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ABSTRACT

Abstract

This thesis aims to elucidate the mechanism of immune cells response to near-infrared (NIR)
laser light in vivo and to investigate the potential applications of a new optical method, the NIR
technique. The technique can be used to observe the migration of antigen-presenting cells
(APCs) and the intracellular signals induced by NIR lasers in cell culture systems in real-time.

Fluorescent nanoparticles for the non-invasive observation of vaccines were prepared
by binding ovalbumin, an antigen, to silicon nanoparticles with diameters of 20 nm and 100
nm and labelling them with a zwitterionic NIR fluorescent molecule. In mouse models, the
vaccine reached the lymph nodes via the lymphatic vessels and was quantitatively observed.
The results showed that the fluorescent nanoparticles were superior to existing methods and
were useful for tracking APCs.

In order to elucidate the molecular mechanism, the absorption spectrum of cytochrome
C oxidase, a candidate photoreceptor among intracellular proteins was simulated. Calculation
of absorption wavelengths using time-dependent density functional theory (DFT) suggested
that in addition to the known visible region, absorption peaks exist in the NIR region of around
961 nm and 1319 nm.

In addition, an experimental system to observe the behaviour of intracellular molecules
in real time by simultaneously irradiating them at 1064 nm and 1270 nm was established. The
results showed that the combination of 1064 nm at 300 mW/cm? and 1270 nm at 50 mW/cm?
irradiance inhibited the accumulation of intracellular signal transmitters.

In summary, this study developed two novel optical systems for observing the
behaviour of immune cells in response to NIR laser light, revealing the effect of light on
biological immunity. This system can be applied to other wavelengths, cell types and
intracellular molecules, and is expected to provide a platform for clarifying the biological

effects of NIR light.
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Chapter 1

Introduction

1.1 Background of the study

Human beings have been combating infectious diseases since the first vaccine was created in
the late 18™ century. The mass vaccination programme targeting influenza vaccine is one of
the most successful examples in modern medical history, preventing millions of infections
worldwide each year. Generally, these vaccines contain chemical compounds, called adjuvants,
that enhance immune response against vaccine antigens. Together with the vaccine, the
chemical adjuvant molecules contribute to protecting human health. Although the safety of
adjuvants is guaranteed by clinical trials, because of the large number of subject populations,
safer and more affordable adjuvants are highly anticipated. Recent studies reported that brief
exposure of skin to near-infrared (NIR) laser light, at wavelengths of 1064 nm, 1258 nm and
1301 nm, facilitates stronger immunity against pathogens.!? Thus, the adjuvant effect of
physical light has shown great promise as an alternative tool to chemical adjuvants.

To date, several key actions of immune cells against NIR light at 1064 nm have been
reported. Morse ef al. demonstrated that NIR laser light enhances the migration of dendritic
cells, which are enriched in skin epidermis and dermis, and initiates a protective immune
reaction against pathogens.? Interestingly, these adjuvant effects are created only by continuous
wave laser light, not by pulsed lasers.!* Kimizuka ef al. reported that mast cell function is
deeply involved in the adjuvant effects of laser light. They showed that the activation of mast
cells in the skin through the generation of reactive oxygen species (ROS) is necessary for

dendritic cell (DC) migration. These characteristics of immune cells are essential factors in the
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adjuvant effects of lasers; however, the detailed mechanism of action remains shrouded in
mystery because of the lack of a tool that can observe the dynamics of immune cells and
intracellular molecules in real time.

Recently, the physical interaction between light and biological tissue has attracted
attention and has consequently been intensively investigated.* ' The action of cells or organs
against light is called photobiomodulation. Up until now, the photobiomodulation effect on
visible and NIR light below 1000 nm has been studied, meaning that evidence of
photobiomodulation against NIR in ranges over 1000 nm is very limited.!'"!* NIR light
between 1000 nm and 1300 nm is less absorbed by melanin; therefore, the method can be
applied in clinical medicine irrespective of ethnicity or race.

The action mechanisms of photobiomodulation in the context of medicine have been
partially revealed by previous research. For instance, it is known that the mitochondrial signal
is an essential signal pathway involved in the action of photobiomodulation.!*!> In this context,
the generation of ROS is associated with mitochondrial activation. ROS are generally
considered as essential intracellular molecules that maintain the homeostasis of cellular
reactions. ROS control cell proliferation, effector functions and the resolution of effector
functions (death).!%!7 Since a previous study using NIR also demonstrated the ROS function
in the adjuvant effect of lasers,'? it is expected to be revealed in a real-time manner in order to
determine whether NIR light affects the cellular signal pathways and is immediately followed
by the generation of ROS.

The most profound mystery of photobiomodulation by NIR is the existence of
photoreceptor molecule(s). Many studies have indicated the possible photoreceptor molecule
of visible light; however, the NIR range is insufficiently understood. The difficulty in
discovering the proper photoreceptor is attributable to the complexity of intracellular molecules,
including the cytosol. As the cytosol is a veritable ocean of proteins, peptides, ions and
organelles, it poses challenges to the experimental methodologies used to identify unique
photoreceptors.

To address these problems, this study reports two novel optical systems to elucidate the
mechanisms of immune cells response to NIR laser light in vivo and in vitro. An NIR imaging
system accompanied by a zwitterionic NIR fluorophore provided a non-invasive observation
method to visualize migration of antigen presenting cells (APCs), while a dual laser
illumination system was used to elucidate the intracellular signals of mouse-derived T cells
induced by the NIR laser. Density functional theory (DFT) was applied to determine the

absorption spectrum with potential photoreceptor molecules.
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1.2 Significance

In this thesis, several unique and significant points are presented. First, a multispectral imaging
system together with a novel NIR fluorophore were established. Compared to conventional
NIR fluorophores, the novel NIR zwitterionic fluorophore shows a high signal-to-noise ratio
and low toxicity.!” These unique characteristics of the zwitterionic fluorophore provide a safe
imaging system with clear fluorescent images in a real-time manner. Accordingly, this study
performed, for the first time, a vaccine visualisation technique via the use of the novel NIR
zwitterionic fluorophore and a multispectral imaging system, with no danger of toxicity and a
sustained signal over time.

Second, DFT was applied to estimate the absorption among two proteins: superoxide
dismutase 1 (SOD1) and cytochrome C oxidase (COX). DFT is a method of computational
chemistry used to estimate the energy state of subject molecules. The calculation discovered
that COX absorbs light in the NIR range. The result indicated that the absorption peaks at 961
nm and 1319 nm dissociate nitric oxide (NO) molecules from COX binding sites. NO is a key
molecule that leads to various biological reactions in the human body. This new finding could
accelerate further studies on the mechanisms of photobiomodulation and immune reaction.

Third, in the optical system used to observe intracellular molecules, two laser lights,
1064 nm and 1270 nm, were combined into one beam. This enabled the illumination of T cells
at two different wavelengths simultaneously. The combined beam was given a gradient towards
two different directions. By doing so, the system could illuminate a countless number of T cells
at one time, realising high-throughput analysis with numerous combinations of irradiances in
one experiment. A two-way gradient beam gave us the chance to determine the combination of
irradiances that induces the biggest changes in fluorescence compared with the control group.
The result suggested that a combination of 300 mW/cm? at 1064 nm and 50 mW/cm? at 1270
nm suppresses the accumulation of ROS and calcium ions immediately after the laser
irradiation, yielding a new aspect of photobiomodulation. Future application of NIR lasers
could determine the best irradiance by using the proposed system.

In short, this study developed an optical system for observing the behaviour of immune
cells induced by NIR laser light, revealing the effect of light on biological immunity. This
system can be applied with other wavelengths, cell types, and intracellular molecules, and is

expected to provide a platform for clarifying the biological effects of NIR light.
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1.3 Structure of the thesis

The structure of this thesis is as follows.

Chapter 2 describes the general background of the study. The basic immune response
and the immunostimulatory effect of NIR lasers, as well as their mechanisms of action, are
outlined. The state of the art of the photobiomodulation induced by lasers is also explained. In
addition, the properties of the NIR zwitterionic fluorophore and the NIR imaging system used
in this study, as well as the outcomes of previous studies, are described. Lastly, recent NIR
fluorophore trends and the applications of the NIR imaging system are reviewed.

Chapter 3 proposes a new system to observe the behaviour of intradermal vaccines in a
non-invasive manner in a mouse model using fluorescent nanoparticles and a multi-channel
NIR imaging system. By measuring the fluorescence intensity from lymph nodes at different
timepoints, the concentration of vaccine molecules in the lymph nodes was estimated.
Histological and flow cytometry analysis of the lymph nodes were performed to evaluate the
validity of the novel method.

Chapter 4 introduces the basis of DFT, which has recently been widely used in the field
of computational chemistry. Further, the molecular energy level and absorption spectra of COX,
which has been considered as a candidate of photoreceptor, applying DFT, are discussed. Two
notable absorption wavelengths — 961 nm and 1319 nm — are reported.

Chapter 5 proposes a new method to irradiate cultured cells with dual-wavelength NIR
laser beams, 1064 nm and 1270 nm, with a gradient in the intensities. The system aims to reveal
the action of intracellular ROS and calcium ions in response to NIR laser light, and to determine
the best combination of laser irradiances at the two different wavelengths. In this way, the best
combination of the two laser irradiances is proposed for future application.

Chapter 6 summarises the results and refers to the future development of NIR laser

applications. Specifically, the potential applications in cancer therapy are discussed.
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Chapter 2

Immunobiology, vaccines and

photobiomodulation by laser

Immunity is a host defence mechanism that resists invasions of foreign pathogens, viruses,
toxins or malignant tumour cells that potentially lead to life-threatening diseases. The
complexity of the immune system is highly regulated; however, many diseases and unexpected
symptoms, such as allergies and rheumatoid arthritis, are caused by immunological disorders.
Furthermore, although many studies are seeking to understand the complexity of immunity, a
whole picture of the immune system has yet to be revealed, since the immune system is
dynamically and intricately orchestrated.

This chapter, at first, briefly explains different actors of the immune system, such as
immunoglobulin, T cells, B cells and APCs. Both innate and adaptive immunity are explained.
Second, the chapter focuses on vaccinations, which have been contributing to the safeguarding
of human health for more than two centuries. Finally, essential molecular mechanisms behind

the immune system are noted.
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2.1 Host defence immunity

2.1.1 Immunoglobulins

Immunoglobulins (Igs) are secreted by B cells. Human immunoglobulins are categorised into
five groups: IgG (IgGl, 1gG2, IgG3, 1gG4), IgA, IgM, IgD and IgE.! The IgG isotype
comprises the majority of human immunoglobulin, occupying 75% of the total volume of
immunoglobulin in healthy human adult serum.? The typical molecular weight (MW) is
150,000 Dalton (Da). IgG, having a strong affinity with antigens, plays a role as a major
defence against viral particles (Figure 2.1a). IgA is the second major immunoglobulin and is
mainly secreted in mucus. IgA occupies 15% of the total volume of human immunoglobin. In
mucosal tissue, IgA, together with IgG, protects against common viral infectious diseases, such
as influenza® or hepatitis.* IgM is the third major immunoglobulin and has the largest MW:
985,000 Da’ (Figure 2.1b). It plays a role in the immediate reaction against microbial infections,
such as by pneumococcus,’ staphylococcus aureus,’ pseudomonas aeruginosa® or salmonella,’
by cooperating with IgG and IgA. The fourth major immunoglobulin superfamily is IgD, which
occupies approximately 0.2% of total human immunoglobulin.!® Although IgD was discovered
more than 50 years ago, its role is not well understood.!® A recent study revealed that IgD is
secreted by B cells that migrate in upper respiratory mucosa and show strong binding activity
to lipopolysaccharide (LPS), capsular polysaccharide (CPS), Moraxella catarrhalis, and
influenza type a and b.!! The remaining portion of human immunoglobin is occupied by IgE,
which is associated with allergic reactions. IgE is recognised by various APCs and mast cells,

which store and release histamine, inducing acute inflammatory reactions.!?

a b

V\

b

\

Figure 2.1 Molecular structure of (a) human IgG1 and (b) human IgM. The shown crystal structure of
IgG1 reacts against HIV-1 virus'>. PDB: (a) IHZH, (b) 2RCJ. The images were depicted using UCSF
Chimera version 1.11.2 (University of California, USA).
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2.1.2 Antigen presentation

To deal with foreign pathogens, the human body has two host defence systems: innate and
adaptive immunity. Antigen presentation is one of the most important activities in the adaptive
immune system and is carried out by APCs. Notably, DCs, macrophages and B cells are
classified as professional APCs.!* These professional APCs are highly populated in skin dermis
and epidermis in order to recognise pathogens and initiate an immune response against
invasion.!®> The APCs have a unique peptide — major histocompatibility complex class IT (MHC
class IT or MHC-II) — which is presented to T cell receptors (TCRs) on CD4" T cells and naive
T cells. Once the professional APCs recognise an exogenous antigen, such as parasites, bacteria
or toxins, the antigen is taken up by endocytosis into the APCs’ cytosol. The antigen proteins
are then degraded into small peptides by hydrolases in lysosomes and then loaded onto MHC-
IT molecules, which are assembled in the endoplasmic reticulum (ER). The peptide-loaded
MHC-II molecules are then displayed on the cell surface.!®

Especially among APCs, DCs are the only subset that can communicate with naive T
cells, and they therefore play a significant role. Figure 2.2 shows the main actors of DC subsets.
In skin, a large number of migratory dendritic cells (migDCs) are enriched. The moment they
recognise foreign pathogens, they migrate into secondary lymphoid tissues, typically lymph
nodes (LNs), through lymphatic vessels driven by chemokines, such as CCL19 and CCL21.!7:18
The migDCs are able to present the peptides to CD4" T cells in the LNs, which leads to the

activation of the adaptive immune system. !

__» CD103*cDCs

//
classical Dendritic cells }<\\
(cDCs) = CD11b*cDCs

MHC-ITint

Dendritic cells
(DCs)

Lang*, CD11b*,CD103- migDCs

MHC-IIhi (Langerhans cells)

__» Lang*,CD11b-, CD103* migDCs
/

migratory Dendritic cells
(migDCs)

T Lang-, CD11b*, migDCs

Lang-, CD11b- migDCs

Figure 2.2 Classification of dendritic cell subsets based on their surface markers.
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2.2 Vaccine

2.2.1 History of vaccine development

Thanks to modern medical advancements, beginning with the invention of the first vaccine
(against smallpox) in 1796 by Dr. Edward Jenner in England, humanity has been armed with
the ability to combat infectious diseases. Smallpox was at one time the most dreadful infectious
disease confronting humankind, with an overall fatality rate of 30%.2! Two hundred years after
the invention of the smallpox vaccine, however, humanity has defeated the virus, with the
World Health Organization (WHO) declaring its eradication in 1980. Various other vaccines
have been developed, including vaccines against cholera (in 1896), tuberculosis (1921),
diphtheria toxoid (1923), yellow fever (1935), influenza (1936), polio (injectable: 1955, oral:
1962), measles (1963), mumps (1967), rubella (1969), rabies (1980), hepatitis B (1981),
typhoid (1989), hepatitis A (1996), rotavirus (1999), HPV (2006), malaria and dengue fever
(2015).22 Although smallpox is thus far the only infectious disease among humans that the
WHO has declared to be eradicated, many other diseases have been brought under control. For
example, more than 206,000 cases of diphtheria toxoid, which has a 7% mortality rate, were
confirmed in the US in 1921, but no cases were reported in 2016.232*

The administration route for a vaccine varies depending on the molecules involved. A
few vaccines (polio, BCG and rabies vaccines) are administrated orally or intradermally. Most
modern vaccines are administrated subcutaneously or intramuscularly. Arakane et al. reported
that intradermal administration of the influenza vaccine had higher efficacy; however, the
problem of precise injection remains.>>?® Therefore, even though the modern vaccine has been
contributing to human health, its efficacy is not fully understood, and its administration route

has yet to be optimised.

2.2.2 Vaccine adjuvants and the potential risk of adverse events

Many antigens currently under investigation do not alone increase inherent immunity
efficiently enough. In order to improve the efficacy of vaccines, many have been mixed with
chemical compounds called adjuvants (from the Latin, adjuvare: to help) since the 1920s.%
Together with vaccine molecules, adjuvants induce a higher antibody titre for a longer period,
which indicates that adjuvants culminate in sustained immune responses.?’” Besides their

efficacy, there have been concerns about the safety of adjuvants with respect to their

10
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enhancement of immunologic reactions because the whole picture of adjuvant kinetics is not
yet fully understood. Therefore, currently, the US Food and Drug Administration (FDA) has
approved only five chemical adjuvants (Table 1), mainly because of concerns over their
negative effects.

AS03 (GlaxoSmithKline, GSK, United Kingdom) is an immunologic adjuvant used
with the HIN1 influenza A vaccine (Pandemrix®, GSK) that was approved in 2009 to assist
European countries and the US, which were struggling with a flu pandemic.?® Regarding the
pandemic, the US Centers for Disease Control and Prevention (CDC) estimated 60.8 million
cases and 12,469 deaths in the US alone.?” The vaccine was therefore widely used all over the
world; however, hundreds of narcolepsy cases were subsequently reported in European
countries that were linked to the use of AS03.3%3!

Another example of adjuvants is AS04, which is mixed with the HPV vaccine. In 2009,
the Japanese government introduced Cervarix (GSK) and Gardasil (Merck & Co., US) and
established a guideline that recommended that women over 10 years old take the vaccine. After
severe side effects, such as syncope, complex regional pain syndrome and impaired mobility,
were widely reported in 2013, the government suspended the campaign.®>3?

Even though the association between adjuvants and reported adverse events is still
controversial, the safety of adjuvants remains the most important factor for clinical usage. In

fact, many side effects have been reported with adjuvant candidates under development.3

Therefore, providing efficient and safe vaccine adjuvants is highly desired.

