
parameters Cl mEq/L 118 £ 0.32 119.2 £ 0.80 >0.05
AST Iu/L 66.6 + 3.03 65.6 + 2.36 > 0.05

ALT IU/L 43.2+0.73 42.4+0.81 > 0.05

LDH IU/L 302.4 +22.23 351 +39.32 >0.05

AMY IU/L 1712.8 + 28.52 1725.8 + 4.85 > 0.05

CK IU/L 174.6 £ 28.67 100.3 £ 14.09 >0.05

Data are represented as the mean £ SEM; n = 5 biologically independent mice. Statistical analyses were
performed using the two-way ANOVA test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine; CRP, C-reactive protein; HCT, hematocrit;
HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; PLT, platelet; RBC,
red blood cell; TP, total protein; WBC, white blood cell.
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Furthermore, internalization and distribution of ICG—CRE—-BB in Colon26 cells were investigated
using optical microscopy (Figure 2.19), which revealed intracellular ICG—CRE—-BB uptake in cells
after incubation with ICG—CRE—-BB at 37°C for 4 h. Indeed, NIR FL of ICG—CRE—BB (pink
colored dots) was uniformly distributed in cytosols of the cells. Nuclei of the cells were not stained
with ICG—CRE—BB. The control cells without ICG—CRE—-BB treatment did not exhibit any FL at
all. Subsequently, after incubation of cells with ICG—CRE—BB at 4 °C for 4 h, the images showed
that NIR FL derived from ICG—CRE-BB was relatively weak, indicating that the cell
internalization was energy dependent.*® Therefore, endocytosis is a possible cellular uptake
pathway for these ICG-CRE—BB. These results indicate the high biocompatibility, unique
intracellular permeability, excellent NIR fluorescence, and strong photothermal properties of
ICG—CRE-BB, thus indicating its potential as a ‘“nanoengineered fighter” in cancer

optotheranostics.
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Figure 2.19 Optical micrographs of Colon26 cells (2.5 x 10° cells/mL) after 4-h incubation with and without
ICG-CRE-BB (1.0 x 10" CFU) at 4 °C or 37 °C in a fridge or 5% CO..

2.3.2 In vivo anticancer efficacies of bacterial treatments

We explored the potential capacity of NIR FL of ICG-CRE—BB in mice for cancer optical
diagnostics (Figure 2.20). ICG—CRE—BB was administered via intratumoral injection, and their
systemic distribution was monitored at the indicated time intervals using an NIR fluorescence
imaging system. As shown in Figure 2.20a, FL of ICG—CRE—BB was observed in the tumor and
remained visible for a long period (at least 96 h). Nevertheless, no FL was detected in the vital
organs, such as lungs, liver, kidneys, heart, and spleen, at 96 h post injection, which was mainly
attributed to the tumor hypoxia specificity of BB (Figure 2.20b).32 On the contrary, both tumors
and vital organs of PBS-injected mice exhibited no FL. The remarkable tumor selectivity of

ICG—CRE-BB was further confirmed by colony assay following intravenous injection (Figure
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2.21). Following that, we examined the in vivo therapeutic anticancer efficacy of the bacteria using

a tumor syngeneic model (Figures 2.22).
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Figure 2.20 Biological distribution of ICG-CRE-BB. (a) FL imaging of Colon26 tumor-bearing mice after
intratumoral injection of ICG-CRE-BB (100 pL, 5 x 108 CFU). (b) NIR FL imaging of tumor and major
organs 96 h post-intratumoral injection of PBS (left) and ICG-CRE-BB (right).
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Figure 2.21 Tumor targeting effect of ICG-CRE-BB. (a) Bacteria colony of organs/tumors of Colon26
tumor-bearing mice over time after intravenous (i.v.) injection of ICG-CRE-BB (100 pL, 1 x 10° CFU) or
PBS (100 pL) for 120 h. (b) Colony number of Colon26 tumor-bearing mice after i.v. injection of ICG—
CRE-BB (100 pL, 1 x 10 CFU) or PBS (100 uL) for 120 h. Data are represented as means + standard
errors of the mean (SEM); n = 3 independent experiments. n.d., not detectable; **** p < 0.0001.
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Figure 2.22 Schematic illustration of in vivo antitumor tests using NIR laser-induced ICG-CRE-BB.

Colon26-bearing immunocompetent mice were intratumorally injected with PBS (100 pL) or PBS
dispersions containing ICG-FCRE-BB, CRE-BB, or BB (100 pL, 5 x 108 CFU of bacteria).
Following an overnight bacterial accumulation, the solid tumors were subjected to irradiation using
an 808 nm NIR laser at 0.7 W (~36.3 mW/mm?), for 3 min. Throughout the laser irradiation

surface temperature of the mice was monitored using a thermographic camera. (Figure 2.23 a,b).
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Figure 2.23 In vivo optical tumor destruction. (a) IR thermal images of laser-induced mice at various time
points (0, 1, and 3 min). (b) Surface temperature of the solid tumor in Colon26-bearing mice on the 2nd
day after injection with ICG-CRE-BB, ICG—CRE, CRE—BB, BB, or PBS, followed by 808 nm laser
irradiation for 3 min [laser power = 0.7 W (~36.3 mW/mm?)]. Concentrations of ICG and BB are
approximately 45.8 pg/mL and 2.0 x 10° CFU/mL, respectively. Data are represented as mean + SEM; n =
3 independent experiments. *** p < 0.001.
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The surface temperature of the solid tumors was roughly around 35°C pre- and post-injection of
PBS or bacteria. No significant increase in temperature was observed in the mice injected with
PBS (maximum temperature was approximately 37 °C) after laser irradiation. On the contrary, the
mice injected with ICG—CRE-BB and BB showed a noticeable temperature increase, reaching
~54 and 44°C, respectively, 3 min post laser irradiation. ICG—CRE nanoparticle resulted in an
average surface temperature of the tumor at 45 °C after laser irradiation for 3 min. Furthermore,
CRE-BB induced only a minor temperature elevation (~41 °C) compared to the other bacterial
groups. Indeed, the tumors of mice injected with the various types of bacterial dispersions
exhibited a darker appearence (blackish color), probably because of thrombosis resulting from
bacterial infection. The presence of bacteria possibly triggers an immunological response, which
activates blood coagulation factors, leading to the formation of clots. (Figure 2.24).2°0 The
disruption of tumor blood vessels can result in the concentrated blood coagulation within the
tumor, a process known to be associated with thrombosis.***® This phenomenon was observed in
the tumor of mice injected with bacteria leading to bacterial infection within the tumor. The
photothermal conversion performance and optical absorbance could ultimately be improved due
to the higher condensation of hemoglobin molecules in blood clots, which occurs when the blood
cells are coagulated. Here, we believe that thrombosis also plays a role in the temperature elevation
of a tumor during laser irradiation. No change in the tumor color was observed in the PBS-injected
control mice. The observed change in tumor color is beneficial for effective NIR light harvesting
and its conversion into thermal energy for the effective tumor elimination.>® Though the NIR laser-
triggered temperature elevations were triggered by bacterial infection or ICG—CRE nanoparticles
injection, ICG—CRE—-BB showed the highest tumor surface temperature (~54 °C) after the 3 min

laser irradiation because of the excellent photoexothermicity of ICG, light absorbable bacterial
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infection-triggered thrombosis and effective electron or energy transformation of intracellular ICG

(enhancement of photothermal conversion effect).
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Figure 2.24 Photos of mice pre-injection and 3 days post-injection of PBS, ICG-CRE, ICG-CRE-BB,
CRE-BB, and BB.

Due to the significant photothermal conversion of ICG— CRE-BB, laser-induced ICG—CRE—BB
exhibited evident antitumor therapeutic effect against tumors; the solid tumors injected with

ICG—CRE-BB disappeared after laser irradiation (Figure 2.253).
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Figure 2.25 (a) Relative volumes of the tumors on the laser-irradiated right flank of mice. PBS or PBS
dispersions of CRE—BB, BB, ICG—CRE, or ICG—CRE—BB were intratumorally injected, and the injected
tumors were treated with 808 nm laser irradiation [laser power = 713 mW (~36.3 mW/mm?); irradiation
time = 3 min] 24 h after the injections. Concentrations of ICG and BB are approximately 45.8 ug/mL and
2.0 x 10° CFU/mL, respectively. Data are presented as mean + SEM (n = 3 biologically independent tests),
***p < 0.001 (Student’s t test of PBS). (b) Relative volumes of the tumors on the left flank of mice after
intratumoral injection of PBS or PBS dispersions of CRE-BB, BB, ICG—CRE, or ICG—CRE—BB, without
laser irradiation. Concentrations of ICG and BB are approximately 22.9 pug/mL and 1.0 x 10° CFU/mL,
respectively. Data are presented as mean + SEM (n = 3 biologically independent tests), ***p < 0.001
(Student’s t test for PBS).
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Significantly, the complete disappearance of tumor, leading to a prolonged life span, was observed
in the mice treated with laser-induced ICG—CRE—-BB during the 45-d follow-up period after the

experiment (Figure 2.26).

Figure 2.26 Photo of the mouse treated with laser-induced ICG-CRE-BB (Day 45). Dashed circle
represents treated area.

Remarkably, even the mice treated with BB displayed drastic reduction in tumor volume owing to
the above-mentioned bacterial infection without attenuatable CRE coating (Figure 2.25b). Though
the laser-induced BB group showed effective antitumor suppression, its efficacy was
comparatively lower than that of the laser-driven ICG-CRE-BB group. We believe that the
proposed bionanotechnology offers a significant advantage compared to using bacteria alone for
photothermal cancer therapy because the combination of excellent NIR FL of ICG—CRE—BB and
potent antitumor efficacy of laser-induced ICG—CRE—BB would be synergistically available as an
optical theranostic agent. On the other hand, volume of tumors increased over time in the PBS,
PBS + laser, CRE-BB, CRE-BB + laser, and ICG-CRE—BB groups. Additionally, the body
weight of the mice remained relatively constant throughout the experimental period in all treatment
groups, revealing no side effects, with the exception of the ICG—CRE—-BB group (Figure 2.27).

Besides, due to the significant elimination of solid tumors (~400 mm?) on the right flank of the
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mice by laser-induced ICG—CRE—BB, a slight reduction in the body weight was observed in the
treated mice from day 21. Nevertheless, these mice displayed a recovery in their weight from day

29.
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Figure 2.27 Average body weight of the mice after bacterial and control treatments during the treatment
period. Data are represented as the mean £SEM; n = 3 biologically independent mice. ns, not significant;
*

, p <0.05.

2.3.3 Mechanism of tumor suppression

Simultaneously, mouse survival was examined each day (Figure 2.28). As compared to the control
group (PBS and PBS + laser), the survival rate of mice with bacterial therapy (ICG—CRE—BB) in
combination with laser was extended, showing a 100% survival rate for at least 45 days. The BB
and BB+ laser groups also showed the same life prolongation (45 days) as the ICG—CRE-BB +
laser group. The prolonging effects of CRE—BB + laser and CRE—BB groups were better than that

of the control groups (PBS and PBS + laser).
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Figure 2.28 Kaplan—Meier survival curves of Conlon26-tumor-bearing mice (n = 3 biologically
independent mice) after tumor implantation for 45 days. Statistical significance was calculated in
comparison with PBS group. ****, p < 0.0001. The groups of ICG-CRE-BB + laser, BB + laser, and BB
showed 100% survival rate at least for 45 days.