Table 1. Adjuvant compounds used in humans>

Name Company Compound Target/Induction
ASO03 GSK Oil, emulsion, squalene CXCL10

AS04 GSK Monophosphoryl lipid A TLR4

Alum varies Aluminum salt ITAM

MF59 Novartis Oil, emulsion, squalene CXCL10

CpG 1018 Dynavax Cytosine phosphoguanine TLRO

11
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2.2.3 Development of laser adjuvant technology

Recent studies have revealed the potential application of continuous wave (CW) NIR laser light
as a vaccine adjuvant.?®3%4! In these studies, the effect of vaccine adjuvants was evaluated
with respect to the amount of cytokine in skin tissue, IgG in mice serum, DC migration and the
fertility rate of mice after influenza infection; this type of evaluation is called a challenge study.
A 5.0-W/cm?, 1064-nm CW laser irradiation of a 0.2-cm? spot of mice skin for 1 min
immediately after vaccination with an inactivated influenza HIN1 vaccine demonstrated the
adjuvant effect with no adverse effects.® The adverse effect of the laser vaccine adjuvant was
evaluated for skin damage via histological examination by hematoxylin-eosin stain (H&E
stain) and the infiltration of polymorphonuclear leukocytes (PMN) in the dermic layer.’%4!
Hyperthermia was another concern with invisible laser irradiation. However, it was shown that
major dermal and epidermal cells, keratinocytes, could tolerate laser irradiation at 47.0°C for
I min. Other parameters, such as 1061-nm, 1258-nm and 1301-nm wavelengths, have also
yielded positive effects.*!

Although there are high expectations for laser vaccine adjuvant technology in clinic,
the detail mechanism of action remains under investigation. The latest studies have pointed out
the relationship between anti-viral immune response and DC migration from the skin into
secondary lymphoid tissues, as well as ROS generation by laser irradiation.*>* However, since
the molecular pathways are so complex, discovering the whole picture is challenging.

To date, photobiomodulation by NIR light has been discussed and applied in clinic as
low-level laser therapy (LLLT). Typically, 1 mW/cm? to 5 W/cm? of NIR light shows diverse
biological effects, including wound healing, pain relief, suppression of inflammation and
regeneration of tissue.** 4% The use of NIR light has been explored for a wide array of
therapeutic purposes during recent decades. Even though the detail mechanisms of LLLT have
not been revealed, the mitochondrial electron transport chain (ETC) is thought to play an
important role in photobiomodulation and may be linked to ROS generation.*’* In the next

section, more details about molecular dynamics in cells are discussed.
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2.3 Cellular molecular biology

2.3.1 Mitochondrial function

Mitochondria in the cell cytosol generate an energy unit called adenosine triphosphate (ATP)
using oxygen and are therefore referred to as an energy factory. ATP is produced by two major
pathways: glycolysis and the tricarboxylic acid (TCA) cycle. Under aerobic respiration
conditions, glycolysis is the dominant system for generating ATP, whereas the ETC dominates
under anaerobic respiration.*

Glycolysis is a metabolic pathway that is common to almost all organisms, and its
reaction takes place in the cytoplasm. The glycolysis process breaks down glucose into organic
acids, such as pyruvate, and converts the high binding energy contained in glucose into a form
that is easy for organisms to use. It generates two ATP molecules and two nicotinamide adenine
dinucleotide (NADH) molecules out of one glucose molecule. Since the NADH is used in the
ETC, glycolysis is considered to have important roles in both aerobic and anaerobic conditions.
The pyruvate is transformed into acetyl CoA, which is also metabolised in the TCA cycle.*

The TCA cycle is the most important biochemical cycle for aerobic metabolism and
can be found in all organisms that breathe oxygen. Whole reactions are carried out in the
mitochondrial matrix. Acetyl CoA, which is produced by glycolysis and beta-oxidation of fatty
acids, is incorporated into this cycle and is oxidised to produce NADH. Then, NADH is used
in the ETC, which also generates ATP. Five transmembrane complexes, I to V, in the inner
mitochondrial membrane are involved in the ETC (Figure 2.3).%°

Notably, complex IV is called cytochrome ¢ oxidase (COX) and has attracted attention
as a key molecule in the context of photobiomodulation (Figure 2.4). COX in the ETC in the
mitochondria has been regarded as the primary source of mitochondrial ROS across
organisms,’! while ROS can be generated across complexes I to IV in the ETC and other
components in the mitochondria.*32-

Recent studies have revealed that many immune-related reactions, including diseases
and the aging process, are highly dependent on the mitochondrial function. Even the
therapeutic outcomes of cancer immunotherapy are affected by T cell mitochondria.>¢>°

Therefore, it is essential to observe the mitochondrial condition in order to depict the

immunologic reaction induced by medicines or therapies.
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Figure 2.3 Correlation of TCA cycle and ETC reaction in the mitochondrial matrix and the inner
membrane.***® An Acetyl CoA is taken into the TCA cycle. The cycle produces 1 ATP, 3 NADH, 1
FADH,, 2 CO; and 3 H". NADH and FADH, are required to transfer electrons in the ETC, which
generates an electrochemical gradient across the inner mitochondrial membrane. The whole metabolic

pathway, which is linked to the ETC and generates ATP, is called oxidative phosphorylation (OXPHOS).

Figure 2.4 Molecular structure of cytochrome ¢ oxidase (COX). PDB: 5X1F.
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2.3.2 Calcium ion and reactive oxygen species

ROS, mainly generated in the mitochondrial respiratory chains of animal cells, are fundamental
signals for cells that regulate cell differentiation, autophagy, apoptosis, etc.®*-3 ROS are also
considered as a cause of oxidative stress and damage. The main actors are hydroxyl radicals,
hydrogen peroxide and superoxide radicals (Figure 2.5).%% In normal cells, the balance between
the generation and degradation of ROS is maintained at a certain level by enzymes such as
superoxide dismutase (SOD).%

Calcium (Ca?") also has multiple important roles in regulating cellular functions,
including survival, death, locomotion, secretion, metabolism and gene expression.%
Extracellular space is enriched with 1-2 mM Ca?". Cells transport the Ca?" via several channels,
such as voltage-activated channels and purinergic ionotropic receptors with both selective and
non-selective features.®’” Ca** is taken up into the cell and stored in the ER. The Ca?"
concentration in the ER is maintained at 300 uM-1 mM. On the other hand, the Ca?*
concentration in the cytosol is as low as 50-100 nM.%’

Many studies have reported that the dysfunction of mitochondria or disturbances of
Ca?" and ROS homeostasis are associated with different diseases, such as Alzheimer’s disease,
Parkinson’s disease, arteriosclerosis, hypertension or cancer.®®7* In the meantime, it has also
been indicated that mitochondria-targeted drugs can be applied to treat these critical diseases

or disorders.”*73
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Figure 2.5 Reactive oxygen species (ROS).%
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2.4 Lasers in history

A laser is an electronic device that emits coherent and directional light. Although the word
laser is widely recognised, it is actually an acronym for ‘light amplification by stimulated
emission of radiation’.!

Laser light is produced from a difference in energy levels. When atoms or molecules
absorb energy from the outside, they move from a lower energy state to a higher energy state.
This higher energy state is called the excited state. The excited state is unstable and soon returns
to a lower energy state. This is called transition. When transition happens, light corresponding
to the energy difference is emitted from the atoms or molecules. This phenomenon is called
spontaneous emission. The emitted light collides with other atoms in a similarly excited state,
triggering a similar transition. This induced emitted light is called induced emission or
stimulated emission.

The concept of induced emission was postulated by Albert Einstein in 1916. In 1954,
Charles Townes invented an ammonium-gas-based stimulated emission system of microwaves.
The system was named maser, which stands for ‘microwave amplification by stimulated
emission of radiation’. He and his colleagues received the Nobel Prize in Physics for the
development of the maser in 1964. The first laser was invented by Theodore Maiman in 1960.
Maiman’s laser used a solid ruby crystal. In the 1960s, other lasers were developed using a
variety of light sources, including CO> gas and neodymium-doped yttrium-aluminum-garnet
(Nd:YAG).

Concerning medical applications, the CO: laser was the first light source applied in
clinic. The CO laser generates 10,600 nm of infrared light, which penetrates 0.03 mm of skin.”®
The energy of this light is directly transformed into heat because of the absorption by water. In
1966, Thomas Polanyi and Geza Jako successfully removed a glioma using a CW COx laser
light as a scalpel to minimise patients’ blood loss.”” Since then, many aspects of lasers have
been developed. For instance, CW 1064-nm Nd:YAG lasers have been used for endoscopic
treatments, whereas pulsed wave (PW) lasers are used for ablation.”® Different lasers have
dominated in different areas, such as ophthalmology, dermatology, oncology and cardiology.”®
A century after Einstein unveiled the concept of induced emission, lasers are now being put to

use in medical practice.”” 8!
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2.5 Introduction of low-level laser therapy

Laser devices produce a high-power, monochromatic, coherent and collimated light beam.
Various types of lasers have been put into practice to contribute to practical medicine.??
Particularly these days, low-level lasers, less than 1 W/cm?, have attracted attention for their
utility in medical device applications, such as LLLT with visible-infrared (IR) lasers, infrared
neural stimulation (INS) with NIR lasers®*** and photodynamic therapy (PDT) with visible
lasers.®

The history of light therapy, or phototherapy, began in ancient Egypt. Since as early as
2000 B.C., the Egyptians believed in a Sun god, which they called “Ra”. At the same time,
they also believed in a sort of connection between the Sun and their health. Evidence of the use
of sunbaths to treat ancient Egyptian people have been documented.®® In ancient Greece,
around 400 B.C., legendary historians such as Herodotus and Hippocrates also recommended
the use of sunbaths,?” although no one could explain their scientific mechanisms. Surprisingly,
the use of sunlight for medicine has been extensively studied in the 21 century with the
expectation of developing a wide range of clinical applications.®

In the past half century, the development of innovative light sources has accelerated
our understanding of phototherapy. The applications of LLLT for wound healing and for the
reduction of acute inflammation have been reported since the 1960s.8-°! In these studies, a
variety of lasers and wavelengths were investigated, and their effectiveness was demonstrated;
these include, for example, Helium-Neon (HeNe) lasers (632.8 nm), ruby lasers (694 nm),
argon lasers (488 nm, 514 nm), krypton lasers (521 nm, 530 nm, 568 nm, 647 nm), diode lasers
(660 nm, 810 nm, 980 nm) and Nd:YAG lasers (1064 nm).”!* In addition, various irradiances
(W/cm?), times and radiant exposures (J/cm?) were also investigated.”> Chow ef al. summarised
16 randomised trials with a total of 820 patients to test the effect of LLLT on acute neck pain
patients.”* They concluded that LLLT reduces pain immediately after laser treatment, and that
the effect continues for up to 22 weeks after the treatment. No severe adverse events were
reported. Brosseau et al. performed randomised controlled trials with a total of 222 rheumatoid
arthritis patients. The outcome also indicated the therapeutic effect of LLLT.” Interestingly,
these studies suggested that the effects of LLLT are wavelength-dependent.”*

Although different wavelengths of lasers have been investigated for therapeutic
purposes, NIR light (650 to 1700 nm) has been used in medical procedures due to its unique

physical properties: low scattering and high penetration depth in biological tissue, reduced
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autofluorescence, a high signal-to-noise ratio for the imaging system compared with other
wavelengths, and low absorption by melanin.”®*° In addition, NIR light has shown minimum
genotoxicity regarding ER stress.!? Low-level NIR light, typically between 1 mW/cm? to 5
W/cm?, also shows diverse biological effects, including pain reduction, suppression of
inflammation and tissue regeneration,**46-52101.102 Thege effects in the biological context are
defined as photobiomodulation by LLLT.

Although many studies have been attempting to reveal the mechanisms of
photobiomodulation by NIR LLLT, they are as of yet not fully understood. Notably, there are
difficulties in finding photoreceptors. The most basic photoreceptors are located in the retina.
However, human eyes are not able to recognise NIR or IR light, indicating the difficulty of
discovering NIR photoreceptors and understanding the subsequent series of reactions. In the
next section, an overview of intracellular molecular dynamics associated with NIR

photobiomodulation is introduced.

2.6 Dynamics of intracellular molecules in low-level laser

therapy

The beneficial effects of NIR light with regard to photobiomodulation are mediated by
mitochondrial retrograde signalling, including ROS.#4:4651.5293.101-105 Eyen though it has not
been proven that proteins in the ETC in the mitochondria are initial photoreceptors, COX has
been regarded as the primary source of mitochondrial ROS across organisms,>! while ROS can
be generated across complexes [-IV in the ETC and other compartments in the
mitochondria.**>2-5 NIR light has been shown to alter cell metabolism, resulting in the
generation of ROS>!"!% and in the activation of ROS-mediated retrograde signalling via the
forkhead box O family (FOXOs), nuclear factor-kappa B (NF-«kB), activator protein 1 (AP-1)
and Myc.>! Thus, mitochondrial ETC is regarded as a primary photoreceptor for NIR
light.19>-19 Many other molecules, including guanosine 3°,5” -cyclic monophosphate (CGMP),
1,2-diacylglycerol (DAG), inositol triphosphate (IP3), Ca?*, nitric oxide (NO) and carbon
monoxide (CO) are considered as secondary messengers initiated by LLLT.!?” It has also been
reported that broadband NIR light (760—1440 nm) induces the formation of mitochondria-
derived ROS and the subsequent increase in the redox potential in cultured human dermal
fibroblasts.!?” Furthermore, 1064 nm of NIR light has been shown to modify the function of

COX and to improve tissue oxygenation in humans.!®® NIR light generally increases the
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generation of ROS, and 950 nm of NIR light has been reported to decrease mitochondrial

membrane potential and ROS production,!®

suggesting that photobiomodulation could be
dependent on the types of cells, the activation status of cells and laser parameters, including
wavelengths, irradiances, treatment times and pulsations. However, few studies have
investigated the interactions of NIR light at 1000-1400 nm with mitochondrial retrograde
signalling to advance our understanding of the mode of action of this particular range of NIR
light.

The effects of NIR light are also reported to be mediated by calcium signalling, which
consists of a significant part of mitochondrial retrograde signalling,#446-3152.101-105.107 Ca]cium
plays multiple important roles in regulating the cellular function, including survival, death,
locomotion, secretion, metabolism and gene expression.®® NIR light at 633—980 nm has been
largely reported to increase intracellular calcium,''®!!'! while 810 nm of NIR light could
normalise (decrease) the excessively high level of intracellular calcium in a pathological
condition,!!? and 632.8'!3 or 780 nm!!® of NIR light was reported to inhibit calcium uptake by
the mitochondria depending on irradiance. Although the precise molecular mechanisms of
action for this effect remain unclear, heat- or light-sensitive ion channels have been suggested
to be involved in the modulation of calcium signalling in photobiomodulation.!!! In particular,
ultraviolet (UV)-IR light was reported to modulate the function of transient receptor potential

(TRP) channels, including TRPV1, TRPV2 and TRPV4,!11114-116

2.7 Photobiomodulation in T cells

T cells, which are essential lymphocytes in animals, are generated in the thymus and bone
marrow and circulate through the blood flow and the lymphatic flow. The most important role
of T cells is to recognise and eliminate foreign enemies and cancer cells in the blood flow and
in other tissues. T cells express a unique marker on the cell surface, CD3. Their major
subclasses express CD4 or CD8. CD3" CD4" T cells are called helper T cells, while CD3*
CD8" T cells are called cytotoxic T cells.!®

Accordingly, photobiomodulation on immune cells, including macrophages'!” and
dendritic cells,'!® has been reported. Photobiomodulation in T cells has also attracted attention,
since LLLT induces the proliferation of T cells.!!” Importantly, recent studies have consistently
shown that ROS plays a critical role in regulating T cell functions, including T cell receptor

(TCR) signalling, T cell proliferation, effector functions and resolution of effector functions
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(death).!2%121 ROS are constantly generated in mitochondrial oxidative phosphorylation
(OXPHOS) via electron leaks from the ETC in the T cells.!?? In particular, mitochondrial ROS
have been shown to act on NF-kB and to stimulate the production of IL-2 and other pro-
proliferative genes to combat exogenous pathogens or endogenous tumors.!?’ On the other
hand, it has been shown that ROS can upregulate FasL and induce T cell death,'?* and that
prolonged ROS signalling can suppress T cell responses.!>* Thus, the maintenance of the
adequate level of ROS with antioxidant systems within the cell is critical for preserving the
integrity of T cell immunity. Similarly, cytosolic and organellar calcium concentrations are
well known to control the effector functions of T cells. Calcium influx is mediated through a
diverse array of receptor- or voltage-activated calcium channels in T cells.!3:125:126 [ntracellular
organelles, such as the ER, mitochondria and lysosomes, also express specific channels and
transporters that contribute to calcium increase in the cytosol and uptake into these
organelles.®”-!27-128 The strength and duration of calcium signalling have been shown to activate
different transcription programmes in a T cell subset-dependent manner and to determine
unique functions, such as metabolism, proliferation, death, differentiation, cytokine secretion
and cytotoxicity, of each subset of T cells.” Calcium and ROS signalling are tightly
interconnected in T cells. For example, upon T cell activation, calcium enters the mitochondria
and activates enzymes in the TCA cycle, increasing their production of ROS.!?* Calcium
signalling-induced ROS generation has also been shown to play a role in IL-2 production in
activated T cells.

In short, as described above, ROS and calcium signalling is critical for both T cell
biology and mitochondrial retrograde signalling activated upon photobiomodulation. To
investigate the consecutive reaction in T cells initiated by LLLT, it is essential to observe the

dynamics of intracellular ROS and calcium signals.

2.8 Laser vaccine adjuvant

2.8.1 Mechanisms of laser adjuvant effect

Since the 1960s, LLLT has been explored for its potential application as a therapeutic device
for pain relief or for the reduction of inflammation, among other conditions. Later, in the 2000s,
the immunostimulatory effect of laser light, which is also called the adjuvant effect, was
reported by a Russian team using a copper vapour laser, and by a US team using the second

harmonic of an Nd:YAG laser (532 nm).!3% A US study reported the migratory facility of APCs,
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revealed the contribution of the Nd:YAG laser to the acquired immune system, and confirmed
the adjuvant effect at a laser irradiance of 0.78 mW/cm? and an irradiation time of 2 min,
indicating minimally invasive and more practical conditions.!*® The visible light laser adjuvant
has been reported as a promising technology, but it has the disadvantage that melanin and
haemoglobin absorb light and convert it into heat in the skin of living tissues in a wavelength
region shorter than 600 nm in visible light. For clinical application, it is desirable that the light
used for the laser adjuvant be at least 600 nm, since it is a prerequisite that it can be used
regardless of race. On the other hand, at wavelengths above 1400 nm, absorption by water in
biological tissues is dominant, and light energy is converted into heat. Therefore, it is best to
apply this method to NIR light in the range of 600 nm to 1400 nm.

Kashiwagi et al. proposed a new laser adjuvant system that uses a 1064-nm
neodymium-doped yttrium orthovanadate (Nd:YVOs) laser.*® They confirmed the adjuvant
effect of the combination of the laser and the inactivated HIN1 influenza vaccine. In a mouse
model, various immune responses were observed in mice skin when the influenza vaccine was
administered intradermally immediately after 5 W/cm? laser irradiation for 1 min. Particularly,
the increased density of CD11c" dendritic cells in the epidermis and dermis 6 h after laser
irradiation, the increased expression of proinflammatory cytokines in the skin, the increased
anti-influenza antibodies (IgG, IgG1, IgG2c) in serum at 4 days after the mice were infected
with the influenza virus, and the increased survival of mice at 15 days after the start of the
challenge study were observed as hallmarks of the adjuvant effect. These results demonstrated
the adjuvant effect of the 1064-nm NIR laser. In addition, subsequent studies have revealed
several important molecular mechanisms that induce the NIR laser adjuvant effect. First, NIR
laser irradiation enhances the expression of ROS in the mast cells and promotes cytokine
release in the skin tissue.*? In particular, CCL21 greatly influences the migration of APCs into
skin tissues and lymphatic vessels. Laser light increases the concentration of CCL21 in skin
tissues and promotes the migration of CD103* migDCs and Lang CD11b- migDCs into the
lymphatic vessels, ultimately activating the antigen presentation response in the LNs.*

In addition to the NIR lasers at 1064 nm, similar adjuvant effects have been observed
in semiconductor laser devices oscillating at 1258 nm and 1301 nm at an irradiance of 0.5-5
W/cm?, conferring protection.*! Semiconductor lasers are inexpensive (approximately $3000),
small, lightweight and easy to operate. In addition, unlike conventional vaccines, there is no
need for refrigerated storage, which is an advantage over existing vaccines in terms of
production and transportation. Therefore, semiconductor lasers can be used around the world,

regardless of region or climate.
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2.8.2 Adverse effect of laser adjuvant

The laser adjuvant reaction proposed by Kashiwagi et al. utilises NIR at 1064 nm, and although
it fits within the optical window, its irradiance is 2—5 W, which is a higher dose than the
irradiance conditions assessed in previous studies in which the effect of LLLT was confirmed.
One concern is the thermal side effects of irradiation, i.e. the burn caused by the prolonged
exposure of the laser beam to the skin. In their report, in addition to the observation of the skin
surface in a mouse model, the presence of inflammation and the infiltration of neutrophils into
the dermis and epidermis were observed by H&E staining of the skin after laser irradiation,
and the presence of heat damage was evaluated. Neutrophils are widely used in the evaluation
of burn injuries because they are known to be induced by cytokines such as IL-1 and IL-8,
which are released from heat-exposed cells and infiltrate skin tissue from blood
vessels. 3?4142 131 From these results, it was confirmed that no burn or inflammation occurred at
least up to 96 h after laser irradiation.

Heat damage generated from laser light is also one of the major concerns for patients.
It is not easy to determine the safety threshold regarding heat in vivo; however, Katagiri et al.
proposed an acute heat damage threshold by using cultured keratinocytes in vitro (Figure
2.6).132 A short duration, less than 5 sec, is tolerable if the temperature is lower than 50-54°C.
On the other hand, the temperature should be lower than 47°C when irradiation continues for

1 min. These findings could be useful to determining the best condition of laser illumination.
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Figure 2.6 Heat damage threshold determined by cell death of keratinocytes. Cell death was observed 2 h
after laser irradiation. The heat gradation was generated by a Gaussian-profiled NIR laser beam. Cell death
was observed under a fluorescent microscope with double staining of hoechst33342 and propidium iodide.

Image analysis was performed with both a semi-automated and a manual method.
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2.9 Challenges of laser adjuvant

Various benefits of LLLT have been reported for decades; however, the mechanism of the laser
adjuvant is not yet fully understood. Therefore, it is essential to determine the best irradiation
conditions, including wavelength, single- or multispectral, irradiance and exposure duration.
For instance, a CW laser has an adjuvant effect in animal models, whereas a 10-kHz PW laser
does not, indicating that CW and PW light may result in different molecular reactions, even if
the total energy is the same.*

Not only intracellular molecular reactions but also the dynamics of cellular levels have
not been sufficiently revealed; this is due to a lack of necessary materials to track immune cells,
including APCs, with no toxicity or tissue interaction. In order to understand the kinetics of
laser adjuvants, a new modality is required to observe the biodistribution of vaccines and APCs.

Discovering NIR photoreceptors associated with photobiomodulation is also a big challenge.

2.10 Near infrared fluorophores

Fluorescence is one of the categories of luminous phenomena emitted by fluorescent molecules.
In particular, it refers to the emissions produced by the irradiation of high-energy, short-
wavelength light as an excitation source. The shift of the wavelength from higher energy to
lower energy is called the Stokes shift. Since a longer wavelength with lower energy than the
excitation light is emitted as fluorescence, only the fluorescent molecules can be imaged by
using filters that distinguish the excitation light from the emission light. Fluorescence imaging
technology is expected to have a wide range of applications, from differentiation and
development in basic biology to drug discovery, cancer diagnosis and treatment in medicine,
and thus fluorescence imaging research and development are rapidly progressing.!33-137

A countless number of fluorophores, from the UV to the NIR range, have been invented.
Especially, NIR fluorophores are usable and applicable for biological imaging, possessing
unique characteristics such as low scattering and high penetration depth in biological tissue,
reduced autofluorescence and a high signal-to-noise ratio, and low absorption by melanin.”¢*?
NIR fluorophore derivatives are synthesised based on several base structures: cyanine,

phthalocyanine, xanthene, benzoheterocycle, porphyrin and squaraine.!®

The physical,
chemical and physiological characteristics of NIR fluorophores vary greatly depending on the

structure. The following section introduces four conventional NIR fluorophores: indocyanine

23



CHAPTER 2

green (ICG), methylene blue (MB), cyanine 5 (Cy5) and cyanine 7 (Cy7). ICG, Cy5 and Cy7
are classified in cyanine dye, while MB is classified in phenothiazinium dye.!**!40 In the
following sections, the current status of the development of fluorescence imaging technology
is briefly introduced. Importantly, a novel fluorophore, zwitterionic fluorophore 800-1C
(ZW800-1C), which has a high signal-to-noise ratio, is expected to be applied in clinic.
Different properties of other fluorophores, such as ICG, MB, Cy5 and Cy7, are compared.

2.10.1 Indocyanine green, methylene blue, cyanine S and 7

ICG and MB are the only two NIR fluorophores that have been approved for humans by the

FDA, and both are widely used in medical practice.!8

ICG was initially approved in 1959 for
hepatic function diagnostics, and was later expanded for ophthalmology and cardiology in
fluorescence-guided surgery.!'#! In addition, ICG is the only NIR fluorophore that has excitation
and emission wavelengths above 800 nm (Table 2). Recent studies have applied ICG and the
fluorescence imaging system for visualising LNs in order to resect metastatic tumour cells in
various tissues, including the oesophagus, the stomach, the colon, the bladder, the prostate, the
cervix and the ovarium. Not only LNs but also tumours can be imaged intraoperatively. The
structure of ICG is shown in Figure 2.7. The base structure is also called heptamethine, since
heptane-like C-C bonding occurs in the middle, meaning its fluorescence wavelength is around
800 nm. !4

MB (Figure 2.8) is another clinically used NIR fluorophore that has shorter excitation
and emission wavelengths than ICG: 665 nm and 688 nm, respectively (Table 2). MB and the
fluorescence imaging system are approved for LN mapping and several types of cancer
imaging. Similar to ICG, MB has been developed for future clinical applications to visualise
malignant cancers, such as pancreatic tumours, insulinomas and solitary fibrous tumors.!3%143
These two dyes, ICG and MB, are used for both open and laparoscopic surgeries for the purpose
of enhancing visibility for surgeons in human clinical practice.!44145

Another fluorophore, approved by the European Medicine Agency (EMA), is 5-
aminolevulinic acid (5-ALA), but it is mainly used as a photosensitiser, which is irradiated by
a certain laser wavelength and generates ROS. Once the dye is taken into the cytosol, the
chemical structure is converted into protoporphyrin-IX (PpIX), which is sensitive to light.!4
Because of this unique characteristic, 5-ALA is applied for PDT, especially for glioblastoma.'#’

Both Cy5 and Cy7 (Figures 2.9 and 2.10) have yet to be used in clinical practice;

however, they are broadly used for basic research purposes all over the world. The wavelengths
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of Cy5 and Cy7 for excitation are 655 nm and 775 nm, while those for emission are 675 nm
and 795 nm, respectively (Table 2). The advantage of these dyes is their brightness.!*®
Although their wavelengths are shorter than those for ICG, their high quantum yields indicate
a high brightness that can penetrate biological tissue (Table 2). The disadvantage of Cy5 and
Cy7 compared with other NIR fluorophores is that they possess a non-selective stickiness
against tissue, resulting in difficulty for non-invasive NIR imaging in the long term.!¥

The benefit of these chemicals is their capability to be conjugated. Recent studies have
sought to visualise specific organs or tissues, or even only lesion sites, by using NIR
fluorophores conjugated with other chemical drugs, proteins, antibodies, hyaluronic acid and

engineered nanoparticles.!30-133

Even though these trials are still in the preclinical stage, it is
greatly expected that these chemicals will help visualise specific tissue regions with good

visibility so that surgeons can recognise them in high resolution.!>*
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Figure 2.7 Structure of indocyanine green (ICG).
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Figure 2.8 Structure of methylene blue (MB).
MW: 284.40
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Figure 2.9 Structure of Cyanine 5 (Cy5).
MW: 483.68

This base structure is called pentamethine, since it has a pentane-like C-C bonding structure.

OH

Figure 2.10 Structure of Cyanine 7 (Cy7).
MW: 549.78

Figures 2.7-2.10 are depicted by using ChemDraw version 18.1 (PerkinElmer, US).
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Table 2. NIR fluorophores!#4146:149.153.155.156

The values of quantum yield were acquired in pH 7.0 solvent or fatal bovine serum.

Name Excitation Emission  Base structure Quantum Yield Status

(nm) (nm) (QY, %)
Indocyanine Green 807 822 Cyanine 9.3 Clinical
(ICG)
Methylene Blue 665 688 Phenothiazinium 9.6 Clinical
(MB)
5-Aminolevulinic acid 380-440 620 Porphyrin N/A Clinical
(5-ALA)
Cyanine 5 (Cy5) 655 675 Cyanine 30 Pre-clinical
Cyanine 7 (Cy7) 775 795 Cyanine 27 Pre-clinical
ZW700-1C 646 663 Zwitterionic 19.5 Pre-clinical
ZW3800-1C 753 772 Zwitterionic 23.9 Pre-clinical
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2.10.2 Zwitterionic fluorophore 800-1C

NIR fluorescence has great potential to be used intraoperatively, in what is called image-guided
surgery, because of the following four key points. First, NIR light between 650 nm and 900
nm travels deep in skin tissue. Second, the longer the wavelength is, the less light scatters.
Third, tissue autofluorescence is lower in NIR light than in visible light. And fourth, NIR light
is invisible to surgeons and therefore the surgical field is not affected by NIR fluorophores. !¢
As described in the previous section, ICG has been contributing in clinic; however, it has some
shortcomings: non-selective attachment to biological tissues, uptake in the liver, which may
result in hepatotoxicity, and contamination of the gastrointestinal tract.!®” Even though it has
been confirmed that the stickiness of ICG has no severe adverse events, it does lead to a high
background fluorescence in NIR images. In order to overcome this issue, we have been
developing brand new fluorophores: ZW700-1C (Figure 2.11) and ZW800-1C (Figure
2.12).136.158 ZW700-1C and ZW800-1C are zwitterionic fluorophores, a fluorescent dye that
has a polarity from a positive and negative charge in one molecule, which results in the dye
possessing both hydrophobic and hydrophilic characteristics. This in turn results in a long
retention time in target tissue, a low background and clearance from the kidneys.'*® This renal
clearance reduces hepatotoxicity and ensures the safety of patients. The excitation wavelengths
of ZW700-1C and ZW800-1C are 646 nm and 753 nm, and the emission wavelengths are 663
nm and 772 nm, respectively (Table 2). These big Stokes shifts allow us to easily distinguish
excitation light from emission light using certain filters. The synthesis method of ZW700-1C
and ZW800-1C has already been established at the laboratory scale.!5%160

Another important value of these molecules is their partial coefficient, LogD, at pH 7.4.
LogD is a dimensionless number that indicates the hydrophobicity and migration of a chemical
substance. The concentration ratio of each phase or its common logarithm occurs when the
substance of interest is in equilibrium in a system where two phases are in contact.!®! The LogD
numbers of ICG and ZW800-1C are 7.88 and -2.80, respectively.!””!3® ICG’s LogD value
indicates high hydrophobicity, which leads to high uptake in the liver, while the small negative
value of ZW800-1C indicates its neutrality regarding hydrophobicity and hydrophilicity.

Many applications using ZW800-1C have been proposed. One example is an imaging
system of iatrogenic and traumatic ureteral injury models. Ahn ef al. introduced an imaging
modality of urinary catheters.!®? The renal cleanability of ZW800-1C allows for the imaging
of kidneys, urinary catheters and bladders. In one experiment, 25 nmol of ZW800-1C were

injected intravenously into model mice during a lateral laparotomy. The urinary catheters
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showed a bright NIR signal within 5 min, which could help surgeons to investigate occlusion
and leakage.

The significance of the applicability of ZW700-1C and ZW800-1C is attributable to the
involvement of N-hydroxysuccinimide esters which provides easy and affordable conjugation
with the fluorophores and amines.'®* Therefore, for conjugation, N-hydroxysuccinimide esters
have been used in various preclinical applications because of good compatibility with proteins.

Toll-like receptor 4 (TLR4) is a protein that expresses in tumour-associated
macrophages (TAMs). TAMs are key regulators of the tumour microenvironment and of
inflammatory reactions.!®* Ji et al. performed real-time NIR imaging of hepatocellular
carcinoma using a specific targetability of anti-TLR4 antibodies and TAMs.!%> Anti-TLR4
antibodies were conjugated with ZW800-1C at a conjugation ratio of 1:2.5. The conjugated
molecules were injected into mice intravenously in 5% bovine serum albumin (BSA) in saline.
The NIR fluorescence signal was observed up to 48 h post injection.

The enhanced permeability and retention (EPR) effect is an essential characteristic of
the tumour microenvironment (TME) for drug delivery and therapy.'®® The TME has higher
retention than other surrounding tissues lacking the exclusion route, represented by lymphatic
vessels. The EPR effect is highly dependent on features of molecules, such as size, polarity and

167 Kang et al. introduced NIR-conjugated polyethylene glycols (PEGs).!%®

surface property.
The molecular size of PEGs can be easily modified by changing the formulation reaction time.
Kang et al. conjugated ZW800-1C to different-sized PEGs — from 1 kDa to 60 kDa — and
investigated the fluorescence retention in cervical cancer cells (HeLa cells) in a nude mouse
model. The NIR signal from the tumour was observed at 24 h post injection. 20-kDa PEG-
ZW800-1C showed the best tumour-to-background ratio (TBR), with minimal interaction with
other tissue.

A nanoparticle drug delivery system using NIR imaging was invented by Kang et al.'®
ZW800-1C was conjugated to the terminal amine of cyclodextrin-conjugated poly(e-lysine)
(CDPL) for real-time fluorescence imaging. ZW800-1C-CDPL consists of four domains:
backbone poly(e-lysine), ZW800-1C contrast agent, a cavity for the drug made by beta-
cyclodextrin and an anticancer drug. The size of the whole molecule is less than 5.5 nm, which
is small enough to permeate from the blood vessels into organs or tissues. For cancer treatment,
imatinib, a small molecule anticancer drug that is used to treat chronic myelogenous leukaemia
and gastrointestinal stromal tumours (GIST), was loaded on ZW800-1C-CDPL and injected

into a GIST mouse model intravenously. The bright signal remained in the tumour for 24 h

without being trapped by immune cells, such as macrophages. ZW800-1C-CDPL molecules
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that were not taken up by the tumours were excreted by the kidneys within 24 h, ensuring low
toxicity. This innovative molecule can be used not only for therapeutic purposes but also for
diagnostics. The associated academic field is called theranostics (a portmanteau of therapy and

diagnostics) and has been intensively investigated all over the world.!”°

Figure 2.11 Structure of ZW700-1C.
MW: 861.13

Figure 2.12 Structure of ZW800-1C.
MW: 927.23

Figures 2.11-2.12 are depicted with ChemDraw version 18.1 (PerkinElmer, US).
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2.10.3 Near infrared imaging system

Developing a new imaging system is also an important factor for NIR imaging applications.
For the purpose of practical use, the imaging system ought to be affordable, small enough to
fit in an operation room, and built with an easy user interface. The NIR fluorescence imaging
system was initially established for intraoperative open surgery.!”! However, in recent years,
laparoscopic surgery has been preferred over open surgery in terms of cost efficiency and
clinical effectiveness.!”>!7* Hence, it is necessary to establish a new NIR fluorescence imaging
modality that can be applied in both open and laparoscopic surgery. Several imaging systems
for different purposes are introduced in this section.