Besides, intratumoral injection of ICG—CRE-BB did not exhibit any toxicity in the tissues (Figure
2.29). Indeed, hematoxylin and eosin (HE) and terminal deoxynucleotidyl transferase (TdT)-
mediated 2'-deoxyuridine, 5'-triphosphate (dUTP) nick end labeling (TUNEL) staining analyses
showed that the tissues of ICG—CRE—BB post-intratumoral injection entirely resembles the
control tissues (PBS buffer). Also, the mechanism of tumor regression by bacterial treatment was
studied by injecting PBS alone or PBS suspensions containing ICG-CRE—BB, BB, or CRE-BB
pre- and post-irradiation using HE, TUNEL, and immunohistochemical (IHC) staining analyses

(Figure 2.30).
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Figure 2.29 (a) H&E and (b) TUNEL stained conventional organ’s tissues at day 2 after intratumoral
injection of ICG-CRE-BB or PBS buffer.

The HE staining revealed tumor damage with intercellular fragmentation in the ICG-CRE—BB +
laser, BB + laser, and BB treated tumor tissues. On the other hand, representative logical features,
like tight arrangement and nuclear atypia, were observed in the control groups (PBS + laser, PBS,
CRE—-BB + laser, CRE—BB, and ICG—CRE—BB). Additionally, the ICG-CRE—BB + laser, BB +
laser, and BB treated tissues exhibited increased cancer cell apoptosis, as indicated by the increase
in TUNEL- and Caspase-3-positive cells. Nevertheless, the PBS+ laser, PBS, CRE-BB + laser,
CRE-BB, and ICG—CRE—-BB treated tissues did not exhibit apoptotic TUNEL and Caspase-3

color development within the tumor tissue (Figure 2.30).
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Figure 2.30 HE, TUNEL, and IHC (caspase-3, F4/80, and TNF-a) stained tumor tissues collected from
different groups of mice on day 2 after treatment.
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These results imply that ICG-CRE-BB + laser, BB and BB+ laser can effectively eliminate

cancerous tumors via intracellular apoptotic caspase-3 signaling.

In order to understand the immunological responses associated with the observed tumor
suppression in ICG—CRE—BB + laser, BB +laser, and BB groups, IHC staining of CD3 (T cell
marker), and F4/80 (macrophage marker) was conducted (Figure 2.30 and Figure 2.31). The
expression of F4/80 was observed only in the ICG—CRE—BB + laser, BB, and BB+ laser groups.
In fact, only these groups exhibited significant expression of tumor necrosis factor-a (TNF-a), a
multifunctional cytokine primarily secreted by the macrophages. Notably, the expression levels of
TNF-a were significantly high in the ICG-CRE—BB + laser and BB + laser groups among them.
Hence, we concluded that the drastic tumor regression caused by laser-induced ICG—CRE—BB
was due to excess TNF-a expression and photothermal conversion. In fact, TNF-a regulates tumor
cell proliferation and induces tumor suppression via tumor vasculature inhibition.®* Also, IHC
staining of CD3 expression associated with T cells did not show color change in all groups, and

no significant differences observed among them (Figure 2.31).
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Figure 2.31 IHC-stained (CD3) tumor tissues collected from different groups of mice at day 2 after
treatments.

To further reinforce the hypothesis, we examined in vitro TNF-a expression from a murine
macrophage cell line (RAW264.7) using an enzyme-linked immuno sorbent (ELISA) assay
(Figure 2.32). Significantly, an increased expression of TNF-a was observed following incubation
with ICG—CRE—-BB and laser irradiation along with lipopolysaccharide from Escherichia coli
0157, as control. Collectively, we concluded that elimination of tumor was accomplished by laser-

driven photothermal conversion of ICG—CRE—BB, with the assistance of macrophages (Figure

2.33).
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Figure 2.32 In vitro TNF-alpha expression from RAW264.7 cells (4 x 10* cells/mL) after incubation of
nanoengineered bacteria or PBS for 4 h. Data are represented as mean + SEM; n = 3 independent
experiments. Concentrations of bacteria and ICG are 1 x 10° CFU/mL and 22.9 pg/mL. Laser power= 1.2
W (~ 61.1mW/mm?). Laser irradiation time = 2 min.
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Figure 2.33 Schematic of the proposed mechanism of tumor suppression by NIR light-driven
ICG—CRE-BB.

2.4 CONCLUSION

To summarize, we developed nanoparticle-functionalized bacteria utilizing a straightforward

modification technique, and we analyzed their optical, structural, cytotoxic, and photothermal
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properties in depth. As a result of nanoengineering with ICG-CRE, it was demonstrated that
several desirable characteristics, including photothermal conversion, fluorescence, and
attenuation, could be introduced to bacteria while maintaining their inherent properties. Compared
to previous methods, this approach for enhancing the optical properties of bacteria through
nanoengineering is distinct in its use of FDA-approved, biocompatible chemicals and its reliance
on practical Bifidobacterium microbial technology. Furthermore, the preparation method is
straightforward. The demonstration of the potential application of nanoengineered bacteria
(CRE-ICG—BB) was done by performing near-infrared fluorescence imaging of tumors in mice.
Additionally, the use of near-infrared laser-induced CRE-ICG—BB demonstrated exceptional
antitumor efficacy, which was augmented by immune responses. Hence, our research offers a
nanoengineering strategy to bestow living bacteria with desirable traits, such as photothermal
conversion, fluorescence, and attenuation. Moreover, it was shown that the synthesized
nanoparticle-functionalized bacteria exhibited robust tumor suppression capabilities and high
fluorescence expression in biological systems, making them a promising candidate for cancer

immunotheranostics.
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3.1 INTRODUCTION

For the past few decades, effectively treating malignant tumors through therapy has proven to be
a difficult task in the field of cancer treatment.! To address limitations associated with conventional
treatments, anti-cancer drugs, immune checkpoint inhibitors, oncolytic viruses, nanoparticles, and
immune cells could be used in combination with bacteria therapy. Several limitations exist in
current treatments, including their inability to target specific hypoxic tumors, produce independent
biomarkers, penetrate deep tissues, have programmable therapeutic efficacy, and maintain
affordability in production.? Attenuated bacteria like Escherichia, Salmonella, Listeria and
Clostridium are currently being tested in clinical studies as potential immunotherapies for different

stages of cancer.

Bacterial therapy can be enhanced further by nanotechnology®*2 and genetic engineering™®°. Yet,
there is a genuine concern for patients regarding the possibility of acquiring antibiotic resistance
or mutations that may reverse the engineered bacterial phenotype. In comparison, nanotechnology
methods often involve complex techniques. Because of the severe chemical modifications induced
by the multivalent covalent interactions of bioactive nanoparticles with the bacterial membrane
and/or rigid nanocoating of the entire microorganism, the approaches may hinder the biological
functions, including the viability and proliferation of the bacteria. The impact and toxicity of
nanoparticles on the biological functions of bacteria are reported.?®??> To develop an advanced
therapeutic approach that enhances functionality and biocompatibility, while preserving the
inherent medicinal properties of bacteria, it is important to carry out simple and moderate chemical

functionalization of natural bacteria, without resorting to genetic engineering.?®
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Some purple photosynthetic bacteria (PPSB) possess promising traits for overcoming these
deficiencies and restrictions. Our recent findings indicate that the bacteriochlorophyll (BChl)
nanoring-embedded  light-harvesting  nanocomplexes  present in  natural  PPSBs
Rhodopseudomonas palustris (RP) and Blastochloris viridis can be activated in a spatiotemporally
controlled manner using near-infrared (NIR) light that can penetrate tissues. This finding
demonstrates the potential of these complexes to serve as valuable agents for targeted optical
cancer immunotheranostics.?* Indeed, because of its limited invasiveness, deep tissue
penetrability, and ease of operation, NIR light is a preferred energy source for wireless control of
smart anticancer therapy.?>2® Nevertheless, the NIR light's penetration depth, which cannot exceed
10 cm in living tissue, does not allow for the efficient elimination of entire tumour and metastatic
cancer cells. We anticipate that chemical functionalization of PPSB might improve NIR-driven
bacterial therapeutics by molecularly engineering bacteria to serve as efficient drug carriers

immunostimulators, and photosensitizers.

In this work, we investigated several PPSBs as "hardware™ for chemical modification of bacterial
membranes via covalent or non-covalent techniques employing functional biomolecules and
polyethylene glycol (PEG) derivatives to establish a high-performance anticancer theranostic
bacterial modality. We demonstrated that PPSBs can be successfully and efficiently functionalized
with bioactive compounds via simple PEGylation. In vitro and in vivo, the functional PPSB
complexes showed excellent optical and physiological features. Furthermore, the chemically
functionalized NIR light-induced functional PPSBs exhibited remarkable innate fluorescence and
potent photothermal conversion properties, which led to specific tumor-targeting NIR fluorescence
and substantial anticancer effects in a syngeneic murine colon cancer model. The synthetic

molecules utilized in the chemical functionalization also facilitated immunological regulation. By
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combining activatable real-time NIR imaging with tumor-specific photo-thermal
immunoregulation of functional PPSBs, this approach offers a novel strategy for precise and

efficient photo-theranostics.

3.2 Materials and Methods

3.2.1 Bacterial strains and growth

Rhodopseudomonas palustris (RP) (NBRC16661), Pararhodospirillum oryzae (NBRC107573),
Pararhodospirillum  sulfurexigens  (NBRC104433), Rhodomicrobium udaipurense
(NBRC109057), Rhodomicrobium vannielii (NBRC100050), Afifella marina (NBRC100434),
Rhodobacter sphaeroides (NBRC12203), Rhodobacter blasticus (NBRC16437), Rhodocista
centenaria (NBRC16667), and Rhodobacter capsulatus (NBRC16435) were purchased from the
National Institute of Technology and Evaluation Biological Resource Center (NBRC) (Chiba,
Japan). Rhodovulum sulfidophilum (ATCC35886) was obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). All bacterial strains in this study were grown
anaerobically in 543 ATCC Rhodopseudomonas medium under tungsten lamps at 26-30 °C. All
bacterial culture reagents were purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan)

and Nacalai Tesque (Kyoto, Japan).

3.2.2 Optical characterizations

The absorption and fluorescent spectra of various bacteria and functional bacterial hybrids were
obtained at 20 °C using a UV-vis—near-infrared (NIR) spectrophotometer (V-730 BIO; Jasco,
Tokyo, Japan) and fluorescence spectrometer (FP-8600 NIR Spectrofluorometer; Jasco, Tokyo,

Japan), respectively.
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3.2.3 Photothermal conversion tests

Bacterial dispersed solution (100 puL) or PBS buffer (100 uL) were irradiated using an 808 nm NIR
laser (spot diameter, approximately 5 mm) (CivilLaser, Hangzhou, Zhejiang, China) at 1.2 W (~6.1
W cm) or 0.6 W (~=3.1 W cm™2) at different time points (1, 2, 3, 4, and 5 min). The temperature
of the samples was measured in real time using a temperature sensor (AD-5601A; A&D, Tokyo,

Japan).