SPY Elite, an open-air intraoperative NIR imaging system manufactured by Novadaq,
is commercially available and is the most widely used NIR imaging device for visualising ICG

174-176 The gystem was approved by the FDA in 2005. As an excitation light

intraoperatively.
source, an 805-nm laser, as well as a CCD sensor for detecting the NIR signal, are used in the
system. Additionally, the system features a sufficient field of view (FOV) for operators: 19 x
14 c¢cm?. For portability, Hamamatsu developed a handheld NIR device called the photo
dynamic eye (PDE),!” which was approved by the FDA in 2012 and later used for sentinel LN
mapping with ICG.!7>!77 Instead of a laser diode, PDE is equipped with a light-emitting diode
so that it can reduce the size and cost of the system. A disadvantage of this system is that it has
a 10 x 6.7 cm? FOV, which is only one-fourth that of the SPY Elite system. For laparoscopic
NIR imaging, Vitom ICG was invented by Karl Storz and approved by the FDA in 2016.!7°
Even though only four years have passed since FDA approval, Vitom ICG has already been
used in many clinical situations, such as the LN mapping of cancer and in urological surgery,
thanks to its minimal invasiveness and clinical benefit.!8-180

In order to realise a dual imaging modality at 700 nm and 800 nm channels, we have
developed our own imaging system called the FLARE system.!3!-183 The FLARE system is
equipped with 670-nm and 760-nm laser diodes, which enables three-channel imaging
simultaneously. Operators can look at one screen and recognise three different colours depicted
from 670-nm and 760-nm NIR fluorescence. The latest studies have further developed the
FLARE system in order to reduce its size to fit in operation rooms, creating a new system called
KFLARE (Figure 2.13). As in the FLARE system, KFLARE utilises two wavelengths of NIR

lasers, 660 nm and 760 nm. The lasers are coupled with multimode fibres and connected to a

holder that surrounds a CCD camera. The camera system has a prism that divides three
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channels: visible light, 660-nm fluorescence and 760-nm fluorescence. To ensure that surgeons
can see the surgical field directly, ambient white light can be illuminated from the system.
One shortcoming of NIR intraoperative imaging is the permeability of NIR light. The
penetration depth of NIR light is limited to 1 cm. To overcome this limitation, a multimodal
system should be developed that combines NIR imaging with other clinical imaging
applications, such as ultrasound, positron emission tomography (PET) and computer
tomography (CT).!®* Such a device could increase the accuracy of the system and dramatically

improve clinical outcomes.

a

Figure 2.13 KFLARE system.
(a) Laser box (red) and imaging head. (b) Imaging head equipped with multiple optic fibres of 660-

nm and 760-nm irradiance.
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Vaccine visualisation wusing zwitterionic

fluorophore 800-1C nanoparticles

3.1 Introduction

Immunity is so dynamic that we face many difficulties in fully understanding the kinetics of
the cells and molecules involved in the immune system. These difficulties also apply to the
depiction of mechanisms in laser adjuvant technology.!” Critical information about the
biodistribution and dynamics of vaccine antigens injected through various routes of
administration, which would determine the successful delivery of these antigens to secondary
lymphoid tissue,® is incomplete due to the lack of an optimal imaging tool.” The establishment
of a reliable and reproducible trafficking method with a quantitative assessment of vaccine
antigens is therefore desirable for optimising the formulation of clinical vaccines and revealing
the pharmacokinetics and pharmacodynamics of the molecules. However, current
methodologies for determining the longitudinal biodistribution of injected vaccine antigens in
vivo are insufficient, as most studies focus on monitoring only immune cell behaviour.®

In addition, the physiochemical properties of vaccines, including size and surface
charges, changes the mode of delivery, which in turn strongly influences subsequent adaptive
immune responses, especially with skin-resident APCs.? For example, fluorescent polystyrene

beads ranging from 500 to 2000 nm are mostly associated with migDCs, whereas small
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particles ranging from 20 to 200 nm are associated with classical DCs (cDCs) and macrophages
in LNs,!% suggesting that smaller particles are freely drained into the lymphatics. Kang et al.
further optimised the size of a model vaccine for the induction of CD8+ T cell responses using
a series of ovalbumin (OVA) conjugates sized between 10 to 33 nm in hydrodynamic diameter
(HD).!! Considering that the actual size of pathogens ranges from 10 nm to several micrometres
in diameter with various physicochemical properties taken into account,'? a robust model
system that faithfully replicates a clinical vaccine is desired.

To leverage this understanding, the current study implemented NIR zwitterionic
fluorophores, which have shown great promise and potential in monitoring the in vitro
behaviour of biomolecules when combined with tissue-specific NIR fluorophores.!*~!¢ Since
NIR light penetrates biological tissues with lower scattering and absorption compared to visible
light, it can provide high-resolution images of deep tissue structures.!’2® ZW700-1C and
ZW800-1C in particular have a number of advantages over classical organic dyes, as described
in Chapter 2. Because of these advantages, zwitterionic fluorophores could be used to monitor
the biodistribution and clearance of chemotherapeutic drugs and cytokines.?!~23

This chapter reports a new imaging strategy to monitor the fate of model vaccines
noninvasively after conjugation with zwitterionic fluorophores under the intraoperative NIR
fluorescence imaging system. The study performed image analysis of vaccine trafficking along
with a flow cytometry study to validate the quantitative biodistribution of NIR fluorescence

images and to assess biological interactions between vaccines and immune cells.

3.2 Methodologies
3.2.1 Dynamic light scattering

Electron microscopes, TEM and scanning electron microscopes (SEMs) are common methods
used to observe nanoscale materials and determine their size. Solid and dry materials, such as
iron, silicon and polymers, can easily be visualised by TEM and SEM; however, biological
molecules cannot be visualised, since these molecules require water to maintain their structure.
In recent years, in order to conserve the structural information of biological samples, cryo-
electron microscopy (cryo-EM) has been applied.?*?* However, this technique requires very
large experimental equipment. The actual diameter of a molecule, which cannot be measured

with SEM or TEM, is called hydrodynamic diameter (HD).
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Alternatively, dynamic light scattering (DLS) can be used to determine the size of
nanoparticles.?®?” A schematic image of DLS measurement is shown in Figure 3.1. Small
particles suspended in solution are in Brownian motion, which is slower for larger molecules
or particles and faster for smaller molecules or particles. When the 633-nm He-Ne laser is
irradiated on particles in Brownian motion, the scattered light from these particles shows
fluctuations corresponding to the speed of each motion. In the DLS method, laser light is
irradiated on particles and the scattered light is observed by a detector (Figure 3.1). These light
types interfere with each other, as in Young’s light interference model. The intensity
distribution due to the interference of scattered light also fluctuates continuously because the
particles are constantly moving from their positions due to Brownian motion. For this reason,
we can observe Brownian motion as a fluctuation of the scattered light intensity by using a
pinhole or fibres.

The intensity of scattered light is described as a function of time (Figure 3.1). The

autocorrelation function (ACF) is calculated by the following equations:

(It) +I(t + 1))

IO

(1)

G(t) = aexp(—2I'T), (2)

where

In the equations, a is a constant number, D is a diffusion coefficient, n is a refractive
index of the solution, 4 is a wavelength of the light source, and 6 is the angle at which the
detector is located. Together with (3) and (4), the HD (d) is described in the Stokes-Einstein

equation as follows:

kT

=zmp O
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where kg is the Boltzmann’s constant, 7 is an absolute temperature, and 7 is the viscosity of
the solvent.?8

To validate this methodology, Hoo et al. compared DLS, TEM and atomic force
microscopy (AFM) using 20-nm and 100-nm polystyrene nanoparticles.?® For 100-nm particles,
all three microscopes showed similar diameters. For 20-nm particles, AFM showed a smaller
size than in DLS and TEM, while DLS and TEM had similar results, indicating the accuracy
and validity of DLS for 20-nm and 100-nm particles.
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Figure 3.1 Schematic image of dynamic light scattering (DLS) method. A 633-nm He-Ne laser is used as a
light source. The intensity of the interfered signal is described as a function of time. The autocorrelation
function (ACF) of the intensity followed by the diameter of the particles are calculated by the fluctuation

of intensity.
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3.2.2 Flow cytometry

For over a half century, flow cytometry has been a powerful tool for sorting and characterising
both live and fixed cells based on fluorescence marked on membrane proteins and intracellular
molecules. It was invented in the late 1960s by Bonner, Sweet, Hulett and Herzenberg, who
called it the fluorescence-activated cell sorter (FACS).2® Flow cytometry enables high-
throughput screening to observe cells in single-cell resolution. Unlike a microscope, a flow
cytometer does not show images of cells, but it does have the advantage of being able to
automatically and objectively measure various parameters for each cell at a high resolution.?*-3

An image of the flow cytometry system is depicted in Figure 3.2. The figure is based
on the structure of a Fortessa flow cytometer (BD Biosciences, NJ, USA). Briefly, the
cytometer is equipped with four different lasers for excitation: 405-nm violet, 488-nm blue,
561-nm green and 640-nm red. First, an operator prepares cell samples labelled by fluorophore-
coupled antibodies (Recently, a countless number of antibodies with fluorophores of different
colours have become available worldwide). Second, the mixture of cells tagged with
fluorescent dyes are loaded in the system. When the cell suspension is running through the
cytometer, the four laser lights are illuminated on the cell. Finally, the fluorescence signal is
captured by photomultiplier tubes via several filters and mirrors; meanwhile, the forward- and
side-scattered light are used in the system to determine the size of cells. By doing so, a specific
type of cell from an organ or tissue, both of which include a tremendous number of different
cells, can be distinguished.

Since it offers a high signal detection yield of over 10,000 cells per second, flow
cytometry is useful for identifying a small number of unique cells within a given tissue or organ.
For instance, intertumoral CD8" T cells drive antitumoral immunity; however, the number of
these cells in tumours is often limited.>! 33 To address this, flow cytometry is chosen not only
to discover a few unique cells but also to explore the characteristics and activation status of the

cells.3+3>
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Figure 3.2. Schematic image of Fortessa flow cytometer. Four laser lights are irradiated on the flowing
cells. The fluorescent signal travels into a circular filter set. Although this figure shows only one set of
detectors for the green channel, it also has different filter sets for violet, blue and red excitation lasers. This

feature offers high-throughput data acquisition of over 10,000 cells/s.

3.3 Materials and methods

3.3.1 Bioconjugation of zwitterionic fluorophore 800-1C

The NHS ester form of ZW800-1C (quantum yield (QY): 23.9% at 754 nm)!*>!536 in dimethyl
sulfoxide (DMSO) stock solution was conjugated with chicken egg ovalbumin protein (OVA,
PDB: 10VA, MP Biomedicals, CA) as previously described.?’” Briefly, 400 nmol of ZW800-
1C NHS ester was incubated with 20 nmol of OVA in 240 pL of PBS, pH 8.0, with gentle
mixing at room temperature (RT) for 3 h. The OVA-ZW800-1C (OVA-ZW) conjugates were
purified by using Bio-Gel P-6 columns (Bio-Rad, Hercules, CA) and membrane filtration
columns (Sartorius Stedim Lab, UK). Then, the purified OVA-ZW was further conjugated with
two different sizes (20 nm and 100 nm) of aminated silica nanoparticles (SiNP, NanoComposix,
CA) in the presence of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM, Sigma Aldrich, Saint Luis, MO) at RT in distilled water (DIW). The size of each
SiNP, which was determined by electron microscopy by the manufacturer, was 22.6 + 2.7 and
97.5 + 5.0 nm, respectively. The average HD before conjugation, as measured by DLS, was

71.1 £0.2 or 127.1 £ 1.5 nm. The reaction ratio of OVA-ZW to SiNPs was 10:1 and 360:1 in
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molar equivalent for ONP1 and ONP2, respectively. The concentration of DMTMM was
adjusted to be the same as that of OVA-ZW. After a gentle reaction for 3 h, non-conjugated
OVA-ZW was eliminated by centrifuge. The average HD of ONP1 and ONP2 was measured
by DLS (Zetasizer Nano ZS, Malvern, UK) at 633 nm. In addition, in order to measure the
actual size of ONP1 and ONP2, freshly prepared ONP1 and ONP2 in ultra-pure water were
dropped onto a carbon-coated copper grid (200 mesh, Ted Pella, Redding, CA) and dried in a
vacuum chamber overnight. TEM images were obtained using Tecnai G2 Spirit Bio TWIN
(FEI Company, OR) at the core electron microscopy facility, at Harvard Medical School.

The labelling ratio of ZW800-1C on SiNPs was calculated with a UV-Vis-NIR
spectrophotometer (USB-ISS-UV/VIS, Ocean Optics, FL) using Beer-Lambert’s Law to
determine the concentration of each compound. The extinction coefficients for OVA, ZW800-
1C, 20-nm SiNP and 100-nm SiNP were 30,590 /Mcm, 67,500 /Mcm, 249,700 /Mcm and
188,249,400 /Mcm measured at 280 nm, 753 nm and 350 nm, respectively. For calculating the
extinction coefficient of the SiINPs, where the interference from the absorbance of albumin and
fluorophores is minimal, 350 nm was chosen. As a reference, the measurement of an
unconjugated SiNP solution was performed to determine the amount of conjugated ZW and
OVA in SiNPs. The NHS ester form of Cy5 (extinction coefficient: 250,000, QY: 30% at 649
nm, GE Amersham) was conjugated with OV A using the same procedures as those for OVA-

ZW.

3.3.2 Animal models and vaccine administration

Six-week-old male C57BL/6]J mice (stock #000664) were purchased from Jackson
Laboratories (Bar Harbor, ME) and acclimated for at least 2 weeks at Massachusetts General
Hospital (MGH). Mouse hair was removed 1 day prior to injection using a commercial
depilatory cream (Nair, Church & Dwight Co., Ewing, NJ). For imaging and the flow
cytometry study, three different sizes of model vaccines — OVA-ZW, ONP1 and ONP2 — were
intradermally (id) injected into the footpads of the mice (n =4). The injection volume was fixed
to be 5 puL at a concentration of 20 pM ZW fluorophores. For a control biodistribution study,
100 pL of 20 uM OV A-ZW was injected intravenously (iv) and retro-orbitally into CD-1 mice
(n =4). All animal procedures were approved by the MGH IACUC (protocol #2017N000067
and 2009N000103) and performed under the Public Health Service Policy on Humane Care of

Laboratory Animals.
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3.3.3 Real-time intravital fluorescence imaging

For real-time NIR fluorescence imaging, the multispectral FLARE imaging system was used
(Figure 3.3, 3.4).3%3° Briefly, 660 nm (excitation for Cy5) and 760 nm (for ZW800-1C)
multimode laser diodes (RPMC Lasers, O’Fallon, MO) were coupled with a 1 to 4 breakout
glass optical fibre (NA = 0.55, Leoni AG, Germany) for an excitation light source. The
irradiance at a focal plane was adjusted to be 7 mW/cm? over a 10-cm diameter FOV. Mice
were anesthetised with isoflurane and laid prone under a prism-based multispectral CCD
camera (JAI A/S, Denmark), in which prisms were equipped (Figure 3.4). Colour and NIR
images were simultaneously captured by the camera with multiple exposure times between 100
and 2000 ms. The FOV included the injection site and popliteal and sciatic LNs. The images
were acquired before and immediately after injection, as well as at 1, 6, 24, 48 and 72 h post-

injection. After 72 h, each major organ was dissected, and the fluorescence image was captured.

Imaging Head
1 to 4 fibers
660 nm || 760 nm White CCD
Laser Laser light Cameras

I | | GigE

Monitor

Figure 3.3. KFLARE imaging system. Two lasers, a white light for the illumination source and CCD

cameras were controlled by a computer. Gigabit Ethernet (GigE) interface was installed.*’
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CCD
(400-650 nm)

Objective lens

Light pass

Figure 3.4. Structure of KFLARE imaging head. The imaging head was equipped with three CCD sensors

and two dichroic prisms that enabled simultaneous colour and NIR imaging.

3.3.4 Quantitation and statistical analysis

In order to quantify the fluorescent signal, the signal-to-background ratio (SBR) was
introduced. Image processing and analysis were carried out using ImagelJ software (National
Institutes of Health). First, the sensitivity of the KFLARE system to ZW800-1C was assessed.
ZW800-1C solutions were adjusted to be 10, 20, 50, 100, 200 and 500 nM, and 1, 2, 5 and 10
M in DMSO. The solutions were then loaded into glass capillaries. The capillaries were placed
in the centre of the FOV under the KFLARE camera. The images were taken at 200, 1000 and
2000 ms exposure time. The SBR was calculated based on the intensity of the ZW800-1C

solution (Iror) and DMSO as autofluorescence (Iautwo):

I
SRR = _RO!

(6)

IAuto

For in vivo analysis, approximately 50x50 pixels around the injection site and LNs were
cropped from original NIR grayscale images, and noise was removed by a 3x3-pixel median
filter. Next, a region of interest (ROI) was defined automatically and quantitatively by means
of an iterative selection method, which determined a threshold between the signal and the

background on a filtered image (Figure 3.5). The average intensity of the resulting ROI on the
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original image yielded the level of the signal. The dye-free skin intensity (auto) was also
measured on each image and defined as background. Iror denotes the average intensity of an
ROI, and Iauo represents the intensity of the mouse dye-free skin. The SBR at different time
points was normalised based on the initial intensity in the footpad and LNs at # = 0. For the
analysis of LNs, a series of images with an exposure time of 2000 ms were used, while 100 ms
was used for footpad images. All NIR fluorescence images were normalised identically for all
conditions of the experiment. Animal results were presented as mean (n > 3) = standard errors
(SEMs), and curve fitting was performed using Prism version 8 software (GraphPad, San Diego,
CA). One-way analysis of variance (ANOVA) followed by a Tukey’s test was performed for
the statistical analysis. A P value of less than 0.05 was considered significant: *P < 0.05, **P

<0.01, ***P <0.001, ****P <(.0001.

1. Image 3. Threshold 4. Measurement of
cropping determination average intensity

2. Median
Filter
(3x3
pixels‘
—

Figure 3.5. Quantitative ROI determination and intensity measurement scheme. All NIR fluorescence

Intensity

images were normalised identically for all conditions of the experiment to determine the ROI
quantitatively. First, approximately 50x50 pixels of an image were cropped around the signal region of the
LN. Second, a 3x3 median filter was applied to the average noise. Third, an LN signal threshold was
identified by an iterative selection method to determine the ROI. Finally, the average intensity of the ROI

was measured on the original image.
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3.3.5 Stability test of model vaccines

OVA-ZW was dissolved in PBS, pH 7.4, containing 10% serum at a concentration of 0.1 or
1.0 uM ZW800-1C. The OVA-ZW solutions were sealed into glass capillary tubes (Fisher
Scientific, Waltham, MA) and then incubated for 0, 1, 6, 24, 48 and 72 h at 37°C in a 5% CO»
incubator. After incubation, the fluorescence signal of each sample in a capillary tube was
captured using the FLARE imaging system, and the SBR for each capillary tube was calculated

as described above.

3.3.6 Flow cytometry analysis of lymph nodes

For the analysis of immune cells by flow cytometry with limited filter sets, ZW700-1C was
used in place of ZW800-1C because both fluorophores have identical chemical structures
except for the length of the polymethine backbone, thus showing an excitation peak at 643 nm
and an emission peak at 663 nm, respectively.*! The NHS ester form of ZW700-1C was
conjugated on the model vaccines using the same conjugation procedures as those for ZW800-
1C.%7 Three days after intradermal injection, popliteal LNs were isolated from each mouse.
LNs were dissociated with a collagenase D/DNase solution (2.5 mg/mL collagenase and 100
unit/mL1 DNase, Roche, the Netherlands) for 25 min followed by incubation with an
ethylenediaminetetraacetic acid (EDTA) solution (10 mM, Invitrogen, CA) for 5 min at 37°C.*
The cells were labeled for F4/80 (BMS, BioLegend), I-A/I-E (M5/114.15.2, BioLegend),
CDl11c (N418, BioLegend), CD103(2E7, BioLegend), CD11b (M1/70, BioLegend), Langerin
(4C7, BioLegend), Ly6C (AL-21, BioLegend), Ly6G (1AS8, BioLegend), and Live/Dead
Fixable Aqua (Life Technologies) to identify specific receptors against APC subsets.* The
fluorescence data were acquired using a 640-nm excitation laser on a Fortessa flow cytometer
(BD Biosciences, Franklin Lakes, NJ) and analysed with FlowJo software version 10 (FlowJo
Co., Ashland, OR). The ¢DCs were identified based on CD11c" and I-A/I-E intermediate
expression, whereas migDCs were classified as CD11c¢ intermediate and I-A/I-E" expression
groups. For further classification, cDCs were divided into two groups, CD103* and CD103,
while migDCs were divided into four groups based on the CD11b and Langerin (Lang)
expressions: CD11b" Lang®, CD11b* Lang, CD11b- Lang" and CDI11b" Lang subsets.
Macrophages and monocytes were identified based on CD11b* I-A/I-E- expression. F4/80"
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CDl1c cells were then identified as macrophages, while the CD11c¢” Ly6G™ population was
further divided into Ly6C- and Ly6C* monocyte (inflammatory monocyte) groups.* To
evaluate the transportation of each model vaccine to the LNs, the number of ZW700-1C-
positive cells was measured for each subpopulation, of which signal thresholds were

determined by fluorescence minus one control (FMO) group.

3.3.7 Histological analysis of lymph nodes

Mouse LNs were isolated 72 h post-intradermal injection of model vaccines. LNs were fixed
with 4% paraformaldehyde (Thermo Scientific, Rockford, IL) and incubated in 30% sucrose
solution (Merck, Germany) overnight. Ten-um-thick frozen sections were cut by a cryostat
(Leica, Germany). Images were acquired on a 4-channel NIR fluorescence microscope
(TE2000U, Nikon, Japan) and CCD camera (C4742-80-12AG, Hamamatsu Photonics, Japan).
All the images were binarized by means of an iterative selection method to define areas positive
for fluorescence signals. To analyse the spatial relationship between fluorescent cells and their
locations in the LNs, areas within 15 um of the edge of the LNs were defined as subcapsular
sinus (SCS), and the others were considered as the cortex.*? The portion of areas positive for

fluorescence was measured and calculated for each ROI using Imagel.

3.3.8 Statistical analysis

An ANOVA followed by Tukey’s multiple comparison tests or Student’s unpaired two-tailed
t test were performed using Prism 8. The mean + SEMs were shown for all image analyses on
the FLARE system and via fluorescence microscopy. The results of the flow cytometry data

analysis were presented in box-and-whisker plots with the median + 95% confidence interval.
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3.4 Results
3.4.1 Conjugation of zwitterionic fluorophore 800-1C on model

vaccines

To visualise the biodistribution and trafficking of vaccines, a ZW800-1C was chosen to label
on a model vaccine, OVA. ZW800-1C is an NIR fluorophore with an excitation peak at 753

nm and an emission peak at 772 nm, and it features minimal fluorophore—tissue
interactions.*** OVA, on the other hand, is a protein widely used as an antigen in
immunological studies. These characteristics allow the conjugated vaccine to distribute
independently from the fluorophore. As shown in Figure 3.6a, the NHS ester form of ZW800-

1C (ZW800-1C NHS) was prepared and conjugated with OVA to yield the bioconjugated
OVA-ZWS800-1C (OVA-ZW). Next, OVA-ZW was further conjugated on two differently
sized silica nanoparticles (SiINP-20 nm and SiNP-100 nm) because it is known that the size of
the vaccine is one of the key factors in determining its emigration, via draining, from the skin
into the LNs after intradermal injection.** After purification using membrane filtration columns,
the average HD of SiNP conjugated with OVA-ZW (ONP) was measured by DLS, which was

found to be 183.1 £2.1 nm and 277.2 £ 1.6 nm for ONP1 and ONP2, respectively (Figure 3.6b-

c). The average dye-labelling ratio on each NP was determined to be 4.7 and 205 for ONP1

and ONP2, respectively, calculated by using an UV-Vis spectrophotometer (Figure 3.7a-b).

To determine the dynamic range of fluorescence signals, a serial dilution of OVA-ZW
solution was prepared in serum-containing media and imaged under the dual-channel FLARE
imaging system.’®* A linear relationship was observed between the fluorescence emission of
OVA-ZW and its concentrations from 20 nM to 50 uM, indicating that a wide range of vaccine
concentrations can be evaluated quantitatively and accurately under the FLARE system (Figure
3.7¢). Images of the ONPs captured by TEM also revealed that the ONPs were homogenous in
size after the conjugation and evenly distributed in the solution without significant aggregation
(Figure 3.7d-e).

Next, the stability of OVA-ZW in a biological setting was assessed. OVA-ZW in PBS
containing 10% serum was incubated over 72 h at pH 7.4 and at 37°C. The fluorescence signal
was stable over the entire period of incubation with no change in the SBR (Figure 3.6d). This
result demonstrates that the conjugated vaccine has stable optical properties in a physiological

condition.
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Figure 3.6. Preparation of model vaccines using NIR-fluorescent ZW800-1C. (a) A schematic drawing of
bioconjugation. ZW800-1 NHS ester (ZW) was conjugated on OVA (OVA-ZW) in PBS, pH 8.0, followed
by further conjugation on SiNPs in DIW. (b), (c) The average HD of each ONP before and after
conjugation was measured by DLS. The averages of three independent measurements are shown. (d) Time-
course SBR in serum-containing media confirmed the physicochemical and optical stability of ONPs. The
fluorescence signal was measured by the FLARE NIR fluorescence imaging system (n = 3, mean = SEM).

A P value of less than 0.05 was considered significant: N.S., not significant by one-way ANOVA.
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Figure 3.7. Determination of dye labelling ratio on model vaccines. (a) The labelling ratio of each ONP

was determined using Beer-Lambert’s Law, and the absorbance spectra of each model vaccine was

measured with a UV-Vis-NIR spectrophotometer before and after conjugation. (b) Summary of labelling
ratio and HD of OVA-ZW, ONP1 and ONP2. (c) Relationship between the concentration of ZW800-1C

and its fluorescence signal on the FLARE system at different exposure times (left: 2000 ms vs. right: 500

ms). Note that there is a linear relationship between the signal and the dye concentration (n = 3, mean £

SEM.). (d-e) TEM images of (d) ONP1 and (e) ONP2 dispersed in ultrapure water at different

magnifications. Scale bars =200 nm.
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3.4.2 Assessment of KFLARE imaging system

An image of glass capillaries is shown in Figure 3.8. These capillaries contain 10 nM to 2 uM
of ZW800-1C in DMSO. A clear fluorescence signal can be observed above 100 nM. In
contrast, above 2 uM, only a saturated signal can be observed at 1000 ms and 2000 ms exposure
time. On the other hand, it is barely possible for the naked eye to distinguish 10, 20 and 50 nM.
Figure 3.9 shows the correlation of the SBR and the concentration of ZW800-1C at different
exposure times. By applying the concept of the SBR, a small difference in the fluorescent signal
below 50 nM could be distinguished. The linearity, which Figure 3.7¢ previously showed, was
lost in the range of 10 nM to 1 uM (R? = 0.8961, 0.6608 for 1000, 2000 ms, respectively.)

2
/)@ 047 O @ 00@ /)@

Figure 3.8. Glass capillaries filled with ZW800-1C solution.
5 uM and 10 uM solution shows blight signal, whereas 10-20 nM solutions are not visible.

Exposure time = 1000 ms.
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Figure 3.9. The SBR for the 760-nm channel with 1000 and 2000 ms exposure times. Average of 65

pixels.
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3.4.3 Size-dependent accumulation of vaccines in lymph nodes

Small vaccine antigens directly enter the lymphatics and drain into the LNs within 30 min,
while larger antigens taken up by DCs drain into the LNs slowly over 24 h after intradermal
vaccination.*® It was hypothesised that the accumulation of fluorescence signals would be
dependent on the size of the ONPs. An intradermal injection model in the footpad was chosen
because the lymphatic flow is well characterised, and this model is suitable for time-course
monitoring of vaccine trafficking.!® To test the hypothesis, the fluorescence signal in real time
upon the intradermal injection of different-sized model vaccines on the footpads of mice was
measured (Figure 3.10d). The signal in the popliteal LN injected with OVA-ZW showed a
rapid increase 1 h post-intradermal injection and retained a high level until 6 h post-injection,
followed by a gradual decrease (Figure 3.10). In contrast, ONP1 and ONP2 accumulated
draining into the LNs steadily over 72 h post-injection. The fluorescence signal intensity at
early time points was significantly higher in the OVA-ZW group compared to ONP1 or ONP2
at 1-6 h post-injection (Figure 3.10a-b, P <0.0001). Since the brightness of each model vaccine
was variable despite the same injection dose, the SBR values were converted to concentrations
based on the labelling ratio (Figure 3.10c). The concentration of OVA-ZW in the popliteal LN
was significantly higher than that of ONP1 or ONP2 over 72 h (P < 0.01). The largest ONP2
(277 nm) showed the lowest concentrations in the LNs over the time course, indicating that the
concentration in the draining LNs was inversely proportional to the HD of model vaccines after
intradermal injection (Figure 3.10c).

The SBR in the LNs and at the injection site were compared because strong residual
signals were observed in the footpad even at 72 h post-injection (Figure 3.10d). The SBR in
the footpad was significantly higher than that of the LNs in any experimental group (LN vs.
the injection site: P < 0.0001 for OVA-ZW, P < 0.0016 for ONP1, P < 0.0298 for NP2 at 72
h), suggesting that a significant fraction of the injected vaccine remained in the injection site
regardless of size. Interestingly, the level of the remaining dose at the injection site was
significantly lower in the OVA-ZW group compared to the ONP1 or ONP2 groups (OVA-ZW
vs. ONP1: P=0.0029; OVA-ZW vs. ONP2: P=0.0160). This result coincides with the finding
in the literature that vaccines smaller than 100-200 nm can enter the lymphatics directly and
be transported to the draining LNs.!%447 It could be consistently observed that, upon injection,

OVA-ZW rapidly showed up in the lymphatics close to the injection site and accumulated into
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the popliteal LN shortly thereafter, while minimal to no signals were observed in the
lymphatics from ONP2-injected mice 60 min post-injection (Figure 3.10e).

The advantages of the renal clearable ZW800-1C over conventional organic dyes in
monitoring the biodistribution of vaccines were observed. Towards this end, the intradermal
injection of OVA-ZW or Cy5 was performed on the footpads of mice (Figure 3.11). The signal
in the popliteal LN injected with OVA-ZW or Cy5 showed a comparable increase 1 h post-
intradermal injection (Figure 3.11b). However, the OVA-Cy5 group gradually lost
fluorescence signals with a concomitant increase in the background (Figure 3.11a), resulting
in a poor SBR beyond 24 h post-injection (Figure 3.11b). Consistently, higher fluorescence
signals were observed across multiple organs but were lower in LNs in the OVA-CyS5 group
compared to those in the OVA-ZW group at 72 h (Figure 3.11c-d).

Taken together, these results indicate that the zwitterionic ZW800-1C is a reliable tool
for tracing the destination of injected antigens, and that the NIR fluorescence signals derived
from ZW800-1C faithfully represent the in vivo behaviour of model vaccines under the real-

time intraoperative imaging system.
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Figure 3.10. Quantitative image analysis of vaccine trafficking in the draining LNs. Trafficking of the

model vaccines into draining LNs was monitored on the FLARE system and was evaluated by image

analysis. (a) Representative images of mice 0, 1, 6, 24, 48 and 72 h post-injection with model vaccines.

Insets show magnified pseudocolour images of popliteal LNs. (b) The SBR of popliteal LNs was

calculated by comparison with background skin signals (n = 4, mean +£ SEM). (c) Quantitative tissue

concentrations of model vaccines in the popliteal LNs. SBRs were converted to concentrations based on

the labelling ratio (n = 4, mean + SEM). (d) The SBR of LNs and the injection site were compared (n = 5-

6, mean + SEM). (e) Representative LN images injected with model vaccines 1 min and 60 min prior to
imaging. (b—d) A P value of less than 0.05 was considered significant: *P < 0.05; **P < 0.01; ***P <
0.001; ****P < (0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 3.11. Comparison of fluorescence signals from a model vaccine conjugated to ZW800-1C or Cy5
after intradermal injection. (a) Representative images of mice 1, 24 and 72 h post-injection with the
conjugated model vaccines. The irradiance of both 660-nm and 760-nm lasers were adjusted to be 1.5
mW/cm?2 on the FLARE system. (b) The SBR of popliteal LNs was calculated by comparison with
background skin signals (n = 3-4, mean + SEM). (c) Major organs, including the heart (He), lungs (Lu),
liver (Li), pancreas (Pa), spleen (Sp), kidneys (Ki), duodenum (Du), intestine (In), muscles (Mu) and
lymph nodes (LNs), were resected and imaged 72 h post-intradermal injection of the conjugated model
vaccine. (d) The SBRs of LNs are compared with the fluorescence signals of muscles (n = 4-6, mean +

SEM). (d) A P value of less than 0.05 was considered significant: ****P < (.0001 by Student’s -test.
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3.4.4 Biodistribution of model vaccines

To evaluate the biodistribution and clearance of model vaccines, intradermal injection (id) and
intravenous injection (iv) were compared in CD-1 mice, which were euthanized 72 h post-
injection LN (Figure 3.12). The mice injected with OVA-ZW intravenously through the tail
vein showed major fluorescence signals in the liver and spleen, which may indicate
hepatotoxicity, while no signal was found in LNs (Figure 3.12a-b). These results are consistent
with the literature showing that bloodborne antigens are rapidly scavenged by the liver*® and
spleen.® In contrast, the mice injected with model vaccines intradermally showed faint signals
in the major organs, including the lungs, liver, pancreas and kidneys, while high fluorescence
signals were observed in the popliteal LNs regardless of the size of the model vaccines (Figure
3.12a-b). These results confirm that the fluorescence signal from ZW800-1C represents the

biodistribution and clearance of the model vaccine under the NIR fluorescence imaging system.
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1 OVA-ZW (iv)
b . B OVA-ZW (id)
B ONP1 (id)
o 101 ONP2 (id)
o
w
g
T 5
E
[«]
i ™
0-

He Lu L Pa Sp Ki Du In LN

Major organs

Figure 3.12. Quantitative biodistribution analysis of model vaccines. (a) Major organs, including the heart
(He), lungs (Lu), liver (Li), pancreas (Pa), spleen (Sp), kidneys (Ki), duodenum (Du), intestines (In),
muscles (Mu) and lymph nodes (LNs), were resected and imaged 72 h post-intradermal injection of the
model vaccines. For comparison, a group of mice were injected with 10 nmol of OVA-ZW intravenously
(iv) through the tail vein. (b) The SBR of major organs and LNs are compared with the fluorescence signal
of muscles and normalised (n = 4, mean + SEM). A P value of less than 0.05 was considered significant:

*¥*%%P <(0.0001 by two-way ANOVA followed by Tukey’s multiple comparisons test.
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3.4.5 Size-dependent uptake of model vaccine by antigen

presenting cells

Intradermally injected vaccines are known to be recognised by APCs, including skin-resident
migDCs and ¢cDCs within LNs or macrophages.**® Size is one of the key factors affecting the
kinetics of vaccine delivery to the secondary lymphoid tissue and its subsequent uptake by
subpopulations of APCs.*>#¢ To further validate such immunologic events in LNs, the uptake
of model vaccines was analysed using flow cytometry by characterising DCs and DC subsets
in the skin-draining LNs at 72 h post-injection as described previously.* Distinct subsets of
DCs, which are identified by surface markers and their anatomical locations, have been known

to be responsible for specialised immune functions.>%>!