3.2.4 Cell culture and cell viability assays

Murine colorectal carcinoma cells (Colon26) and human normal diploid fibroblasts (MRC5) were
purchased from the Japanese Collection of Research Bioresources Cell Bank (Tokyo, Japan).
Murine macrophage (RAW264.7) and human diploid (normal human fibroblast) (W138) cell lines
were obtained from Riken Bio Resource Center (Ibaraki, Japan). Roswell Park Memorial Institute
1640 medium (Nacalai Tesque) containing 10% fetal bovine serum (FBS; Biowest, Nuaillé,
France) and 1% penicillin-streptomycin (Pen Strep; Gibco, Grand Island, NY, USA), was used to
culture Colon26 cells. Minimum Essential Medium without essential amino acids (Nacalai Tesque,
Inc. Kyoto, Japan) containing 10% FBS and 1% Pen-Strep was used to culture WI38 cells.
Dulbecco’s Modified Eagle’s Medium (Gibco, Grand Island, NY, USA) containing 10% FBS and
1% Pen-Strep was used to culture RAW264.7 cells. These cell lines were cultured in a 37 °C
incubator with 5% COz. Cell viability was assessed using Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, 7 x 10°
cells well™* of Colon26, MRC5, RAW264.7, and WI38 cells were seeded in 96-well plates and
allowed to adhere overnight. The cells were then exposed to various bacteria for 4 h in a 37 °C

incubator with 5% CO». After washing with fresh media, the cells were incubated with the CCK-
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8 solution for 3 h in a 37 °C incubator. Absorbance at 450/690 nm was then determined using a

microplate reader (Infinite 200 PRO M Plex; Tecan, Mannedorf, Switzerland).

3.2.5 Heat mapping

The data of heat mapping of Figure 3.1a was prepared using the software (GraphPad Prism 9;
MDF, Tokyo, Japan). Briefly, cytotoxicity was obtained by assigning PBS, that showed no
cytotoxicity, as the standard value (100%) to compare with various bacterial strains when MRC5
cell was treated with the highest bacterial concentration (3x10° CFU mL™). Average cytotoxicity
of PPSBs (NBRC16661, NBRC107573, NBRC104433, NBRC109057, NBRCZ100050,
ATCC35886, NBRC100434, NBRC12203, NBRC16437, NBRC16667, and NBRC16435) were
95,209, 17.7,545,0, 80.9, 17.7, 57.6, 80, 4.1, and 80%.

Besides, fluorescence was measured by calculation of the fluorescent intensities (top peaks) in
a range of values from all excitation frequency of 785-850 nm for each bacterial strain. RP
exhibited the highest fluorescent property among all strains. Thus, RP was assigned as the standard
value (100%) to compare with other bacterial strains. Fluorescence values of each PPSB
(NBRC107573, NBRC104433, NBRC109057, NBRC100050, ATCC35886, NBRC100434,
NBRC12203, NBRC16437, NBRC16667, and NBRC16435) and PBS were calculated 58.5, 86.3,
38.8,76.0,15.3,1.1, 22.4, 13.7, 1.6, 10.9 and 0% by the following formula.
Fluorescence (%) = [Total FL intensities of each bacterium in a range of values from 785-850 nm]/
[Total FL intensities of RP strain in a range of values from 785-850 nm] x 100

Meanwhile, photothermal conversions of various PPSBs were calculated from AT after 808-
nm laser irradiation for 2 min. RP also showed the highest AT so that the photothermal conversion
value of RP was adjusted 100% as the standard to compare with other strains. Photothermal

conversion of PPSBs (NBRC107573, NBRC104433, NBRC109057, NBRC100050, ATCC35886,
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NBRC100434, NBRC12203, NBRC16437, NBRC16667, and NBRC16435) and PBS were
calculated to 95.5, 93.0, 86.6, 70.7, 59.2, 42.5, 38.1, 30.2, 30.2, 19.6, and 6.7% by the following
formula.

Photothermal conversion (%) = [AT of each bacterium after 808-nm laser irradiation for 2 min]/

[AT of RP after 808-nm laser irradiation for 2 min] x 100

3.2.6 PEGylated bacteria preparation

The PEG derivatives were synthesized as follows. Briefly, 4-arm PEG succinimidyl glutarate ester,
20K (4-arm) (10 mg mL*; Biopharma PEG Scientific, Watertown, MA, USA), 8-arm PEG
succinimidyl carboxy methyl ester, 40K (8-arm) (10 mg mL*; Biopharma PEG Scientific), a-
succinimidyloxysuccinyl-o-methoxy, polyoxyethylene (50CS) (10 mg mL*; SUNBRIGHT ME-
050 CS, NOF Corporation, Tokyo, Japan), Cremophor® EL (CRE) (5%; Nacalai Tesque), or
biocompatible anchor for membrane (BAM) (10 mg mL™!; SUNBRIGHT OE-040 CS, NOF
Corporation) were added in PBS and sonicated for 1 min at 20 °C using a bath-type sonicator
(Bransonic M2800-J; Branson Ultrasonics, Brookfield, CT, USA). BAM was incubated at 20 °C
for 24 h to deactivate the N-hydroxysuccinimide groups of the PEG moiety before conjugation
with RP. RP (3 x 10° CFU mL™) was centrifuged (2,300 x g, for 5 min at 4 °C) to obtain a pellet,
and the prepared PEG solution was added to the bacterial pellet. This bacterial suspension was
shaken at 20 °C for 14 h using a bio-shaker (MBR022UP; Taitek, Saitama, Japan). The prepared
PEGylated bacterial hybrid dispersions were centrifuged, resuspended in ATCC 543 media, and
washed three times to remove the unbound PEG molecules. The amount of attached PEGs on the
bacterial membrane was calculated by weighing and subtracting dried unreacted PEGs in

supernatants after each PEGylation with bacteria.
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BAM (0.5 mg mL™!; SUNBRIGHT OE040CS, NOF Corporation, Tokyo, Japan) was added in
PBS and sonicated for 1 min at 20 °C. After sonication, Alexa Fluor 488-conjugated bovine serum
albumin (Alexa488-BSA) (1 mg mL™; Thermo Fisher Scientific, Waltham, MA, USA) or anti-
mouse programmed death ligand monoclonal antibody (anti-PD-L1) (1 mg mL™; 10F.9G2
Platinum in vivo grade; Leinco Technologies, St. Louis, MO, USA) were added to PBS and
incubated at 20 °C for 2 h to synthesize Alexa488-BSA-BAM or anti-PD-L1-BAM conjugates.
Alexad88-BSA-BAM was dialyzed (cut off = 12-14 kDa; Spectra/Por) for 2 days at 4 °C and
lyophilized to obtain the solid Alexa488-BSA-BAM. The labeling ratio of BAM to fluorescent
BSA was measured by molecular weight analysis using the Kaiser test kit (Sigma-Aldrich,
Burlington, MA, USA). RP (5 x 10° CFU mL™?) was centrifuged (2,300 x g, for 5 min at 4 °C) to
obtain a pellet, and the prepared Alexa488-BSA-BAM or anti-PD-L1-BAM conjugate solutions
were added to the bacterial pellet to obtain Alexa488-BSA-BAM-RP and anti-PD-L1-BAM-RP.
This bacterial suspension was incubated at 20 °C for another 30 min. Shortly thereafter, the
prepared bacterial hybrid dispersions were centrifuged, resuspended in ATCC 543 media after
discarding the supernatant, and washed once to remove the unreacted biomolecule-functionalized
BAM conjugates.

Anchored Alexa488-BSA-BAM conjugates on RP were measured as follows. Briefly,
prepared Alexa488-BSA-BAM-RP (5 x 10° CFU mL™) was incubated at 20 °C for different time
points. Detached Alexa488-BSA-BAM was removed by centrifugation, and the sample was then
resuspended in ATCC 543 media. The fluorescence intensities of the Alexa488-BSA—BAM-RP
were measured by a fluorescent spectrometer to monitor anchored Alexa488-BSA-BAM

conjugates on RP.
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The viabilities of the functional bacterial hybrids were measured using a bacterial counter
(DUAAOINP-H; PHC, Tokyo, Japan), as well as an active colony assay.

The amount of functional proteins loaded on the bacterial membrane was calculated from the
collected supernatant of the washed bacteria after modification with Alexa488-BSA-BAM or anti-
PD-L1-BAM using a bicinchoninic acid assay kit (Thermo Fisher Scientific) and a microplate
reader, according to the manufacturer’s instructions. The loading capacity of Anti-PD-L1 on the
bacterial membrane was estimated by flow cytometry (CyFlow Cube 6, Sysmex, Kobe, Japan) by

analyzing Alexa488-Anti-PD-L1-BAM-RP and natural RP (5 x 107 cells for each sample).

3.2.7 Polydopamine nanocoating

Polydopamine nanocoating on the bacterial membrane of RP was referred to the previous work.®
Briefly, to prepare functional RP with dopamine concentrations of 1.25, 2.5, 5, and 10 mg mL ™,
1.25, 2.5, 5, and 10 mg of dopamine hydrochloride (Sigma-Aldrich) was suspended in 1 mL of 10
mM Tris—HCI buffer (pH 8.5) and then added 50 pL of bacterial suspension. After strong stirring
at room temperature for 2 h, polydopamine coated-RP was obtained by centrifugation at 4000 g
for 20 min, suspended in PBS, and stored at 4 °C for immediate use. The viability of the

polydopamine-coated bacterial hybrids was measured using a bacterial counter.

3.2.8 Fluorescence microscopy imaging

Various bacterial samples (RP concentration =5 x 10° CFU mL™) were plated (10 pL) on a glass
slide (AGC Techno Glass, Shizuoka, Japan) with a coverslip and then observed using a
fluorescence microscopy system (IX73; Olympus, Tokyo, Japan) and cellSens V3.1 software
(Olympus) equipped with a mirror unit (IRDYE800-33LP-A-U01; Semrock, Lake Forest, IL, USA

or IX3-FGFPXL, Olympus) and a lens (x 100 magnification, aperture 0.95; UPLSAPO40X,
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Olympus) at 20 °C. To confirm intracellular uptake of BAM-RP and RP, Colon-26 cells (5.0 x
10° cells well™) were seeded in poly-L-lysine coated glass bottom dishes and allowed to adhere
overnight. Cells were then incubated with 1 x 10° CFU of BAM-RP or 1 x 10° CFU of RP for 4
h at 4 °C or 37 °C in a fridge or a humidified incubator containing 5% CO,. After washing
thoroughly with fresh PBS solution, Colon-26 cells were observed in the same way to evaluate the
macrophage phagocytosis behavior.

To observe the macrophage phagocytosis behavior, RAW264.7 cells (5.0 x 10° cells well™)
were seeded in a poly-L-lysine-coated glass bottom dish (Iwaki Glass, Tokyo, Japan) and allowed
to adhere overnight. Cells were then exposed to 2.4 x 10° CFU/mL of PEGylated RP for 4 h at
37 °C in a humidified chamber containing 5% COz. After washing thoroughly with fresh medium,
RAW264.7 cells were observed using a fluorescence microscopy system (1X73) equipped with a
mirror unit (IRDYE800-33LP-A-U01; Semrock, Lake Forest, IL, USA) and a lens (x 60
magnification, aperture 1.35; UPLSAPO60X, Olympus) at 20 °C.

To evaluate the green-fluorescent property of Alexa488-BSA-BAM on RP bacterial
membrane, the prepared Alexa488-BSA-BAM-RP was observed using a fluorescence
microscopy system (1X73) equipped with a mirror unit (IX3-FGFPXL, Olympus) and a lens (x 60
magnification, aperture 1.35; UPLSAPOG60X, Olympus) at 20 °C. Bacterial concentration was 5.0

x 10° CFU mL ™,

3.2.9 Nanostructural characterization

Negative staining was used to observe the morphology and structure of Alexa488-BSA-BAM-RP
and RP using a high-resolution transmission electron microscope (TEM, H-7600; Hitachi, Tokyo,
Japan) at an acceleration voltage of 100 kV. TEM observations were performed at the Hanaichi

Ultrastructure Research Institute Co., Ltd. (Aichi, Japan).
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3.2.10 Laser-induced cytotoxicity

Colon26 or WI38 cells at a density of 7 x 10% cells well™* were seeded in 96-well plates. After
overnight incubation, RP (100 pL; 5 x 10° CFU mL™), anti-PD-L1-BAM-RP (100 pL; 5 x 10°
CFU mL™), or PBS (100 pL) were added and irradiated with an 808 nm laser at a power of 1.2 W
(~6.1 Wcm?)and 0.6 W (~3.1 W cm2) for 0, 1, and 3 min in a 37 °C incubator. The sample wells
were washed thoroughly, and the cells were resuspended in fresh media. The plates were incubated
for another 24 h, and cell viability was determined using the CCK-8 kit. A control treatment

without laser irradiation was also performed.

3.2.11 In vivo phototherapy

Animal experiments were carried out in accordance with the protocols approved by the
Institutional Animal Care and Use Committee of JAIST (No. 01-002). Female BALB/cCrSlc mice
(n=40; 4 weeks old; average weight = 15 g) were purchased from Japan SLC (Hamamatsu, Japan).
Colon26 cells were injected in mice, along with a Matrigel (Dow Corning, Corning, NY, USA)
mixture (v/v = 1:1; 100 uL) containing 1 x 10° cells into the right flank of the mice. Once the
tumor volume reached 100 mm?3, approximately after 10 days, the mice were intratumorally
injected with 100 pL of RP (2.5 x 10° CFU mL* or 5 x 10° CFU mL?), BAM-RP (5 x 10° CFU
mL™1), anti-PD-L1-BAM-RP (2.5 x 10° CFU mL or 5 x 10° CFU mL™1), PBS, or PBS containing
anti-PD-L1 (2.5 mg kg body weight™). The tumors were irradiated using an 808 nm laser at 0.7
W (713 mW, 3.6 W cm2) 24 h after injection for 3 min every other day (two times in total). A
clamp was used to aim the laser beam at the center of the solid tumor. Thermographic
measurements were obtained during irradiation using IR thermography (i7; FLIR, Nashua, NH,
USA). Tumor growth rate and overall body weight were monitored every other day. Furthermore,

the tumor volume was calculated using the equation: V = L x W?/2, where L and W denote the
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length and width of the tumor, respectively. The mice were euthanized when the tumor volume
reached more than 2,000 mm?3 according to the guidelines of the Institutional Animal Care and Use

Committee of JAIST.

3.2.12 In vivo fluorescent bio-imaging

Colon26 tumor-bearing mice (female; 7 weeks; n = 3; average weight = 18 g; average tumor size
= 400 mm?; BALB/cCrSIc; Japan SLC) were intravenously injected with 100 uL of RP (5 x 108
CFU), anti-PD-LI-BAM-RP (5 x 10® CFU), or PBS to investigate the chronological changes in
FL intensity caused by the tumor-targeting effect of the bacteria. Fluorescence intensity was
observed from day O to day 8 of post-injection, and the mice were euthanized on day 8 to extract
major organs, including the heart, liver, spleen, lung, kidney, and tumor. The treated mice were
imaged using an in vivo fluorescence imaging system (VISQUE™ InVivo Smart-LF, Vieworks,
Anyang, Republic of Korea) with a 3 sec exposure time and an ICG filter (Ex, 740—790 nm; Em,
810-860 nm). The fluorescence images were acquired and analyzed using CleVue™ software

(Vieworks).

3.2.13 Biodistribution of bacteria in tumor model

The Colon26 tumor-bearing mice (female, 7 weeks; n = 4; average weight = 18 g; average tumor
size ~ 400 mm?3; BALB/cCrSlc; Japan SLC) were intravenously injected in the tail vein with
culture medium (100 pL) containing anti-PD-L1-BAM-RP (5 x 10° CFU mL™) or PBS (100 pL).
After 144 h, the organs and tumors were carefully excised and weighed. After homogenizing
thoroughly with a homogenizer pestle in 1 mL of PBS solution at 4 °C, the mixture was shaken for

20 min at a speed of 380 rpm/min at 15 °C. The supernatant was diluted 0, 10, 100, and 1000 times
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with PBS, and then the sample (50 uL) from 1000 times dilution was inoculated onto an agar plate.

After anaerobically incubated for 6 days, the formed bacterial colonies were imaged.

3.2.14 Immunohistochemistry (IHC) staining of tumor tissues

To investigate the IHC of tumor tissues, Colon26 tumor-bearing mice were injected with RP (100
uL, 5 x 108 CFU), anti-PD-L1-BAM-RP (100 pL, 5 x 108 CFU), or PBS (100 uL) intratumorally
and irradiated with an 808 nm laser 24 h after injection. The control groups were not irradiated
with a laser. The mice were euthanized after another 24 h, and tumor tissues from the treatment
and control groups were harvested for IHC staining. The IHC analyses were performed by
Biopathology Institute Co., Ltd. (Oita, Japan) using standard protocols. Briefly, the primary tumors
were surgically removed, fixed in 10% formalin, processed for paraffin embedding, and cut into
3-4 um-thick sections. After incubation with primary antibodies (listed in Table 3.2), the sections
were stained with H&E and examined using light microscopy. The areas showing positive staining
in tumor tissues were analyzed using a light microscopy system (BZ-X800, Keyence, Osaka,

Japan) and hybrid cell count and microcell count software (Keyence).

3.2.15 Blood tests

The complete blood count (CBC) and biochemical parameters were investigated by Japan SLC
and Oriental Yeast Co., Ltd (Tokyo, Japan). The tail vein of BALB/cCrSlc mice (female, 10 weeks;
n = 10; average weight = 21 g; Japan SLC) was injected with PBS containing anti-PD-L1-BAM—
RP (200 uL, 1.0 x 10° CFU) or PBS alone (200 pL). After 30 days, blood samples were collected

from the inferior vena cava of these mice.
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3.2.16 Statistical analysis

All experiments were performed in triplicates and repeated three or more times. Quantitative
values are expressed as means + standard error of the mean (SEM) of at least three independent
experiments. Statistical differences were identified using Student’s two-sided t-test and one-way

or two-way analysis of variance (ANOVA).

3.3 RESULTS AND DISCUSSION

3.3.1 Screening of optimal PPSB for phototherapy

By investigating safety (cytotoxicity), NIR fluorescence, and photothermal conversion, the most
appropriate bacterium for advanced cancer phototheranostics was screened out from various
commercially available PPSBs, such as Pararhodospirillum oryzae (NBRC107573),
Pararhodospirillum  sulfurexigens  (NBRC104433), Rhodomicrobium udaipurense
(NBRC109057), Rhodomicrobium vannielii (NBRC100050), Rhodovulum sulfidophilum
(ATCC35886), Afifella marina (NBRC100434), Rhodobacter sphaeroides (NBRC12203),
Rhodobacter blasticus (NBRC16437), Rhodocista centenaria (NBRC16667), and Rhodobacter
capsulatus (NBRC16435), as well as RP (NBRC16661), which we used in our previous study?*
(Figures 3.1, 3.2, 3.3 and 3.4). A visible, clinically versatile, and relatively cheap 808 nm NIR
laser was used for photothermal conversion tests. The human normal diploid fibroblast cell line
MCRS5 was utilized for safety experiments. Cell viability was tested after incubation with bacteria
for 4 h to avoid misreading the detections caused by the formations of sticky bacterial attachment
and biofilm on treated cells after incubation for more than 4 h. RP displayed excellent
physicochemical and physiological properties with high biocompatibility. In fact, RP exhibited

characteristic optical absorbance in the NIR region derived from intercellular BChl, superior NIR
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fluorescence emission, powerful photo-exothermicity, and low cytotoxicity. The strong NIR
fluorescence and photothermal conversion of RP can be expressed as BChl via sophisticated
energy transformations with higher efficiencies than other PPSBs.?* Thus, we applied RP as the
optimal bacterium, or “platform,” for regulating optical and immunological functions and
anticancer efficacies through further chemical modification with PEG derivatives and therapeutic

functional biomolecules.
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Figure 3.1 Screening for the highest-performing PPSB. (a) Heat map of (i) cytotoxicity, (ii) fluorescence,
and (iii) photothermal conversion of various PPSBs. (b) UV—-vis—NIR absorbance of RP dispersions at
different concentrations. (c) Fluorescence emission spectra of various PPSB dispersions excited at 800 nm.
(d) Photothermal conversion of various PPSBs after 808-nm laser irradiation for 2 min. Data are presented
as means + standard errors of the mean (SEM); n = 3 independent experiments. (e) RP cytotoxicity. MRC5
cell viability was tested after 4 h of treatment with RP at different bacterial concentrations. Data are
presented as means + SEM; n = 5 independent experiments. Multiplicity of infections (MOIs) of each
bacterial concentration (0.05x10° 0.01x10° 0.02x10° 0.04x10° 0.08x10° 0.2x109, 0.3x10° 0.6x10°,
1x10°, and 3x10° CFU/mL) are 214, 428, 856, 1712, 3424, 6848, 13696, 27392, 54784, and 109568.
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Figure 3.2 UV-vis—-NIR absorbance of various purple photosynthetic bacteria (PPSBs) at different

concentrations.
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790, 805, 835, and 850 nm).
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Figure 3.4 Cytotoxicity of various PPSBs. MRC5 cell viability was tested after 4 h of treatment with
various PPSBs at different bacterial concentrations. Data are presented as means £ SEM; n = 5 independent
experiments. Multiplicity of infections (MOIs) of each bacterial concentration (5x10°, 1x107, 2x107, 4x107,
8x107, 2x108, 3x108, 6x108, 1x10°% and 3x10° CFU/mL) are 214, 428, 857, 1714, 3428, 8570, 12855,
21425, and 64275.
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3.3.2 Synthesis of chemically engineered RP hybrids