The migDC and ¢cDC populations were
evaluated as defined by their varying MHC class II and CD11c expression and their surface
markers, including Langerin, CD11b and CD103, as previously described.* The population of
migDCs, which are dedicated to transferring antigens into LNs from the peripheral tissues, was
defined by MHC class 1I"CD11¢™ expression and further divided into Langerin'CD11b",
Langerin'CD11b*, Langerin"CD103*CD11b- and Langerin"CD103°CD11b* Langerhans
cells.’2%3 The ¢DCs are a bone-marrow-derived, LN-resident population and are characterised
by MHC-II"™CD1 1¢M expression containing CD11b" (CD8a’) and CD103" (CD8a") subsets.>*
The number of cDCs and their subpopulations positive for the smaller model vaccines (OVA-
ZW and ONP1) were larger than those for the larger vaccine (ONP2) (Figure 3.13a—c, ¢cDC:
OVA-ZW vs. ONP2, P = 0.0109; ONP1 vs. ONP2, P = 0.0354; CD103* cDC, OVA-ZW vs.
ONP2, P =0.0024; ONP1 vs. ONP2, P =0.0439), which reflects the fact that smaller vaccines
directly enter the lymphatics and are taken up by cDCs.!%4:47:54 On the other hand, the number
of migDCs and their subpopulations positive for OVA-ZW and ONP1 showed a statistically
marginal increase compared to those for ONP2 (Figure 3.13b,d, Figure 3.14, migDC: OVA-
ZW vs. ONP2, P = 0.0450; ONP1 vs. ONP2, P = 0.0182; CD11b'Lang" migDC: ONP1 vs.
ONP2, P = 0.0654), which confirms the hypothesis that larger vaccines are mainly carried by
migDCs only and are slowly delivered to LNs.*-> Interestingly, the number of ¢DC
populations positive for ONP1 at 72 h was larger than that of ONP2 (Figure 3.13b-c),
suggesting that vaccines smaller than 200 nm directly enter the lymphatics and subsequently
interact with ¢cDCs in the LNs. These results are consistent with the literature showing that
smaller particles directly flow into LNs, while nanoparticles larger than 200 nm are transported

by cellular mechanisms.!%#>47-3% The number of macrophages and monocytes positive for the
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vaccine at 72 h were not significantly different across the experimental groups (Figure 3.14,
3.15). These results suggest that model vaccines are associated with immune cells depending
on size, and that the conjugation of the ZW fluorophores does not significantly alter the

behaviour of model vaccines and their immunological events in LNs.
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Figure 3.13. Flow cytometry analysis of vaccine uptake by DCs. Uptake of the model vaccines in DCs in
the draining LNs was assessed by flow cytometry 72 h post-intradermal injection of model vaccines (n = 4,
median + 95% confidence interval). (a) Gating schematic to identify DC subsets within LNs. (b) Cell
counts of OVA-ZW-positive classical LN resident DCs (cDCs) and migratory DCs (migDCs). (c) Cell
counts of cDC subsets. (d) migDC subsets in the draining LNs. (b-d) A P value of less than 0.05 was
considered significant: *P < 0.05; **P < 0.01, N.S.: not significant by one-way ANOVA followed by

Tukey’s multiple comparison test.
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Figure 3.14. Flow cytometry analysis of vaccine uptake by APCs. Uptake of the model vaccines in DC
and monocyte populations in the draining LNs was assessed by flow cytometry 72 h post-intradermal
injection. Cell counts of OVA-ZW-positive migDC and monocyte subsets (n = 4, median + 95%
confidence interval). A P value of less than 0.05 was considered significant: N.S., not significant by one-

way ANOVA.
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Figure 3.15. Flow cytometry analysis of vaccine uptake by macrophages and monocytes. Uptake of the

conjugated vaccine in macrophage and monocyte populations in the draining LNs was assessed by flow

cytometry 72 h post-intradermal injection. (a) Gating schematic to identify macrophage and monocyte

populations within LNs. (b) Cell counts of OVA-ZW-positive macrophage and monocyte populations

within LNs (n = 4, median £ 95% confidence interval). A P value of less than 0.05 was considered

significant: N.S., not significant by one-way ANOVA.
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3.4.6 Size-dependent distribution of model vaccines in lymph nodes

Since APCs actively interact with the model vaccines depending on their size, histological
analysis of LNs was performed to evaluate the spatial distribution of model vaccines. The
OVA-ZW fluorescence was associated with cells and was predominantly distributed along the
subcapsular sinus in the periphery of popliteal LNs (Figure 3.16a-b, g), which suggests that the
small antigen arrived through afferent lymphatic vessels via lymphatic drainage and was
captured by APCs along the subcapsular sinus.!%>¢ The fluorescence associated with ONP1
was detected in the cells located in both the subcapsular sinus and outer cortex areas, while the
signal from ONP2 was detected only in the outer cortex areas (Figure 3.16c—g). This result
confirms that larger vaccines (ONP2) are transported by migDCs from the skin, while smaller
vaccines (OVA-ZW and ONPI) are associated with both lymphatic drainage and cellular
mechanisms. This size-dependent distribution of model vaccines in the draining LNs further
confirms that the conjugation of the ZW fluorophore does not significantly alter the interactions
between immune cells and vaccines, and that the fluorescence signals from ZW reflect the

biodistribution of model vaccines.
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Figure 3.16. Histological analysis of vaccine uptake by APCs in the draining LNs. Uptake of the model
vaccines in APCs was assessed by histology 72 h post-intradermal injection. (a—c) Representative
fluorescence images. (d—f) Binarized images of LNs: (a,b) OVA-ZW, (c,d) ONP1, (e,f) ONP2. Dotted
lines depict capsular and subcapsular sinus (SCS) of LNs. Scale bar = 100 um. (g) Quantitative analysis of
areas positive for fluorescence in the SCS and in the cortex of LNs (n = 6, mean £ SEM.). A P value of
less than 0.05 was considered significant: *P < 0.05; **P < (0.01; ****P < (.0001; N.S., not significant by
two-way ANOVA followed by Tukey’s multiple comparison test.
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3.5 Discussion

Although most clinical vaccines are given intramuscularly, evidence suggests that intradermal

37-60 a5 the skin is enriched with immune cells and

delivery is more effective for some vaccines,
is thus considered as an attractive site for vaccine administration.®! However, this vaccination
route is not fully explored, and consequently only one clinical intradermal vaccine has been
licensed to date.’? The main modes of action proposed for trafficking intradermally
administered vaccine antigens are as follows: (1) the injected vaccine antigen is recognised and
transported by immune cells, including APCs, followed by migration from the injection site to
LNs.9364 (2) Alternatively, lymphatics in the skin are able to transport the intradermally
injected vaccine antigen into skin-draining LNs.*>*¢ Thus, the difficulty in understanding the
pharmacokinetics of vaccines is mainly attributable to the complex interactions among these
factors.

To understand the immunomodulation of cells, metabolic glycoengineering has been
applied to label DC cell membranes with chemical probes.5>-¢7 Wang et al. established a DC
labelling material that is capable of subsequent tracking of the destination and observed CD8*
T cell responses.®® This methodology provides a powerful tool to observe the destination of
APCs; however, it allows for analysis at only one time point, since it is invasive.

This study has, for the first time, successfully established a reliable platform for the
quantitative assessment of biodistribution and kinetics using NIR fluorescence imaging after
intradermal injection of model vaccines. The size of fluorescent nanoparticles was assessed by
DLS, which is a method as reliable as TEM, SEM and AFM.?® As for imaging, compared to
the conventional methodology of using radioisotopes, optical imaging represents a simple,
straightforward and reliable tool for determining the biodistribution of vaccines in real time.
The bioconjugation of NIR fluorophores with vaccine proteins can be completed within a few
hours by the NHS ester chemistry. This technology can therefore be applied for labelling a
wide range of biological molecules without specific requirements for conjugation. In addition,
the use of zwitterionic NIR fluorophores offers unique features that improve imaging
performance over the conventional visible fluorophores. First, zwitterionic NIR fluorophores
show minimal interactions with biological tissues and do not alter the vaccine’s interactions
with immune cells or other tissues. Second, since zwitterionic NIR fluorophores can achieve
an ultralow background with a high SBR, the injection dose needed to visualise conjugated

molecules in the body is significantly lower than in other conventional fluorophores. The
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conventional organic dyes within the visual wavelength tend to have high background signals
due to tissue autofluorescence and nonspecific binding, resulting in a low SBR. Third, the
chemical conjugation generally alters the physicochemical property of the bioconjugate
because of the size, charges and hydrophobicity of fluorophores, which affects its
immunogenicity, functions and biological interactions with surrounding tissues and immune
cells.72 For example, it has been well established that fluorescence tagging on antibodies

69.71 and that the surface

affects the targeting affinity of the antibodies to the specific epitope,
charge of fluorophores impacts the interactions between the labelled protein and the cells.” In
this study, the size-dependent uptake of model vaccines in migDC and cDC as demonstrated
by flow cytometry and histology was consistent with the literature, indicating that the chemical
conjugation did not affect antigen recognition of model vaccines by APCs, and that the use of
a small amount of ZW800-1C would minimise the confounding impacts of a fluorophore on
the function of the biomolecule to be conjugated.

As was shown, the NIR imaging system has great advantages for live imaging; however,
there is a limitation regarding signal detection. The detectivity of fluorescent signals is
dependent on three factors: (1) the brightness of NIR fluorophores, (2) the property of the
imaging sensor, and (3) the signal depth in tissues.

First, brightness is an essential factor of fluorophores. The efficacy of emission is
defined as QY. QY is a unique value for a fluorophore, calculated by the number of emitted
photons divided by the number of received photons by the fluorophore. ZW800-1C has 23.9%
of QY, whereas Cy5 has 30%. This indicates that Cy5 has a brighter signal than ZW800-1C
under the same excitation condition. In fact, Cy5 showed a higher SBR in LNs than ZW800-
1C at 1 h after intradermal injection (Figure 3.11). After a while, the SBR decreased because
Cy5 raised the background signal as well, resulting in a lower SBR than in ZW800-1C after 6
h. In addition, the depth of the target organ in tissue is deeply involved in the visibility of
fluorescent signals. The penetration depth of the signal from the NIR fluorophore around the
800-nm range is approximately 8 mm’® because skin reflects, absorbs and scatters both
emission and excitation light. Meanwhile, the range between 1000 nm and 1400 nm is called
the NIR-II region. This is because light in the NIR-II region has the properties of less reflection
(reflectance of 0.12 at 800 nm, 0.07 at 1300 nm), less absorption (absorption coefficient of 0.5
at 800 nm, 0.3 at 1300 nm) and less scattering (scattering coefficient of 2.6 at 800 nm, 1.2 at
1300 nm).” Together with these features, novel fluorophores in the NIR-II region are

intensively investigated for future intraoperative fluorescence imaging.”>’¢
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Second, the signal detectivity of the imaging sensor is critical to the quality of images.
The new imaging system can visualise ZW800-1C at a concentration of more than 50 nM
(Figure 3.8); however, the signal cannot be seen at a concentration of less than 50 nM.
Introducing the SBR was intended to quantify undistinguishable fluorescent signals over time,
which helped us to observe signals at less than 50 nM (Figure 3.9). In order to observe
fluorescence at a much lower concentration, we could apply a photon-counting camera.”’
Tetrault et al. demonstrated that the photon-counting camera (SPC3, Micro Photon. Devices,
Italy) improved the sensitivity and maintained the full dynamic range of exposure time
compared with a KFLARE system equipped with conventional CCD sensors.”” As such, the
photon-counting camera could be an alternative instrument for observing low signals.

Third, the spatial resolution in the z-axis of the KFLARE system was poor, since the
images were captured only from the top of the surgical field, yielding only 2D information. For
live imaging, multiple cameras could be placed over the surgical field to compose 3D images.
A Da Vinci Vision system (Intuitive Surgical, US) equipped with multiple cameras can realise
a real-time, image-guided surgery system with an endoscopic interface. Another solution is to
combine NIR imaging with another medical imaging system, such as positron emission
tomography (PET). PET has high detectivity in deep tissue; however, its spatial resolution is
very limited. By combining NIR imaging with PET imaging, visualising deeper tissue with a
clear signal could be achieved. Zhu et al. conjugated **Cu, arginine-glycine-aspartic acid and
zwitterionic fluorophores to image a tumour in a mouse model.”® Considering that the
penetration depth of positrons is over one meter, it would be possible to apply such a
fluorophore to visualise the detailed structure of deep tissue, which NIR alone could not show.
Together with these novel technologies, NIR imaging could be capable of overcoming the

current limitations.
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3.6 Summary

NIR fluorescence imaging combined with zwitterionic fluorophores represents a feasible and
reliable methodology to track the transportation of vaccines by APCs and to determine the
biodistribution and kinetics of vaccine in vivo. Such a platform would offer a powerful tool for
optimising the dose, formulation and injection route of clinical and preclinical vaccines, as well
as for investigating mechanisms of novel laser adjuvant technology. Yet, the establishment of
microscopic approaches to reveal hidden facets of photobiomodulation is desired. In particular,
finding an appropriate photoreceptor is key to achieving a deeper understanding of

photobiomodulation.
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Chapter 4

Exploring NIR photoreceptors using
density functional theory

Many studies have been reporting on photobiomodulation in the context of medicine; however,
no study so far has revealed the essential elements of NIR receptor molecules. This chapter
describes the theoretical methodology used to explore NIR photoreceptor molecule candidates

using DFT, as well as the action of the candidate molecule discovered with DFT.
4.1 Introduction

The primary goal was to reveal the molecular mechanism of the NIR laser adjuvant effect, for
which our current knowledge is limited.!* Although some have recognised the effect of
photobiomodulation as a medical effect, the consequent mechanisms of light initiated by
photoreceptors and the initiation of intracellular signalling are poorly understood, especially
the NIR region of light. For example, rhodopsin is a membrane protein family of G protein-
coupled receptors (GPCRs) that exists in retina cells and recognises light. Rhodopsin is
classified into type 1 and type 2. A recent study in 2019 discovered and specified the structure
of another type of rhodopsin called heliorhodopsin.’ Consequently, many studies have been
eager to reveal the molecular mechanisms activated by light. Furthermore, the current study
aimed to discover a photoreceptor outside of the eyeballs. Here, a theoretical methodology to
calculate an absorbance spectrum of small molecules was performed by using TDDFT to

explore the NIR laser adjuvant response.
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Hamblin et al. summarised the effects of photobiomodulation by NIR.*® These studies
focused on the generation of ATP, mitochondrial ROS and the subsequent intracellular
molecules. However, considering that the reported wavelengths were limited to between 600
nm and 1000 nm, the mechanism of LLLT is not yet fully understood. Concerning mechanisms,
it is widely recognised that the benefit of NIR laser light or LLLT is mediated by mitochondrial
signalling, including ROS.”"'® COX in the ETC in the mitochondria has been considered as the
primary source of mitochondrial ROS.!*> The mode of action of ROS generation in response to
NIR light involves the modulation of interactions between COX and gaseous monoxide,
including carbon monoxide (CO)'® and nitric oxide (NO),!” in the ETC. Both CO and NO are
able to bind to the oxygen-binding site in competition with oxygen and act as a reversible
inhibitor of COX at low concentrations, diverting oxygen into ROS formation.!>!#2% NIR light
has been shown to alter cell metabolism, as it displaces these gas molecules on histidine in
COX proteins,?! resulting in the generation of ROS and the activation of ROS-mediated
retrograde signalling via FOXOs, NF-kB, AP-1 and Myc.!>!¢ In addition, superoxide
dismutase 1 (SOD1) is also associated with mitochondrial ROS reduction.?>?* Dysfunction of
SODI leads to many diseases, including neural disorders and cancer.?*?” Thus, mitochondrial

ETC, COX and SOD1 are prime candidates for NIR photoreceptors.!®

4.2 Methodologies

First, in order to understand the DFT method, the difference between function and functional
should be clarified. A function is an equation in which the input is a variable. In contrast, the

term ‘functional’ refers to an equation in which the input itself is a function. For example,

y=f&x @

1s a function which has a variable of x. On the other hand,

b
= [ fwar @

1s called functional.
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DFT has been used in most branches of chemistry for the past 30 years.?’ The theory
states that every physical quantity or property of a system is a functional determined by the
identity of the electron density of the ground state. The basic theory of DFT is built on the

Schrédinger equation:
Hy@) = Eyp@  (3)

qH= hV2+V() 4

where

where Y (1) is the three-dimensional wave function, E is the energy, h is Plank’s constant, m
is the mass of the particle, V2 is the Laplacian operator, and V(r) is the potential energy
influencing the particle.

The problem in the Schrédinger equation is that the larger the molecular atom of interest,
the higher the dimension of the vector r representing the position of the particle. For example,

the Schrodinger equation for two electrons in a helium atom is described as:

1 1
S v 7 v 7 - _ |
V27 o oy -1y Y(ry12) = EYp(ry,rs) (6)

Equation (6) includes two different Euclidean distances, resulting in six dimensional
variables. In order to simplify the calculation applicable in large molecules, two approximation
options apply: the Hartree-Fock method and the Kohn-Sham method.?*3! The Hartree-Fock
method is the idea that the wave function (1) of an N electron system consists of an infinite
number of combinations of a matrix formula consisting of arbitrary N one-electron orbitals,

which is described by
l/)(rl,rz, rrN) = ||<,01(T1), ) (rZ)' ] (pN(rN) ” (7)

This matrix formula is called the Slater determinant.
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On the other hand, the Kohn-Sham method is based on the Hohenberg-Kohn theorems

as follows:
Theory 1. The ground state energy E is uniquely determined by an electron density p.
Y(ry, 12, .., 1Ty) = p(r) (8)
Theory 2. The ground state energy E;[p] gives a minimum value when p becomes the

true ground state p,(r) for the one-electron density p(7) normalised to the number of

electrons V.

Eglp] = Eslpo] €))
fp(r)dr =N (10)

Based on the Hohenberg-Kohn theorems and another approximation method called

Levy’s method, Equation (3) can be described as:

1
[_E Vit v (M| i) = & ps(r) (A1)

Ueff(r) = Vext (1) + Unareree () + Uy (1), (12)

where p; is the electron density at an individual orbital, &; is the energy at an individual orbital,
Ueyt (1) is the kinetic energy, Uy qrtree () is the exchange correlation energy based on classical
mechanics, also called Hartree energy, and v,..(r) is the exchange correlation energy based on
quantum mechanics. Together with the self-consistent field method,*>3? the total energy E is

described as:

-1
Elol= Y e =5 | pOWaariree@dr + Exclpl = [ pdoeedr.  (13)

i=1
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However, since there is no methodology yet to define the functionals of V,, (1) and
V.. (1), it is necessary to apply further approximation methods. The best approximation method
remains unknown; therefore, an operator must choose one out of several methods: local density
approximation (LDA), local spin density approximation (LSDA), generalised gradient
approximation (GGA), meta-GGA, hybrid-GGA, and so on. Three-parameterised Becke-Lee-
Yang-Parr (B3LYP) is also an approximation approach used to define the unveiled functionals
reported by Axel D. Becke,** and it is now the most commonly used method in DFT calculation.
B3LYP is capable of accuracy in predicting molecular structures.®> For DFT calculation, it is

important to choose an appropriate set of functionals and basis functions.

4.3 Materials and methods

TDDFT was applied to estimate the absorption spectrum of SOD1 and COX. TDDFT
calculations were carried out using the Gaussian 09W programme package.*® The three-
parameterised Becke-Lee-Yang-Parr (B3LYP) hybrid exchange-correction functional was
employed,’’3? and 6-311G** was used as a basis set.***? Solvent effects were not considered
in any of the processes.

For SOD1 analysis, a small region around a zinc ion of the SOD1 protein was extracted
from the whole SODI. The zinc ion is surrounded by histidine (His) and aspartic acid (Asp).
Since proteins are so large that a supercomputer takes months to complete one TDDFT
calculation, the extracted region was submitted for calculation instead. The structure is depicted
in Figure 4.1: 3His-Zn-Asp.