PEG is a unique hydrophilic and electrical neutralized polymeric material. PEG coating is a crucial
factor improving the biophysical and chemical properties of various materials and is widely studied
for biomedical applications. Thus, five commercially available functional PEG derivatives,
including a-succinimidyloxysuccinyl-o-methoxy, polyoxyethylene (50CS; PEG chain molecular
weight (Mw): 5,000), 4-arm PEG succinimidyl glutarate ester, 20K (4-arm; PEG chain Mw:
20,000), 8-arm PEG succinimidyl carboxy methyl ester, 40K (8-arm; PEG chain Mw: 40,000),
Cremophor® EL (CRE; PEG chain Mw: 2,500), and biocompatible anchor for membrane (BAM,;
PEG chain Mw: 4,000), were utilized for chemical modification of the RP bacterial membrane
(Figure 3.5a). RP is a gram-negative bacterium with a double layer of outer and plasma
membranes.?” A gram-negative cell wall typically consists of two or three interconnected
peptidoglycan layers surrounded by an outer membrane composed of lipopolysaccharides (LPS)
and membrane proteins.?® Thus, 4-arm, 8-arm, and 50CS were directly conjugated to the primary
amines of a bacterial membrane protein through their N-hydroxysuccinimide (NHS) groups via
covalent bonding (Figure 3.5b).2%3! Meanwhile, the three branched alkyl chains of CRE and the
oleyl acid chain of BAM were simultaneously inserted into the bacterial lipid layer, resulting in
the decollation of PEG brushes onto the bacterial membrane via non-covalent binding (Figure
3.5b).233233 These PEGylations of the bacterial membrane could be performed through two simple
steps of incubation and washing, without complicated organic synthesis (mentioned in

Experimental Procedures).
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Figure 3.5 PEGylated RP preparation. (a) Chemical structures of various PEG derivatives. (b) Schematic
illustration of PEGylations of the RP bacterial membrane through covalent and non-covalent bonding.

Next, the PEGylation effects on the optical and physiological traits of RP were investigated (Figure

3.6). There were no negative effects on RP optical properties and bacterial viability in all types of

PEGylation (Figure 3.6a-3.6d). However, bacterial colonization was inhibited by modifications

with 4-arm and 8-arm, while PEGylation with 50CS, CRE, and BAM did not influence colony

formation (Figure 3.6e). Covalent multi-point connections on membrane proteins with 4-arm or 8-

80|Page



arm molecules may severely hinder cell division. Besides, polydopamine nanocoating on bacterial
membrane, which is one of the popular surface modification methods against bacteria to enhance
their photothermal anticancer efficacy,® adversely affected the bacterial viability and proliferation
in a concentration of dopamine dependent manner even though photothermal conversion property

of RP was improved (Figure 3.7).

Although many examples of nanofunctionalization of bacteria show this is not always the case,
potential nanotoxicity might be concerned for designing of effective nanoparticles-integrated
bacterial complexes. All PEGylated RP hybrids did not exhibit any cytotoxicity to various cell
lines, such as MRC5, mouse rectal carcinoma (Colon26), and phagocytic mouse macrophage
(RAW264.7) because of the innately high biocompatibility of PEGs®! and RP?* (Figures 3.6f and

3.8).

PEGs are frequently used as a protective coating on materials to reduce immunogenicity.>*3¢ We
thus compared the cellular internalization of the PEGylated RP hybrids with different surface
functionalization (Figure 3.69). Interestingly, most of the 8-arm- and BAM-functionalized RPs (8-
arm—RP and BAM-RP) were not phagocytized by RAW264.7, probably because of the
aforementioned immune evasion effect of PEG protection. The 4-arm, 50CS-, and CRE-modified
bacterial hybrids (4-arm—RP, S0CS-RP, and CRE-RP) and natural RP were actively phagocytized
by RAW264.7 cells. As a result, strong NIR fluorescence (pink dots) from RP was observed within
the cells. BAM was used as an effective RP modification agent for further experiments in this
research because of its encouraging safety and immunological blocking effect against
macrophages for cancer treatment. Meanwhile, 50CS (ca. 62 pg; ca. 310 mol), 4-Arm (ca. 49 ug;
ca. 980 mol), 8-Arm (ca. 51 ug; 2040 mol), CRE (ca. 225 ug; 563 mol), and BAM (ca. 313 ug;

1252 mol) were modified on RP (3 x 10° CFU mL™), respectively. These results indicate that both
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the PEG molecular weight and the surface PEG density are important for effective immune evasion

of functional bacteria.
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Figure 3.6 Characterization of various PEGylated RPs. (a) UV-vis—NIR absorbance of various PEGylated
and conventional RP dispersions. Bacterial concentration was 2.4 x 108 CFU mL™. (b) Fluorescence
emission spectra of various PEGylated and conventional RP dispersions excited at 805 nm. Bacterial
concentration was 2.4 x 108 CFU mL™. (c) In vitro NIR fluorescence imaging of various PEGylated and
conventional RPs. Bacterial centration was 5 x 108 CFU mL2. Pink dots represent bacteria. (d) Bacterial
viability after various PEGylations for 24 h. Data are presented as means + SEM; n = 3 independent
experiments. () Bacterial colonies after various PEGylations. (f) BAM-RP cytotoxicity. Colon26, MRCS5,
and RAW264.7 cell viabilities were tested after 4 h of BAM-RP treatment at different bacterial
concentrations. Data are presented as means £ SEM; n = 5 independent experiments. Multiplicity of
infections (MOls) of each bacterial concentration (5x10%, 5x10°, 5x10°, 5x107, and 5x108 CFU/mL) are 2,
21, 214, 2142, and 21428. (g) NIR fluorescence microscopic images of RAW264.7 mouse monocyte
macrophage cells after incubation with various PEGylated RPs (2.4 x 109 CFU mL™) for 4 h. Pink dots
show bacterial uptake into cells via macrophage phagocytosis.
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Figure 3.7 Influence of polydopamine nanocoating on biological activities of RP. (a) In vitro differential
interference contrast (DIC) imaging of RP after polydopamine nanocoating. Bacterial concentration was
5.0 x 108 CFU mL™. (b) UV-vis—NIR absorbance of polydopamine-functionalized RP dispersions.
Bacterial concentration was 2.5 x 10’ CFU mL™?. (c) Bacterial viability after polydopamine nanocoating.
Data are presented as means + SEM; n = 3 independent experiments. (d) Temperature difference (AT) of
the various sample solutions after irradiation with 808 nm laser at 0.6 W (~3.1 W ¢cm~?) for 1 min. RP
concentration was approximately 5.0 x 108 CFU well-1. Data are presented as means + SEM; n = 3

independent experiments. (€) Bacterial colonies after polydopamine nanocoating.
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Figure 3.8 Cytotoxicity of various RP conjugates. Colon26, MRC5, and RAW264.7 cell viabilities were
tested after 4 h of treatment with various RP conjugates at different bacterial concentrations. Data are
presented as means £ SEM; n = 5 independent experiments. Multiplicity of infections (MOIs) of each
bacterial concentration (5x10%, 5x10°%, 5x10°, 5x107, and 5x108 CFU/mL) are 2, 21, 214, 2142, and 21428.
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The intracellular distribution of BAM-RP in Colon-26 cells was investigated by fluorescence
microscopy (Figure 3.9). Intracellular BAM-RP and RP uptake in cells were observed after
incubation for 4 h at 4 °C or 37 °C. NIR FL of BAM-RP and RP (pink-colored dots) exhibited
their uniform distribution in the cell cytoplasm at 37 °C for 4 h. The FL intensity of BAM-RP is
somewhat weaker than that of RP presumably due to the PEGylation. Besides, NIR FL of both
BAM-RP and RP were not so strong after incubating cells with BAM—RP and RP at 4 °C for 4 h,
suggesting that the bacterial internalization into cells was energy dominant.3” Herein, we consider
that endocytosis and motility are important factors for potential intracellular migrations of

PEGylated bacteria.

Control W/O bacteria

Temperature (°C)

20 ym
—

Figure 3.9 FL images of live Colon-26 cells after treatment with BAM—-RP and RP for 4 h at 4 °C or 37
°C. The pink FL is from bacteria.
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Many researchers have reported rapid and easy BAM anchoring to cell membranes without
cytotoxicity.®>3 In fact, BAM coating did not influence the viability of RP at least for 1 week

(Figure 3.10).
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Figure 3.10 Long term safety of BAM coating on RP. The samples in 543 ATCC Rhodopseudomonas
medium were kept at 4 °C before the bacterial viability. Data are presented as means + SEM; n = 3
independent experiments. The viability of the BAM-coated RP was measured using a bacterial counter.

More importantly, functional molecules, such as Alexa Fluor® 488-conjugated bovine serum
albumin (Alexa488-BSA), could be modified through its primary amines to the NHS group at the
end of the PEG chain of BAM (Figure 3.11a). The oleyl acid chain of BAM was inserted into the
bacterial lipid layer, thereby simultaneously anchoring Alexa488-BSA to the cell membrane
through simple incubation and washing processes. The labeling ratio of BAM to fluorescent BSA
was determined to be 2 + 1 by molecular weight analysis using the Kaiser test.® Transmission
electron microscopy (TEM) indicated that an Alexa488-BSA-BAM nanolayer (ca. 15-20 nm
thickness) obviously formed on the RP bacterial surface (Figure 3.11b). Fluorescence microscopic
analysis showed that bacteria became fluorescent when they were incubated with the Alexa488-
BSA-BAM conjugate (Figure 3.11c). Meanwhile, no nanolayer formation or fluorescence were

observed in RP without Alexa488-BSA-BAM (Figures 3.12 and 3.13).
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Figure 3.11 Synthesis of functional molecules—BAM-modified RP. (a) Schematic illustration of Alexa488-
BSA-BAM-RP preparation. (b) TEM images of Alexa488-BSA-BAM-RP. The right image represents a
higher magnification of the boxed area. (c) In vitro differential interference contrast (DIC) (left) and NIR
fluorescence (right) imaging of Alexa488-BSA-BAM-RP. Bacterial concentration was 5.0 x 109 CFU
mL—1. The upper right images represent higher magnification for each DIC and NIR fluorescence picture.

Figure 3.12 TEM images of control RP without Alexa488-BSA-BAM conjugates.
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21 i z L

Figure 3.13 In vitro differential interference contrast (DIC) (left) and green fluorescence (right) imaging
of RP. Bacterial concentration was 5.0 x 10° CFU mL™. The upper right images represent higher
magnification for each DIC and green fluorescence picture.

The Alexa488-BSA loading concentration was calculated as ~582 pg mL™* to 5 x 10° CFU mL™
of RP through a bicinchoninic acid assay. Anchored Alexa4d88-BSA-BAM conjugates were
maintained on bacterial membrane for about 12 h (Figure 3.14). These results clearly demonstrated
that BAM bioconjugates could be effectively and safely bound to the RP bacterial membrane

though simple synthesis steps.
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Figure 3.14 Retention times of Alexa488-BSA-BAM conjugates anchored onto bacterial cell membrane.
Data are presented as means + SEM; n = 3 independent experiments
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3.3.3 In vivo tumor elimination using NIR light-driven functional RPs

Immune checkpoint inhibitor antibodies have revolutionized immunotherapy in cancer.®® In
particular, this includes the use of programmed cell-death protein 1 (PD-1) and programmed cell-
death ligand 1 (PD-L1) inhibitors as standard therapy for first-line or second-line treatment of
cancer patients. Besides, systemic half-life of antibodies is a critical factor for effective treatment
against various diseases. Basically, IgG including anti-PD-1 and anti-PD-L1 has a relatively long-
term half-life in blood (ca. 3 weeks).*® Moreover, considering the fact that there are numerous
excellent achievements of the immune checkpoint inhibitors for clinical applications, the efficacy
and bioavailability of these inhibitors in vivo are outstanding. In this study, anti-mouse PD-L1
monoclonal antibody (anti-PD-L1) was anchored to the RP membrane as a model therapeutic
molecule via BAM coating using the same preparation as Alexa488-BSA-BAM-RP to regulate

in vivo immunological functions in the tumor microenvironment (Figure 3.15).
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Figure 3.15 Schematic illustration of modified anti-PD-L1-PEG molecules on the RP membrane.
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The concentration for successful modification of anti-PD-L1 onto the RP membrane was ~475 ug
mLagainst 5 x 10° CFU mL™ of RP. The loading capacity of Anti-PD-L1 on bacterial membrane
could be also estimated at approximately 96.1% by flow cytometry analyses of Alexa Fluor® 488-
conjugated Anti-PD-L1 (Alexa488-Anti-PD-L1)-modified BAM-RP (Alexa488-Anti-PD-L1—

BAM-RP) and natural RP (Figure 3.16).
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Figure 3.16 Flow cytometry analyses of Alexa488-Anti-PD-L1-BMA-RP and natural RP

To evaluate whether the prepared anti-PD-L1-modified RP via BAM (anti-PD-L1-BAM-RP) can
be applied for cancer phototherapy, its photothermal conversion properties were first determined

using an 808 nm laser (Figure 3.17). Both anti-PD-L1-BAM-RP and natural RP exhibited
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powerful photothermal conversion owing to the strong optical ability of the light-driven BChl
molecules within the cells (Figure 3.17a). Notably, anti-PD-L1-BAM-RP showed excellent
photothermal stability (Figure 3.17b and 3.17c). Maximum temperatures were fundamentally

unchanged even after five heating and cooling seamless cycles at 0.6 W (~3.1 W cm™2) laser power.
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Figure 3.17 Photothermal conversion of anti-PD-L1-BAM-RP. (a) Temperature difference (AT) of the
various sample solutions after irradiation with 808 nm laser at 0.6 W (~3.1 W cm) (left figure) and 1.2 W
(~6.1 W cm?) (right figure) at different time points (1, 2, 3, 4, and 5 min). RP concentration was
approximately 5.0 x 108 CFU well-1. Data are presented as means + SEM; n = 3 independent experiments.
(b) Stability testing of the anti-PD-L1-BAM-RP solution under photothermal heating and natural cooling
cycles under 808 nm laser irradiation at 0.6 W (~3.1 W c¢cm~2) power. RP concentration was approximately
2.5 x 108 CFU well . Data are presented as means + SEM; n = 3 independent experiments. (c) Photothermal
stability of anti-PD-L1-BAM-RP after laser irradiation at 0.7 W (~3.6 W cm™) for two times. RP
concentration was approximately 5.0 x 108 CFU wellX. Data are presented as means + SEM; n = 3
independent experiments.
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Next, the in vitro anticancer therapeutic efficacy of laser-induced anti-PD-L1-BAM-RP was
investigated using the human diploid (WI138) and Colon26 cell lines (Figure 3.18). The cells were
incubated with various anti-PD-L1-BAM-RP concentrations in 96-well plates for 4 h without NIR
laser exposure to confirm the cytotoxicity against normal and cancer cells (Figure 3.18a). Anti-
PD-L1-BAM-RP did not show strong cytotoxicity for these cells. Subsequently, the laser-induced
cytotoxicity of anti-PD-L1- BAM-RP was evaluated (Figure 3.18b). Cells were effectively
eliminated after laser irradiation for only 5 min at 1.2 W (~6.1 W cm2) of power owing to the

potent photothermal conversion of anti-PD-L1-BAM-RP.

Next, the in vivo biological distributions and tumor-targeting effects of anti-PD-L1-BAM-RP
were investigated using near-infrared window (NIR-1, 700-900 nm) fluorescence bioimaging. We
have already verified that RP itself exhibits excellent tumor-targeting.?* Nevertheless, based on in
vivo NIR bioimaging analyses, the prepared anti-PD-L1-BAM-RP displayed higher tumor
selectivity in Colon26-bearing immunocompetent mice, compared with natural RP, owing to PEG
coating (Figures 3.19a). Bright NIR fluorescence from RP was observed in the targeted tumor after
intravenous injection of anti-PD-L1-BAM-RP for 8 days. In contrast, pristine RP mainly
accumulated in the liver and spleen, in addition to the tumor. The high water solubility and superior
immunological blocking of PEG brushes on the bacterial membrane could facilitate long-term
blood circulation of anti-PD-L1-BAM-RP, giving them higher tumor selectivity.*? Colony
assay also demonstrated specific tumor-targeting property of anti-PD-L1-BAM-RP (Figure 3.20).
Although colony assay says that natural RP also has a high tumor-targeting effect (Figure 3.20).
However, as shown in Figure 3.21, bright FL in liver and spleen attributed from bacterial pigments
after treatment with natural RP indicate that RP is reluctantly distributed in these organs, and

potentially cause side effects and misdiagnosis during treatment, especially when the target tumors
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are existed in liver and spleen. In any case, these results demonstrate that anti-PD-L1-BAM-RP
exhibit high tumor selectivity and does not physiologically interfere with vital organs, potentially

reducing side effects and medical mishaps.
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Figure 3.18 Laser-induced cytotoxicity of anti-PD-L1-BAM-RP. (a) Viability of Colon26 and WI38 cells treated
with PBS buffer (control) and anti-PD-L1-BAM-RP at various bacterial concentrations without laser irradiation. Cell
viability was tested after incubation with 4 h treatment of bacteria. Data are presented as means + SEM; n = 5
biologically independent tests; ns, not significant. (b) Anti-PD-L1-BAM-RP cytotoxicity evaluation in Colon26 and
WI38 cells after 4 h of treatment with 5 min laser irradiation [1.2 W (ca. 6.1 W cm)] at various bacterial
concentrations. Data are presented as means + SEM; n = 3 biologically independent tests. ***** P < 0.0001 vs. control
(Student's t-test). Multiplicity of infections (MOls) of each bacterial concentration (3.13x108, 6.25x108, 1.25x10°, and
2.5x10° CFU/mL) are 13413, 26827, 52655, and 107311.
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Figure 3.19 In vivo antitumor efficacies of anti-PD-L1-BAM-RP with and without laser irradiation. (a)
Relative tumor volumes on the mouse right flank after i.t. injection of PBS or PBS dispersions of anti-PD-
L1, RP, BAM-RP, or anti-PD-L1-BAM-RP with-out laser irradiation. RP concentration was
approximately 5.0 x 108 CFU tumor?. Data are presented as means + SEM (n = 4 biologically independent
tests). The black arrow indicates the time point of bacterial injection. (b) Relative tumor volumes on the
laser-irradiated mouse right flank. PBS or PBS dispersions of Anti-PD-L1, RP, BAM-RP, or Anti-PD-L1-
BAM-RP were injected i.t., and the injected tumors were treated with 808 nm laser irradiation [laser power
= 713 mW (~3.6 W cm); irradiation time = 3 min] 24 h after the injections. RP concentration was
approximately 5.0 x 108 CFU tumor?. Data are presented as means + SEM (n = 4 biologically independent
tests), ****P <(0.0001 (Student’s t-test for PBS). Black and red arrows represent the time points of bacterial
injection (day 10) and laser irradiations (day 11 and day 13), respectively.
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Figure 3.20 Tumor targeting effect of Anti-PD-L1-BAM-RP. Bacteria colony of organs/tumors of
Colon26 tumor-bearing mice over time after intravenous injection of PBS (100 uL), Anti-PD-L1-BAM—
RP (100 pL, 5 x 10° CFU mL~1) or RP (100 pL, 5 x 109 CFU mL~1) for 144 h.
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Figure 3.21 NIR fluorescence imaging of Colon26 tumors and major organs 192 h post-i.v. injection of
anti-PD-L1-BAM-RP (200 pL, 5.0 x 108 CFU) (upper) and conventional RP (200 pL, 5.0 x 108 CFU)
(lower). Tumor volume was about 400 mm?,
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The laser-induced anticancer therapeutic efficacies of anti-PD-LI-BAM-RP were further

investigated using a Colon26-bearing syngeneic model (Figure 3.22).
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Figure 3.22 Schematic illustration of in vivo Colon26 carcinoma antitumor tests using laser-induced Anti-
PD-L1-BAM-RP

Colon26-bearing mice were intratumorally injected with 100 uL of RP (5x 10° CFU mL™1), anti-
PD-L1-BAM-RP (RP, 5 x 10° CFU mL?; anti-PD-L1, 475 ug mL™), PBS, or PBS containing
anti-PD-L1 (2.5 mg kg body weight—1, 475 ug mL™). After bacterial accumulation for 24 h, the
NIR-I fluorescence of anti-PD-L1-BAM-RP was confirmed to identify the tumor location (Figure
3.23), and the solid tumors were then irradiated using an NIR laser at 0.7 W (~3.6 W cm~) for 3
min. Subsequently, the body surface temperature was monitored and analyzed using an infrared
thermographic camera during laser irradiation (Figure 3.24a and 3.24b). The maximum surface
temperatures of the solid tumors in the mice were reached at 55 °C after injection of anti-PD-L1-
BAM-RP or RP alone with laser irradiation for 3 min. In contrast, the control PBS and anti-PD-
L1 groups did not show high surface temperature after laser irradiation due to the lack of

photothermal conversion properties.
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Figure 3.23 Fluorescence imaging of Colon26 tumor-bearing mice after i.t injection of Anti-PD-L1-BAM-—
RP (100 pL, 5 x 108 CFU). White dashed circles represent tumor locations.
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Figure 3.24 (a) Surface temperature of the solid tumor in Colon26-bearing mice on the 2nd day after i.t.
injection with PBS, anti-PD-L1, RP, or anti-PD-L1-BAM-RP, followed by 808 nm laser irradiation [laser
power = 0.7 W (~3.6 W cm)] at different time points (0, 1, and 3 min). RP concentration was ap-
proximately 5.0 x 108 CFU tumor. Data are presented as means = SEM; n = 3 independent experiments.
Statistical significance was calculated through comparison with the PBS group. ****, P < 0.0001. (b)
Infrared thermal images of laser-induced mice at various time points (0, 1, and 3 min).
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Although anti-PD-L1-BAM-RP, RP and anti-PD-L1 inhibited tumor growth (Figure 3.19b), laser-
induced anti- PD-L1-BAM-RP, laser-induced BAM-RP, and laser-induced RP demonstrated an
especially dramatic anticancer effect. The solid tumors disappeared completely after laser
irradiation with anti-PD-L1-BAM-RP, BAM-RP, or RP (Figure 3.19a). As a result, 100%
complete responses were achieved in anti-PD-L1-BAM-RP, BAM-RP, and RP via laser
irradiation at the bacterial concentration (5.0 x 10 CFU tumor?) during the 30-day follow-up
period after the experiment, owing to the powerful photothermal conversion effect of bacteria
(Figure 3.25). Among them, laser-induced anti- PD-L1-BAM-RP exhibited the strongest efficacy
in the primary treatment stage (Figure 3.26). Notably, treatment with anti-PD-L1-BAM-RP with
laser irradiation apparently cured tumors and injured parts faster than laser-induced RP and laser-
induced BAM—RP owing to the stronger immunological efficacy of anti-PD-L1-BAM-RP (Figure

3.27).