On the other hand, for COX, a specific region around a copper ion - nitric oxide - iron
ion (Cu-(NO)-Fe) binding with a porphyrin complex and histidine (His) was extracted. The
model structure is depicted in Figure 4.2: 3His-Cu-(NO)-Fe(C20N4H12)-His (structure 1). On
the basis of optimised Structure 1, the TDDFT method was applied to calculate the excited

states relevant to NIR absorption.
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Figure 4.1. Superoxide dismutase 1 (SOD1) and the small region for calculation. SOD1 is an important

protein for redox reaction. The zinc ion is surrounded by three histidine and aspheric acid.
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Figure 4.2. Cytochrome C oxidase (COX) and the small region for calculation. A copper ion, nitric
oxygen and an iron ion are weakly bonded in COX. The iron ion is surrounded by a ring-shaped structure
called porphyrin.
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4.4 Results

4.4.1 Superoxide dismutase 1

In order to dissect the molecular mechanisms of action of photobiomodulation with NIR light
beyond 1000 nm, the TDDFT computation was applied with the binding of zinc to SODI.
Table 1 shows the result of the TDDFT analysis, indicating that there is no absorption beyond
280 nm. Absorption below 300 nm is a typical phenomenon in proteins that is caused by
tryptophan and histidine (280 nm), tyrosine (275 nm) and phenylalanine (258 nm).**** These
reported absorption wavelengths all correspond well to the data in Table 1. It can be concluded

that SOD1 is not a NIR photoreceptor in biological tissue.

Table 1. Predicted absorption of the SOD1 model complex in the NIR region by the TDDFT method at the
B3LYP/6-311G** level. No absorption was indicated above 278.62 nm.

Jcate “mm | Ecac®/eV | Oscillator Strength® Configuration Coefficient
96—97 0.6421
278.62 4.45 0.0047 96—98 -0.2584
96—99 -0.1208
96—97 0.2386
96—98 0.6302
272.01 4.56 0.0135 96599 0.1598
96—100 -0.1082
96—99 -0.2531
258.11 4.80 0.0015 96100 0.6499

a: Absorption maxima
b: Corresponding transition energy calculated by TDDFT method
c¢: Oscillator strength calculated by TDDFT method
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4.4.2 Cytochrome c oxidase

The TDDFT computation was applied with the binding of NO to an COX molecule (Figure
4.3). The results indicate that, in addition to absorption peaks of the porphyrin structure below
700 nm, which are well known, there are three multispectral absorbance peaks in the NIR
range: 961, 1319 and 1372 nm (Table 2). These peaks derive from the electronic transition
from molecular orbital (MO) 203 (Highest Occupied Molecular Orbital: HOMO) to low-lying,
unoccupied orbitals (MOs 204-209). Figure 4.3(b) displays the molecular orbitals calculated
for Structure 1. While the HOMO is centred at the bent Fe—N—O bonds and has the character
of back bonding from the Fe dx. orbital to the NO n* orbital, the unoccupied orbitals do not
have the bonding interaction character between Fe and NO; MOs 204 and 205 are nearly
degenerated e(Fe dr—mpor™®) orbitals, MO 206 is centred at the porphyrin ring, and MO 207
shows the antibonding interaction between Fe and NO. Therefore, the electronic transitions
from HOMO caused by NIR light irradiation are expected to weaken the bonding between the
Fe centre and the NO ligand.

The oscillator strength corresponds with the susceptibility to light. The calculated
absorption peaks in the NIR spectrum at 961, 1319 and 1372 nm indicate that illumination with
NIR light could result in NO release in the deep thickness of exposed tissue (e.g. the surface
of the epidermis to the deepest layer of the dermis) due to its maximum depth of penetration in
biological tissue.* Together with our previous studies showing the immunomodulatory effect
of NIR light ranging from 1061 to 1301 nm,'* 1064-nm and 1270-nm lasers were chosen in
the following studies described in Chapter 5.
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Table 2. Predicted absorption of the COX model complex in the NIR region by the TDDFT method at the
B3LYP/6-311G** level.

Jcale “/mm | Ecac®/eV | Oscillator Strength® Configuration Coefficient
203—204 0.574
1372.32 0.90 0.0001 203205 0406
203—204 0.406
1318.91 0.94 0.0004 203205 0.574
203—206 -0.102
961.32 1.29 0.0002 203—207 -0.682
203—209 0.115

a: Absorption maxima
b: Corresponding transition energy calculated by TDDFT method
c¢: Oscillator strength calculated by TDDFT method
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Figure 4.3. TDDFT analysis. (a) A part of the molecular structure of cytochrome ¢ oxidase (COX, PDB:

(@) (b)

5X1F) (Structure 1). Approximately, a region in a diameter of 8 angstrom from a nitric oxide molecule
was extracted from COX. A copper ion is surrounded by three histidine, whereas nitric oxide binds to an
iron ion, which is coupled with a porphyrin structure and a histidine. (b) Calculated molecular orbitals for

complex 1 at the B3LYP/6-311G** level and the orbital diagram.
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4.5 Discussion

The TDDFT method was applied to simulate the absorption spectrum of SOD1 and COX. The
three-parameterised B3LYP hybrid exchange-correction functional’’° and the 6-311G**
basis set***? were selected. Among other functionals, such as BLYP and O3LYP, B3LYP has
been the most widely used functional for over 20 years, due to its accuracy.’>*6 6-311G** is
also a common basis set. It can calculate the basic function of hydrogen (atomic number 1) to
krypton (atomic number 36).

Many studies about photobiomodulation refer to a correlation between COX and light
below 950 nm. So far, theoretical and in vitro studies have shown that there are absorbance
peaks of copper in the putative photoreceptor COX in the NIR spectra at 620, 680, 760 and 820
nm, and biological readouts upon photobiomodulation could be the result of the significant
effects of one distinct or a combination of several wavelengths of NIR light.*’# Although it
has not yet been directly proven, NIR irradiation above 950 nm may result in NO release from
COX. Considering that the oscillator strength of COX is relatively weak at the NIR range
(Table 2), the light reaches deep into tissue, and photobiomodulation is induced in different
layers of skin tissue.

The activities of NO have several clinical benefits in the human body. Intracellular NO
acts as a signal molecule to promote cell growth and apoptosis.’® Lukacs-Kornek et al. reported
that NO mediates T cell activation and proliferation in LNs.>! NO in blood vessels shows a
relaxation of vascular endothelial cells that leads to a decrease of blood pressure.®? As a result,
cell migration of endothelial cells, DCs from blood vessels to tissue, or vice versa, is
enhanced.’>>* Further, the hypothesis that inhalation of NO gas may prevent coronavirus
infection (SARS-CoV2) has been tested in recent studies.” Currently, 102-240 patients are
planned for enrolment in a randomised Phase II clinical study at Massachusetts General
Hospital to determine the antiviral effect on NO gas (NCT04306393, NCT04305457, details
available at https:/clinicaltrials.gov).?’ Although its mechanism and clinical effectiveness
remain elusive, NO may have immunological benefits in addition to the well-known
cardiovascular effects that could be useful in practice. The homeostasis of NO could be
involved in COX activities and intervened by NIR light.

The limitation of TDDFT modelling is that it is not possible to declare the accuracy of
the calculation with B3LYP and 6-311G** regarding the absorption wavelength. Different

functionals and basis sets result in different results of absorption peak wavelengths.
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Guillaumont et al. performed both experimental spectroscopy and TDDFT calculation. The
results showed that TDDFT occasionally leads to a difference of more than 100 nm between
the actual absorbance peak wavelength and the calculated wavelength.>® Hence, the results may
also contain errors compared to the actual absorbance. In order to clarify this point, it would
be necessary to perform spectroscopy analysis using a purified COX solution under the
presence of NO. A fluorescent probe, diamino fluorescein-FM, could be useful for observing

the dissociation of NO from the COX complex in real time.>’

4.6 Summary

This chapter reported, for the first time, that COX could absorb NIR light at multiple
wavelengths — 961 nm, 1319 nm and 1378 nm — with the TDDFT method. Photobiomodulation
could increase NO release from COX, resulting in positive reactions in the human
immunological system. Although the theoretical method demonstrated the possibility that COX
may play a critical role in photobiomodulation, the actual phenomenon in live cells has yet to
be revealed. In the following chapter, in vitro studies carried out to observe intracellular
molecular dynamics are discussed, as well as the provision of a tool that enables the definition

of the best irradiance of lasers for clinical application.
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Chapter 5

Real-time intracellular signal observation
using multispectral laser gradient platform

In the previous chapter, TDDFT indicated that the COX protein absorbs NIR light at three
different wavelengths above 950 nm. In order to elucidate the photobiomodulation of immune
response induced by NIR light, the reaction of intracellular ROS and a Ca?" ion against NIR

light irradiation was investigated.

5.1 Introduction

NIR light (650—-1700 nm) has been broadly investigated for application in medical procedures
and bioimaging. Especially in LLLT, COX in the ETC in the mitochondria has drawn attention
as a photoreceptor that initiates photobiomodulation. COX is the primary source of
mitochondrial ROS generation (see Chapter 2).! NIR laser-induced ROS mediates the adjuvant
effect in skin.>* More specifically, mitochondrial ROS acts on NF-kB and stimulates IL-2
production and other pro-proliferative genes to encounter pathogens or endogenous cancer
cells.’> Recently, it has been demonstrated that defects in mitochondrial complex III cause
decreased IL-2 production because ROS regulate the calcineurin-NFAT signalling pathway.®
As such, because ROS and calcium signalling is important for mitochondrial retrograde
signalling activated upon photobiomodulation,”® a cultured T cell system was selected to
establish an imaging methodology for the current study to examine the responses of cells to

NIR light.
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The previous chapter indicated that simultaneous, multiple laser irradiations may
enhance the photobiomodulation reaction compared to a single irradiation.” To date, different
parameters of laser irradiation have been tested for LLLT reaction in many ways; however, the
best condition for laser irradiation has been poorly investigated, since the output is limited.!*
15 Furthermore, it is unrealistic to test all the different combinations of irradiance at two specific
wavelengths because of the lack of an appropriate methodology.

Here, a high-throughput, single-cell resolution imaging methodology was performed to
analyse the effects of multispectral NIR wavelengths at a range of irradiance on intracellular
signalling pathways using established fluorescence imaging in vitro. A novel optical platform
to investigate photobiomodulation in real time was established and validated with 1064-nm

and 1270-nm NIR lasers.

5.2 Materials and methods
5.2.1 Optical setup

A schematic of the optical system is described in Figure 5.1. A continuous wave (CW)
Nd:YAG laser (A = 1064 nm, Ventus, Laser Quantum, UK) and indium phosphide (InP)
semiconductor diode laser (A = 1270 nm, spectral width = 8 nm/3dB, 202-000, Veralase LLC,
USA) were used as sources of NIR light. To distribute the mode equally, these two optic paths
were unified and directed through a multimode optic fibre (Core: 200 um, NA: 0.22, Thorlabs,
USA) and 1200-nm short-pass dichroic mirrors (Thorlabs, USA). Then, the beam shape was
adjusted to a square through a square-core fibre (Core: 1000 um, NA: 0.22, Fiberguide
industries, USA) at a focal plane. The squared 1064-nm and 1270-nm laser beams were further
divided into two pathways using a dichroic mirror, followed by 2-dimensional (2D) gradation
creation through continuously variable neutral-density (ND) filters (OD: 0.04-2.00, Thorlabs,
USA). Beam shapes of the laser at a desired plane were determined by a beam profiler

(Thorlabs Beam 7.0, Thorlabs, USA).
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Figure 5.1. A schematic of the real-time, single-cell, live imaging system capable of dual near-infrared
(NIR) laser irradiation. The 1064-nm and 127-nm square laser beams were transformed into a gradient square
beam profile at a focal plane on a cell culture device. The 1064-nm and 1270-nm laser paths were divided
into two through 1200-nm short-pass dichroic mirrors (DM) to create gradient beams in irradiance, then
merged into one square beam. To minimise chromatic aberration, achromatic lenses were used as appropriate
in the optical paths. For live imaging, a mercury lamp was used for an excitation light source. The
fluorescence signal from cultured cells in the culture chamber was captured by a charge-coupled device

(CCD) camera on a fluorescence microscope.
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5.2.2 Fabrication of cell culture device for laser illumination

The design of the cell culture device is depicted in Figure 5.2 (a-b). To achieve a single-layer
cell culture of T cells with no convection at a constant temperature during laser irradiation, a
cell culture device was established using conventional soft lithography. The Si master mould
was fabricated using two layers of photoresistance. The first layer of photoresistance, SU-8 10
(Microchem, USA), for a cell culture chamber, was spin-coated at 1250-2200 rpm for 40 sec
(15-25 um). The second layer of photoresistance, SU-8 100, for temperature control, was then
spin-coated at 1100 rpm for 40 s (250 um). After development, the resultant wafer was placed
in a square dish, after which a polydimethylsiloxane (PDMS) prepolymer (a mixture of 10:1
silicon elastomer and curing agent, Sylgard 184, Dow Corning, USA) was poured into it. Then,
the square dish was cured in an oven at 70°C for 8 h. Prior to use, the device was sterilised by
ethylene oxide gas. The water flow channel was connected to a peristatic pump so that pre-
warmed water at 37°C flowed into the channel to minimise temperature change in the cultured

cells in the device, as shown in Figure 5.2 (c-d).
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Figure 5.2. The design of a cell culture chamber for laser irradiation. (a) The design of the
polydimethylsiloxane (PDMS) device. Red lines denote a water flow channel for temperature control, and
green lines show a cell culture channel. T cells were inoculated and cultured in the cell culture channel
without flow. (b) A photo of the PDMS device. Bar = 1.0 cm. (c) The PDMS device installed on the imaging
system. The photo shows the relative location of the laser beam to the chamber with the water flow channel
connected to the water circulation system. (d) Measurements of temperature of the culture chamber during

dual laser irradiation (n = 3). The temperature of the chamber was measured using an IR camera.
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5.2.3 T cell culture

All animal procedures were approved by the Massachusetts General Hospital (MGH) IACUC
(protocol number 2009N000103) and performed under the Public Health Service Policy on
Human Care of Laboratory Animals.

Eight-week-old female C57BL/6J mice (stock 000664) were purchased from Jackson
Laboratories (USA) and acclimated for at least 2 weeks at MGH. To obtain purified T cells,
the spleen was removed, individually dissociated, and passed through 70- pm and 40-um mesh
filters to obtain single-cell suspensions. Erythrocytes were then removed using erythrocyte
lysing buffer (eBioscience, USA). Splenocytes were further purified to obtain T cells using
magnetic beads (EasySep™ T cell isolation kit, STEMCELL Technologies, Canada). The
purified T cells were washed and resuspended at a concentration of 1 x 10° cells/mL and
incubated overnight in RPMI1640 (Thermo Fisher Scientific, USA) containing 10% FBS
(Thermo Fisher Scientific, USA), 100 unit/mL penicillin/streptomycin (Thermo Fisher
Scientific, USA), 0.5% 2-mercaptoethanol (Thermo Fisher Scientific, USA) and 10 mM
HEPES buffer (Thermo Fisher Scientific, USA) in a 5% CO; incubator at 37°C.

5.2.4 Laser irradiation on T cells and imaging of intracellular

calcium level and reactive oxygen species accumulation

To examine intracellular signalling pathways activated by NIR laser light, well-established
fluorophores were used to measure the levels of intracellular calcium and mitochondrial ROS.
Purified T cells were loaded with 4 uM Fluo-4 AM (Thermo Fisher Scientific, USA)!¢ and 5
uM MitoSOX Red (Thermo Fisher Scientific, USA)!” for 30 min in RPMI1640. The cells were
then washed with HBSS buffer containing 0.5% FBS and 10 mM HEPES. Resuspended cells
in 2 pL of culture medium at a concentration of 8 x 10° cells/uL were put into a cell culture
channel on the PDMS device.

The cells on the cell culture channel were irradiated with the dual-squared laser beam
for 1 min as depicted in Figure 5.2(c). The gradient irradiance of the two lasers was adjusted
to 200400 mW/cm? for 1064 nm and 50-100 mW/cm? for 1270 nm at the focal plane. The
size of the square beam was also adjustable, between 1.2 % 1.2 and 4.0 x 4.0 mm. To keep the

temperature in the system constant, a peristatic pump (Cole-Parmer, USA) was used to
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circulate water, warmed to 37°C, into the PDMS device in the water flow channel. The
temperature in the cell culture area during dual laser irradiation at an irradiance of 400 mW/cm?
for 1064 nm and 100 mW/cm? for 1270 nm was monitored using an infrared camera (FLIR
Systems, USA).

To measure the fluorescence signals, the cells in the PDMS device were illuminated
using a Xenon lamp (Nikon, Japan). The signals from Fluo-4 (Excitation/Emission: 494/516
nm) and MitoSOX Red (510/580 nm) were captured using a fluorescence microscopy system
(DIAPHOT200, Nikon, Japan). The fluorescence signal passed through a 4x objective lens
(NA = 0.13, Nikon, Japan), and cube filters were captured by a CCD digital camera

(Hamamatsu, Japan). The exposure time of the camera was set to 1000 ms.

5.2.5 Image analysis

The image analysis scheme is shown in Figure 5.3-5.4. First, captured images were processed
using a 3 x 3 Gaussian filter to reduce background noise. Second, a pixel which showed a
maximum intensity in the nearest 5 x 5 pixels (approximately 8 x 8 um) above the empirically
determined threshold was recognised as a fluorescence signal. Cells which were stably located
at the same position over time were selected for further analysis. A fold change of the
fluorescence signal intensity at a desired time point over the signal before the illumination was
calculated. The cells’ geometric coordinates were converted into irradiances using curve
fittings for the dual square beam, as shown in Figure 5.3. The analysis software programme
was developed using a programming language, Python 3.6., and OpenCV 2 (Appendix 2,
programmes are also available at https://github.com/wkatagiri/CB001).
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Figure 5.3. Measurements of the density gradient of the dual laser beam. Relative intensities of different
sizes of gradient square beams are shown. The sizes of laser beams are shown in black squares. (a)-(c) 4.0 x
4.0 mm; (d)-(f) 1.2 x 1.2 mm; (a, d) 1064-nm and (b, ¢) 1270-nm gradient beams were merged into one (c,
f). The gradients were fitted into non-linear curves: (g) 1064 nm (rn =5, mean £ SEM) and (h) 1270 nm (n =
5, mean = SEM). The curve fittings were performed using the least square method, with the degrees of the
polynomial selected by Akaike’s information criterion (AIC). Dash lines show a 95% confidence interval

(CI).
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Figure 5.4 Image analysis strategy. Fluorescence images were captured at 0, 1 and 5 min after the conclusion
of laser irradiation. First, the images were convolved with a Gaussian filter. The pixel coordinates with the
maximum intensity were defined as the location of individual cells, which were further converted into
irradiances of both 1064-nm and 1270-nm lasers using the curve fittings shown in Figure 5.3 (g-h). The
fluorescence intensity was measured in the pre-filtered images. The fold change of the fluorescence signal

at 1 min and 5 min over that before laser irradiation was calculated for each time point.
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5.2.6 Statistical analysis

One-way ANOVA followed by Tukey’s multiple comparison tests were performed for
comparisons of more than two groups using GraphPad Prism version 8. The mean + SEM was
displayed for all figures. A corrected P value of less than 0.05 in a multiple comparison test

was considered to be significant.