Anti-PD-L1-BAM-RP
— BAM-RP+Laser (CR = 4)
- BAM-RP
— RP + Laser (CR=4)

RP
| - Anti-PD-L1 + Laser

0 I_ [ " — Anti-PD-L1-BAM-RP + Laser (CR = 4)

50

Survival (%)

1 Anti-PD-L1
0 T T T T — PBS + Laser
0 10 20 30 40 PBS

Days after tumor implantation

Figure 3.25 Kaplan—Meier survival curves of Conlon26-tumor-bearing mice (n = 3 biologically
independent mice) after tumor implantation for 45 days. Statistical significance was calculated in
comparison with PBS group. ****, p < 0.0001. The groups of Anti-PD-L1-BAM-RP + laser and RP +
laser showed 100% survival rate at least for 45 days.
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Figure 3.26 In vivo antitumor efficacies of various functional bacterial complexes with laser irradiation
(magnified view of graph from day 10 to day 16 in Figure 3.19b). Relative tumor volumes on the laser-
irradiated mouse right flank. PBS or PBS dispersions of Anti-PD-L1, RP, BAM-RP, or Anti-PD-L1-
BAM-RP were injected i.t., and the injected tumors were treated with 808 nm laser irradiation [laser power
= 713 mW (~3.6 W cm); irradiation time = 3 min] 24 h after the injections. RP concentration was
approximately 5.0 x 108 CFU tumor. Data are presented as means + SEM (n = 4 biologically independent
tests), ****P < 0.0001 (two-way ANOVA). Black and red arrows represent the time points of bacterial
injection (day 10) and laser irradiations (day 11 and day 13), respectively.
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Figure 3.27 Images of mice after each treatment. The upmost images (1, 2, 3, and 4) represent higher
magnification of each numbered area in the lower images.

Moreover, the antitumor efficacy of laser-induced anti-PD-L1-BAM-RP is also better than that
of laser-induced RP at the low bacterial concentration (2.5 x 108 CFU tumor™) (Figure 3.28). In
contrast, the anti-PD-L1 groups showed somewhat effective tumor suppression with or without
laser irradiation, compared with the control PBS groups. There was no severe body weight
reduction after bacteria injection with or without laser irradiation, indicating no side effects (Figure
3.29). Furthermore, anti-PD-L1-BAM-RP did not show in vivo toxicity according to blood tests

(Table 3.1).
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Figure 3.28 In vivo antitumor efficacies of laser-induced anti-PD-L1-BAM-RP and RP at the low bacterial
concentration. (a) Relative tumor volumes on the laser-irradiated mouse right flank. PBS dispersions of RP
or Anti-PD-L1-BAM-RP were injected i.t., and the injected tumors were treated with 808 nm laser
irradiation [laser power = 713 mW (~3.6 W cm); irradiation time = 3 min] 24 h after the injections. RP
concentration was approximately 2.5 x 108 CFU tumor. Data are presented as means + SEM (n = 4
biologically independent tests), ****P < (0.0001 (Student’s t-test for PBS). Black and red arrows represent
the time points of bacterial injection (day 10) and laser irradiations (day 11 and day 13), respectively. (b)
Average mouse body weight after treatments during the treatment period. (c) Images of mice after each
treatment.
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Figure 3.29 Average mouse body weight after bacterial and control treatments during the treatment period
() without and (b) with laser irradiation. Data are presented as means £SEM; n = 4 biologically independent
mice. ns, not significant.

After 30 days, there was no statistically significant difference in the complete blood count or
biochemical parameters of mice intravenously injected with PBS or anti-PD-L1-BAM-RP
suspension. Meanwhile, the maximum permissible exposure for skin using an 808-nm laser is
approximately 0.33 W cm according to the American National Standard.** Notably, a higher-
powered laser density (ca. 3.6 W cm™2) itself used in this study did not indicate any damage against
skin and tissue presumably because of short-term irradiation (only 3 min for each treatment). In
fact, the irradiated parts of living mice were not burned at all even after repetitive irradiations with
PBS i.t. administration (Figure 27). We also confirmed that laser-induced functional bacteria
complexes can safely keep their rigid photo-thermal stability in the tumor milieu as well as
photothermal conversion and anticancer efficacy are actually controllable by the high-powered
laser while not inducing photo toxicity and dark toxicity.** These results clearly indicate that the
laser-driven bacterial treatment is not only photothermally effective but also optically safe. These
results clearly indicated that the bioactive PEGylated bacteria hybrid was effective and safe as an
in vivo photothermal agent, and both photothermal conversion and immunological stimulation

could exert synergetic antitumor therapeutic effects.
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Table 3:1 CBCs and biochemical parameters
dispersion after 30 days.

of the mice injected with PBS or Anti-PD-L1-BAM-RP

Measured Entry Unit PBS (n = 10) Anti-PD-L1-BAM-RP P value
value (n=10)

WBC X107 uL 87.2 +13.22 76.6 + 19.51 >0.05

RBC x10* pL 953.8 + 46.07 926.8 + 33.11 > 0.05

HGB gdL™ 14.1+0.66 13.6 + 0.41 >0.05

HCT % 44.1+1.92 433+ 1.34 >0.05

cBe MCV fL 46.3 +0.47 46.7 £0.71 >0.05

MCH P9 14.8+0.11 14.7+0.22 >0.05

MCHC gdL™ 31.9+0.37 31.4+035 >0.05

PLT x10% pLt 71.0 +532 63.2 +5.32 >0.05

TP gdL 39+0.12 4.0+0.17 >0.05

ALB gdL™ 2.6+0.07 2.7+0.08 >0.05

BUN mg dL~ 24.3+3.03 24.8+3.05 >0.05

CRE mg dL~ 0.1+0.02 0.1+0.01 > 0.05

Na mEgq L 1522 +1.14 153.0 + 1.16 >0.05

Biochemical K mEq L~ 3.8+0.29 3.8+0.26 >0.05

parameters cl mEgq L 117.4+1.84 118.7 +1.42 >0.05

AST L 60.2 £ 6.86 74.6+31.4 >0.05

ALT L 40.0 £ 10.35 47.3+17.24 >0.05

LDH L 269.0 +42.35 264.1 + 129.65 >0.05

AMY L 1853.1 +153.60 1808.7 + 114.07 >0.05

CcK L 155.9 + 66.42 135.9 + 88.81 >0.05

Data are represented as means * standard errors of the mean (s.e.m.); n = 5 biologically independent mice. Statistical
analyses comprise the two-way ANOVA test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine; HCT, hematocrit; HGB, hemoglobin; K,
potassium; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; PLT, platelet; RBC, red blood cell; TP, total
protein; WBC, white blood cell.
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3.3.4 Tumor suppression mechanism using NIR light-driven functional RP hybrid

The immunological mechanism of solid tumor suppression via laser-induced functional bacteria
was investigated using hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining
analyses (Figure 3.30 and Figure 31-33). The samples were collected from the treated mice at 48
h for IHC staining because the tumors were drastically destructed after treatments of laser-induced
bacteria more than 48 h. To assess tissue apoptotic levels, the tumors were collected and fixed with
4% paraformaldehyde for H&E staining, terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) staining, and cleaved caspase-3 staining. Anti PD-L1-BAM-
RP, BAM-RP, or RP with laser irradiation caused obvious tumor damage, with intercellular
fragmentation, necrosis, and apoptosis in tumor tissues. Encouragingly, anti PD-L1-BAM-RP
with laser irradiation evoked the most obvious cell damage with dramatic denaturation of tumor
cells and the strongest brown pigmentation among these treatments. The control groups (PBS alone
and PBS + laser) did not exhibit intercellular denaturation and apoptotic TUNEL and cleaved

caspase-3 color development within the tumor mass.

To unveil the immunological reactions underlying the tumor suppression by laser-induced anti-
PD-L1-BAM-RP, IHC staining of F4/80 (macrophage marker) and CD3 (T cell marker) was
performed. Interestingly, although there were no significant F4/80 and tumor necrosis factor-a
(TNF-a) color developments in laser-induced anti-PD-L1-BAM-RP, tumor tissues clearly
exhibited CD3 expression in the anti-PD-L1- BAM-RP + laser and anti-PD-L1-BAM-RP alone
groups. This indicates that immunological aggressive T cells are immersed in the tumor milieu
thanks to the activity of anti-PD-L1 on the bacterial membrane, in addition to the protection against
macrophages owing to RP PEGylation, as shown in Figure 3.6g. Furthermore, anti-PD-L1 and

anti-PD-L1-BAM-RP also showed strong CD3 expression regardless of laser irradiation. Anti-
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PD-L1 can block the PD-L1 receptor on cancer cells, facilitating their destruction by cytotoxic T
cells with the pore-forming protein perforin and serine protease granzymes.*® On the other hand,
macrophages are presumably an immunologically dominant factor to eliminate colorectal
cancerous tumor in RP with and without laser irradiation because of their strong F4/80 and TNF-
a color developments. TNF-a is a cytotoxic functional cytokine secreted primarily by
macrophages. The PBS alone and PBS + laser groups did not show significant pigmentations in
the TNF-a, F4/80, and CD3 slices. To further explore the therapeutic mechanism, other T cell
makers (CD4, CD8, and PD-1) and NK cell markers (IFN-y and NKp46) were qualitatively and
quantitatively analyzed in tumor tissues and spleens after the treatment of each sample (Figure
3.31-3.33). The anti-PD-L1-BAM-RP + laser group showed apparent T cell activation in tumor
tissues thanks to the synergetic effects of photothermal conversion of bacteria with the help of
successful T cell stimulations by anti-PD-L1 molecule. Besides, anti-PD-L1-BAM-RP also
displayed significant color developments with regard to T cell markers of both CD4 and CD8 in
spleens because of effective T cell activation by anti-PD-L1 and immunogenic bacterial stimulants.
The color developments involved with NK cell stimulations were not so obvious in any groups in
both tumors and spleens. Collectively, we consider that laser-induced anti-PD-L1-BAM-RP
demonstrated obvious tumor suppression and fast injury healing due to synergistic cytotoxic T cell
activation and exothermic eradication of cancer cells by effective blocking of PD-L1 on cancer

cells and powerful photothermal conversion of anti-PD-L1-BAM-RP (Figure 3.34).
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Figure 3.30 Mechanism of tumor suppression by NIR light-driven anti-PD-L1-BAM-RP. (a) H&E,
TUNEL, and IHC (caspase-3, F4/80, TNF-a, F4/80, and CD3)-stained tumor tissues collected from
different groups of mice on day 2 after treatments.
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Figure 3.31 Statistical analyses of IHC (caspase-3, TNF-a, F4/80, CD3, IFN-y, PD-1, CD8, CD4, and
NKp46) and TUNEL-positive stained tumor tissues in Figure 7A and Figure S20 after i.t. injection of each
sample with or without laser irradiation. Data are represented as mean + SEM; n = 3 independent areas
(region of interest) in each tumor tissue collected from the groups of mice on day 1 after treatments.
Statistical significance was calculated in comparison with the PBS group. ns, not significant, *, p < 0.05,
** p<0.01, *** p<0.001, and **** p <0.0001, by Student’s t two-sided test.
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Figure 3.32 IHC staining for IFN-y, PD-1, CD8, CD4, and NKp46 in tumor tissues after i.t. injection of
each sample with or without laser irradiation.
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Figure 3.33 (a) Qualitative and (b) quantitative analyses of IHC staining for CD8, CD4, and NKp46 in
spleens after i.v. injection of each sample. Data are represented as mean + SEM; n = 3 independent areas
(region of interest) in each tumor tissue collected from the groups of mice on day 1 after treatments.
Statistical significance was calculated in comparison with the PBS group. ns, not significant, *, p < 0.05,
** p<0.01, *** p<0.001, and **** p <0.0001, by Student’s t two-sided test.
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Figure 3.34 Scheme of the proposed mechanism of tumor suppression by NIR light-driven anti-PD-L1-
BAM-RP

Table 3:2 Antibodies used in this study.

Antibody Type Source Catalog No. Application
i Avienin. Sheep

Anti ¢gomgen|n Merck Millipore S7100 Tunel

peroxidase Polyclonal
Rabbit

Caspase-3 Cell Signaling Technology 9661S IHC (1:100)
Polyclonal
Rabbit

TNF-a Abcam ab6671 IHC (1:100)
Polyclonal
Mouse

F4/80 BMA Biomedicals T-2028 IHC (1:50)
Monoclonal
Rabbit

CD3 Abcam ab16669 IHC (1:100)
Monoclonal
Rabbit

CD4 Cell Signaling Technology 25229 IHC (1:100)
Monoclonal
Rabbit

CD8 Cell Signaling Technology 98941 IHC (1:200)
Monoclonal
Rabbit

NKp46 Affinity Biosciences DF7599 IHC (1:100)
Polyclonal
Rabbit

IFN-y Abcam ab9657 IHC (1:100)
Polyclonal
Rabbit

PD-1 Bioss bs-1867R IHC (1:200)
Polyclonal
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3.4 CONCLUSION

To sum up, several bacterial strains were screened and a potent PPSB, RP, with high performance
was identified for efficient cancer phototherapy. Using a range of PEG compounds and
biomolecules, chemically modified RP complexes were created utilizing incubation and washing
procedures to further improve RP functioning. The bioactive PEGylated RPs, particularly those
that included a BAM macromolecule, demonstrated robust NIR absorbance and fluorescence, high
biocompatibility, possess the ability to form healthy bacterial colony, effective photothermal
conversion, and the ability to evade the immune system. Using biologically penetrating NIR light,
we also demonstrated how an immuno-activatable anti-PD-L1 molecule-coated RP with BAM
might be used as an optical theranostic agent. Due to T cell activation by anti-PD-L1, strong
photothermal conversion and high tumor selectivity of RP, and immunological avoidance due to
PEGylation, NIR laser-induced anti-PD-L1-BAM-RP displayed potent antitumor activity with
successful tumor targeting. This study offers, to the best of our knowledge, the first instance of
chemical functionalization of living microorganisms for optically activated bacteria-based
theranostics with immunoregulatory characteristics. This approach and the bioengineering of
bacterial complexes that have been chemically functionalized have generated a great deal of
interest in creating multifaceted therapeutic techniques for the treatment of cancer in the future.
Furthermore, as illustrated in Figure 3.14, addressing the reduction of bioactive PEGs produced
during bacterial division could be a potential area of improvement for the suggested approach. The
retention duration of anchoring of bioactive PEGs on the bacterial surface may be improved by
using different structural BAM molecules that have relatively high molecular weights of PEG
and/or double oleyl chain derivatives.3> BAM gelation generated by an enzymatic process may

enhance the strong anchorage of bioactive PEGs on membranes.®®* We believe that combining the
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innate anti-cancer properties found in natural bacteria, such as multiple immunological activations
and enhanced conversion,*® with synthetic therapeutic materials is essential for advancing medical

applications in the future. Further exploration and expansion of these properties is crucial.
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GENERAL CONCLUSION

In recent years, cancer research has made enormous strides in comprehending the complexity of
cancer biology, finding critical therapeutic targets, and providing innovative remedies.
Nonetheless, cancer continues to be a significant health issue, and continued research efforts are
crucial to furthering our knowledge about it and creating efficient cures. Furthermore, ongoing
investment in research is required to create superior diagnostic equipment, enhance early detection,
and offer patients with better drugs or remedies. The advent of innovative technological advances
in cancer research has created new opportunities for comprehending cancer's biology and
designing potential treatment options. Immunotherapy has shown remarkable results in harnessing
the immune system to fight cancer cells, while developments in genetics have led to a clearer

knowledge of the genetic mutations that drive the cancer’s spread and proliferation.

The prevalence of cancer is increasing globally despite major advancements in research,
prevention, and treatment making it a huge public health concern. Identifying novel therapeutic
modalities that can selectively and accurately target cancerous cells while sparing normal cells,
with increased specificity poses a significant challenge in cancer research. Tailored treatments that
target cancer cells have significantly revolutionized the landscape of cancer therapy. The
utilization of these therapies can lead to better patient results, decreased side effects, and a
betterment in their overall quality of life. Chemotherapy is still an essential component of
treatment in the current era and a key weapon in the struggle against this life-threatening condition.
As more precise and personalized treatments become available, the use of chemotherapy may be

scaled back or improved due to its associated side effects.

Bacteria therapy offers a major advantage in that as it can effectively target diseases while

minimizing any adverse effects. A scientist named William Coley conducted pioneering research
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with bacterial therapies and performed groundbreaking and controversial works on cancer and his
legacy has an ongoing impact on this therapy. This therapy has demonstrated remarkable outcomes
in recent studies, and many consider it to be a superior alternative to conventional cancer
treatments like radiation and chemotherapy. By adopting this targeted approach, not only is the
risk of adverse effects reduced, but the efficacy of the treatment is also enhanced. It has the added
advantage of being able to fight against the growing problem of antibiotic resistance. Furthermore,
bacteria can be genetically modified to generate certain drugs or proteins that strengthen their anti-
cancer properties. While there are potential downsides, such as the requirement for precise
monitoring of bacterial dosage and the possibility of bacterial resistance, the advantages of bacteria
therapy over traditional cancer treatments remain significant. For instance, it can be used in
conjunction with other treatments, such as chemotherapy and radiation, to boost their efficacy. If
Coley had been allowed to continue his research into bacterial therapy, it is possible that his
findings would have accelerated the acceptance of immunotherapy as a mainstream anticancer

therapy.

Photothermal therapy (PTT) (which transforms light energy into thermal energy) is another area
of active research in the field of cancer treatment. We obtained the optimal results by merging
bacterial therapy with photothermal therapy and their combination offered several advantages such
as excellent targeting, low cytotoxicity, excellent treatment efficacy, resulted in drastic tumor
regression. Furthermore, we performed several chemical modifications on the bacteria utilized in
this research to enhance their therapeutic effectiveness. Our findings suggest that these
modifications can serve as a potent tool for optimizing bacterial therapy and augmenting its

efficacy in treatment options.
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The findings presented in Chapter 2 demonstrate that the bacteria can be modified without
resorting to any genetic manipulation, but rather through a simpler method of altering the bacterial
membrane, thereby increasing its efficiency. In this study, we performed a chemical modification
of the anaerobic bacteria BB, which possesses intrinsic anticancer properties, by conjugating it
with a photothermal agent, ICG and a formulation vehicle, CRE. This resulted in the development
of a novel modified bacteria ICG-CRE-BB that exhibited excellent fluorescence properties, which
was utilized for cancer therapeutics. This study demonstrates alternative methods for modifying
bacteria without resorting to genetic manipulation, which effectively reduces the risk of creating
virulent revertants. Furthermore, these methods have low cytotoxicity, making them a safer option
for modifying bacteria. To summarize our findings in this chapter, our research provides evidence
supporting the feasibility of utilizing biocompatible chemicals to chemically modify anaerobic
bacteria as a foundation for cancer therapeutics. Likewise, this approach exhibits potential for

further refinement and optimization, ultimately leading to its clinical application.

Monoclonal antibody-based cancer research is currently experiencing significant growth, with
multiple recent breakthroughs. The findings presented in Chapter 3 showcase tumor regression
using the application of the Anti PD-L1 in combination with anaerobic bacteria, RP, which has
previously demonstrated impressive efficacy in selectively targeting cancer cells. After conducting
a comprehensive screening process to evaluate various PPSBs for their fluorescence, toxicity, and
photothermal conversion, RP emerged as the most promising candidate with exceptional results
across all parameters. We were able to non-covalently attach Anti PD-L1 using BAM, onto the RP
membrane, resulting in the generation of a modified RP that exhibited significantly improved
anticancer efficacy. Our findings also showed that this modified RP was able to achieve faster

tumor reduction.
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In conclusion, our research about nanoengineering of bacteria has yielded promising results in
demonstrating the potential of utilizing anaerobic and non-toxic bacteria to develop effective
remedies for life-threatening diseases such as cancer, which continues to pose a major global
challenge. In the current landscape of bacteria therapy research, the predominant focus has been
on utilizing toxic bacteria such as Salmonella, Listeria and Clostridium species or genetically
modified bacteria. However, our approach of chemical modification offers a unique perspective
that has the potential to make a significant effect and potentially impactful departure from these
prevailing methods, offering a new avenue for further exploration in the field of bacteria therapy.
We believe that our approach to treatment, following advancements, holds an immense potential
to serve as a transformative strategy in the development of advanced, next-generation anticancer

therapeutics.
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