5.3 Results
5.3.1 Development of optical platform equipped with two distinct

wavelengths of near infrared lasers

First, a culture chamber for T cells that was amenable for laser illumination was constructed.
The device was designed using computer-aided (CAD) software (Figure 5.2(a)) and developed
by conventional photolithography and soft lithography (Figure 5.2(b)). The device is 18 x 48
mm in size and consists of two channels: a water flow channel (shown in red) and a cell culture
channel (green). The water flow channel was connected to tubes to circulate warmed water
while the laser irradiated the middle of the cell culture area, as shown in Figure 5.2(c). The
water flow channel was designed to accommodate water flow at a speed of up to 30 mL/min
through peristatic pumping. The cell culture channel was surrounded by the water flow channel
to achieve homogeneous temperature distribution over the cell culture area. To assess the
thermal transfer from the water channel to the cell culture chamber, the temperature distribution
in the cell culture area was measured in real time during laser irradiation by an IR camera
(Figure 5.2(d)). The temperature was stable, between 33—35°C, during simultaneous irradiation
at 400 mW/cm? for the 1064-nm and 100 mW/cm? for the 1270-nm laser for up to 5 min. Hence,
the effect of heat generation with laser irradiation on cultured cells in the channel was
considered negligible in the following analysis, which used lower irradiances of the NIR laser

than that used in this measurement.
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5.3.2 Dual laser beam shaping

Next, an optical system was constructed in which the system irradiated the cultured cells with
the NIR laser and performed bioimaging at the same time. Two different sizes of the square
beams were created by adjusting the positions of plano-convex and achromatic lenses between
gradient filters and the cell culture device (Figure 5.3(a-f)). The size of the square beam varied
from 1.2 x 1.2 to 4.0 x 4.0 mm. The smallest 1.2-mm square beam was adjusted to the FOV
through a 4x objective lens (NA = 0.13, Nikon Japan), whereas the largest 4.0-mm square beam
was adjusted for a 2.5 objective lens (NA = 0.075, Nikon, Japan). Although both the smallest
and largest squares could be applied for illumination sources, intracellular fluorescence signals
in T cells could not be clearly recognised by the CCD camera with a 2.5x objective lens (data
not shown). Therefore, the following experiments were conducted with the smallest 1.2-mm
square using the 4x objective lens.

Curve fittings of the irradiance gradient of 1064 nm and 1270 nm in the field are shown
in Figure 5.3 (g-h). The line profiles of irradiance were measured towards the gradient vectors
with a beam profiler. The measurement results were plotted, and the curve fittings for each
wavelength were then calculated based on the least square method. The gradient of irradiance
of 1064 nm was fitted into quartic function E'(x) (Eq. 1), whereas that of 1270 nm was fitted

into quadratic function E(y) (Eq. 2), as shown below:

E(x) = 384.3 + (0.1546)x - (7.934x107)x? + (9.238x107)x* - (3.934x10")x* (1)
E(y) = 95.82+ (2.091x107)y - (4.679%107))? (2)

The degree of each curve-fitting function was determined by AIC. The narrow 95% CI of each
curve fitting is shown in Figure 3(g-h) and suggests that the fitting strategy used was
satisfactory, and that the irradiance gradient of the two lasers was established successfully with

the optical setting.
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5.3.3 Calcium and reactive oxygen species responses upon near

infrared laser irradiation

Both intracellular calcium and mitochondrial ROS signalling play a critical role in regulating
diverse T cell functions.>*!32% Thereby, this study analysed calcium and mitochondrial ROS
responses in T cells induced by NIR laser irradiation using the platform established above.

T cells loaded with either calcium probe Fluo-4 or ROS probe MitoSOX Red in the cell
culture channel in the PDMS device were irradiated with the dual-squared laser beam at a
gradient irradiance of 200-400 mW/cm? for the 1064-nm and 50—-100 mW/cm? for the 1270-
nm laser. The fluorescence images were acquired using a fluorescence microscopy system
equipped with a CCD digital camera. A fold change of the fluorescence signal intensity at a
desired time point over the signal before the illumination was calculated for individual T cells
on the captured images. As shown in Figure 4, the geometric information of each T cell in the
imaging field was converted into an irradiance of 1064 nm and 1270 nm using the curve fitting
with a non-linear regression method.

Figure 5.5(a) shows the colour map of fold changes in fluorescence intensity at 1 and 5
min after the laser irradiation. The population of T cells were divided into 25 groups based on
the irradiance of 1064 nm and 1270 nm exposed on the cells and showed the mean fluorescence
intensity of each group. Interestingly, both calcium and mitochondrial ROS signals showed a
tendency to decrease (< 1.0) after the laser irradiation (Figure 5.5(a)). The fold changes across
combinations of lower irradiances of the 1064 nm and 1270 nm lasers were then compared
(Figure 5.5(b-e)). In these comparisons, the fluorescence signals at 1 and 5 min were compared
with those at 0 min (before the laser) to consider various factors, including photobleaching and
leakage of the fluorophore over time. Notably, there was a clear tendency for combinations of
relatively low irradiances at 250-400 mW/cm? for the 1064-nm and 55-65 mW/cm? for the
1270-nm laser to suppress calcium at 1 min (Figure 5.5(b)). In addition, the calcium signal was
significantly decreased with dual irradiation at 300 mW/cm? with the 1064-nm and 55 mW/cm?
with the 1270-nm laser compared with that of the no laser control group (P = 0.0402). The
signal returned to the control level 5 min after the laser irradiation (Figure 5.5(c)). Although
statistical analysis did not indicate any significant difference, mitochondrial ROS also
decreased with irradiances at 250-400 mW/cm? for the 1064-nm and 55-65 mW/cm? for the
1270-nm laser at 1 min (Figure 5.5(d)). The change in the ROS signal also disappeared 5 min

after the laser treatment (Figure 5.5(e)). Together, these results indicate that a specific
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combination of low-irradiance 1064-nm and 1270-nm lasers suppresses intracellular calcium

and mitochondrial ROS signals in T cells.
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Figure 5.5. The fold change of the fluorescence signals of intracellular calcium and ROS upon dual NIR
laser exposures. The fold change of the fluorescence signals at each time point over the signals before the
laser irradiation was calculated for individual T cells on the captured images. (a) Colour maps of the
fluorescence signal changes 1 and 5 min after the laser irradiation. (b-c) The fold changes of the intracellular
calcium signal at (b) 1 min (n = 30-284) and (c) 5 min (n = 20-249). (d-e) The fold changes of the ROS
signal at (d) 1 min (n=9-111) and (e) 5 min (n = 7-92). (a-¢) The results under gradient irradiances between
250-400 mW/cm? for the 1064-nm and 50-100 mW/cm? for the 1270-nm laser are shown. Results were
pooled from two independent experiments. Error bars for x and y axes denote the SEM. A P value less than
0.05 was considered significant: * P <(.05; N.S., not significant by one-way ANOVA followed by Tukey’s

multiple comparison test.
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5.4 Discussion

This study established for the first time a high-throughput imaging system at a single-cell
resolution to evaluate the responses of intracellular calcium and ROS signalling pathways in
order to determine an optimal parameter of the NIR laser for effective photobiomodulation
based on an established fluorescence imaging system in vitro. Since the effects of NIR light
are diverse and the range of the wavelength and irradiance of effective NIR light are wide,
finding an optimal parameter for a desirable biological effect is often challenging. This
platform is therefore a powerful tool for identifying the best-performing combination of NIR
wavelengths and irradiances not only for photobiomodulation but more broadly for other
applications in photomedicine, including photodynamic and photo-thermal therapy, thereby
contributing to maximising the efficacy and safety of these treatment modalities.

There are two new features in this optical platform. First, an irradiation chamber was
newly designed with a PDMS elastomer. PDMS is widely used in biomedical applications
owing to its excellent flexibility and transparency in the visible light spectrum.?! PDMS also
shows very little optical insertion loss in the NIR light spectrum, such as in 900—1100 nm and
1250-1350 nm, to the extent of less than 0.03 dB/cm?2. Therefore, PDMS can be applied for
NIR illumination with minimal loss of light intensity and heat generation. Since the
temperature during the dual laser irradiation at the large irradiance of 400 mW/cm? for the
1064-nm and 100 mW/cm? for the 1270-nm laser was measured to be constant for a prolonged
period, the effect of heat generation upon laser illumination, which might cause intracellular
ROS production?® and intracellular calcium accumulation,?* can be disregarded in the current
study. Thus, this platform allows for the determination of the photochemical effect of the NIR
laser separately from its photothermal effect, which is generated by light absorption. Second,
the system using a square beam profile allows for the simultaneous high-throughput
measurement of the photochemical effect of the multispectral laser with a wide range of
irradiance. Generally, a Gaussian beam profile is used to determine the threshold of the
monospectral laser in an in vifro setting.?>?” However, in the current study, a square gradient
beam profile was chosen as being appropriate for a dual laser in order to simplify the
experimental procedures. A square-core fibre was used to create a square beam profile because
using the fibre is easier and more affordable than the phase-gating method?® or a micromirror
device.?” Such a system is useful for studying the biological effect of NIR light in order to

reveal its mechanisms and determine the best parameters.
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Exposures to NIR light between 760—-1400 nm has been demonstrated to increase ROS
generation or accumulation in a wide variety of cells and tissues, including tumour cells,**32
keratinocytes,®! fibroblasts®® and skin tissue.’*3® ROS have been postulated to act on
mitochondrial COX in the ECT in response to NIR light exposure,?’-*¥ ultimately resulting in
photobiomodulation.”**#? These studies generally used broadband light, which renders the

interpretation of the impact of such light on the biological system difficult. Since theoretical®*!

and in vitro studies***

showed that there are absorbance peaks of copper in the putative COX
photoreceptor in the NIR spectra at 620, 680, 760 and 820 nm, biological readouts upon
photobiomodulation could be the result of significant effects of one distinct or a combination
of several wavelengths of NIR light. In order to further understand the mechanism of action of
photobiomodulation, it is desirable to establish a reproducible tool to examine the effect of
individual or a combination of parameters of NIR light on physiological functions. In addition,
as a wide range of irradiance of NIR light (1 mW-5 W/cm?) has been reported to promote

7,8,39,40,44

photobiomodulation, whereas over-dosed photoirradiation has been reported to

downregulate the signalling pathways, %3943

such a tool should be able to examine a reasonably
wide range of parameters simultaneously to identify a causal NIR laser parameter. In response
to this, the reported system was designed to have the capability of evaluating a combination of
multiple wavelengths and a wide range of irradiance simultaneously.

ROS generation in response to NIR light has been demonstrated to involve modulation
of the binding of gaseous monoxides, including NO and CO, to COX subunit I, between copper
and iron.*** In the series of studies, NIR light was shown to alter cell metabolism, as it
displaces CO or NO gas molecules on histidine in the COX protein,>® resulting in the generation
of ROS led by photobiomodulation.!*! While most of these studies employed visible and NIR
light below 950 nm,*-2-3% some recent studies have indicated the modulatory effect of NIR
light beyond 1000 nm on COX. Wang et al. demonstrated that brief exposure of the skin of
human subjects with 1064-nm NIR light at an irradiance of 250 mW/cm? induced the
upregulation of COX and haemoglobin oxygenation.>® In contrast, Sanderson et al. showed
that COX activity was strongly suppressed by dual irradiation with 750-nm and 950-nm
lasers.>® The previous chapter showed that three NIR wavelengths beyond 950 nm could
possibly modulate the binding of NO to COX using a TDDFT calculation. The study further
demonstrated that a combination of 1064-nm and 1270-nm lasers suppressed mitochondrial
retrograde signalling, including intracellular calcium and ROS (Figure 5.5). These results
suggest that NIR light beyond 1000 nm is able to act on COX, ultimately modulating ROS

generation in mitochondrial ETC. This is consistent with our previous study showing that a
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1064-nm NIR laser induced ROS generation in skin cells.* Furthermore, Schroeder et al.
similarly demonstrated that broadband NIR light (760-1440 nm) induced mitochondria-
derived ROS generation and the subsequent increase in redox potential in cultured human
dermal fibroblasts.?* Thus, the current study collectively suggests that NIR light beyond 1000
nm demonstrates photobiomodulation via mitochondrial retrograde signalling.

ROS are known to regulate the differentiation and effector functions of T cells. High
environmental ROS favour the development of T helper (Tu) 2 cells with increased IL-2 and
IL-4 production, skewing towards a Tr2-skewed immune response.®’>® In contrast, low ROS
promote Tul and Tu17 cell differentiation, and the use of antioxidants increases the production
of interferon (IFN)-y, which is a proinflammatory cytokine active in both innate and adaptive
immune response, skewing the immune response to a Tul phenotype.’’>%% As such, this
system can be useful for discovery research to identify a laser parameter modulating T cell
function for therapeutic purposes. For example, with this system, a laser parameter to
potentially ameliorate autoimmune inflammation in multiple sclerosis (MS) could be identified.
MS is a neurodegenerative disorder characterised by the infiltration of autoreactive CD4 T cells
against myelin in the central nervous system (CNS).%! Since the autoreactive T cells are known
to secrete high levels of Tul and Tul7 cytokines, and because the administration of pro-
oxidants prevents the production of these inflammatory cytokines, as high environmental levels
of ROS promote the development of Tr2 cells,’”*? a parameter of NIR light to modulate ROS
in T cells may reduce the severity of MS. In fact, a recent report showed that the modulation
of the Nrf2-mediated antioxidant pathway in T cells prevents CD4 T cell infiltration into the
CNS, thereby ameliorating autoimmune inflammation,? suggesting that this approach, simple
irradiation by an NIR laser, would have a clinical impact. Further work is warranted to
determine if this system could be broadly used to discover such a combination parameter of

the NIR laser.
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5.5 Summary

This chapter demonstrated an optical platform that allows for real-time, single-cell live imaging
of the intracellular signalling induced with multiple doses of two wavelengths of NIR laser
light simultaneously in vitro. Armed with this system, it was revealed that a 1-min exposure of
cultured T cells with a specific combination of 1064-nm and 1270-nm NIR lasers at low
irradiances suppressed intracellular calcium and mitochondrial ROS signals. These results
indicate that a parameter of NIR light beyond 1000 nm promotes photobiomodulation. This
novel system would be not only useful for further mechanistic studies of photobiomodulation
but also constitutes a powerful tool for investigating optical and biological responses in

photomedicine.
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Discussion: Future application

6.1 Laser adjuvant followed by vaccination

This study developed two optical systems for observing the behaviour of immune cells induced
by NIR laser light, revealing the effect of light on biological immunity. The NIR fluorescence
imaging system visualised the behaviour of vaccine molecules. In addition to the intradermally
administrated vaccine that was presented in this paper, it is also possible to visualise
intramuscularly injected vaccines. Most of the vaccines used in clinic today are intramuscularly
administrated; however, its mechanism has yet to be revealed, owing to the lack of a proper
tool to observe the dynamics of immune cells.! It is highly expected that the novel system can
resolve these mysteries.

The dual laser irradiation system clarified the immediate reaction of intracellular
molecules in response to NIR laser irradiation. The uniqueness of the system is that two lasers
at different wavelengths are simultaneously irradiated on mouse-derived T cells. The beam
shapes were adjusted to be focused and square at the focal point. Gradients were given for these
irradiances in order to determine the best combination of irradiances to induce
photobiomodulation. As a result, 300 mW/cm? of the 1064-nm and 50 mW/cm? of the 1270-
nm laser generated a notable reduction of intracellular ROS and calcium ion accumulation.
This system can be readily deployed with other wavelengths, cell types and intracellular
molecules, and is expected to provide a platform for clarifying the biological effects of NIR

light.
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The adjuvant effect of NIR light as a potential intradermal influenza vaccine was
discovered in 2013.% Kashiwagi et al. demonstrated that brief exposure of the skin to a NIR
CW laser followed by influenza HIN1 vaccination prompted the acquisition of protective
immunity against the viral infection. Interestingly, they also demonstrated that the same energy
of a PW laser at the same wavelength does not have the same outcome as the CW laser,
indicating the complexity of photobiomodulation. They also determined that the migration of
DCs is attributable to the laser adjuvant effect*; however, there is limited understanding of the
relationship between the dynamics of vaccines, such as speed, amount and destination, and the
efficacy of vaccines. This thesis demonstrated a cell-tracking method for identifying the
destination of vaccine molecules in real time, noninvasively.’ The advantage of the NIR
fluorophore is its depth of penetration, which can visualise vaccines regardless of how it is
administrated: intravenously, intradermally or intramuscularly. Such an optical platform
contributes to revealing the mechanisms and dynamics of the immune response induced by the
NIR laser.

Kimizuka et al. developed a handheld NIR laser device with a small semiconductor
laser diode that has allowed its use by medical experts in examination rooms or operation
rooms.’ The small laser device also demonstrated the same adjuvant effect as previously
reported.’ The user-friendly device could contribute to improving the safety and efficacy of
vaccination.>*7® Furthermore, Kimizuka et al. also showed that the different wavelengths and
irradiances of NIR laser light act as an adjuvant. These findings indicate the difficulty of
finding the best condition of laser irradiation: wavelength, irradiance and laser duration time.
To address this problem, the optical system could be used.” The platform may contribute to

changing the medical practice with regard to mass immunisation.

6.2 T cell activation by near infrared laser

T cells play exceptionally important roles in the immune system against fatal diseases such as
infections, auto immune diseases or cancers.!%!? The proposed system could also be used to
identify a laser parameter to augment anti-tumour response. It is well established that T cells
play a critical role in anti-tumour immunity. Cancer is known to produce high amounts of ROS,
which suppress the immune function of T cells. Consistently, cellular antioxidant levels have
been demonstrated to be critical for the anti-tumour function of T cells in the

immunosuppressive tumour microenvironment. A recent study has shown that central memory
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T cells with higher cytosolic glutathione, surface thiol and intracellular antioxidant levels
survive longer in tumours and control tumour growth better than effector memory T cells with
less antioxidant levels, and that treatment with antioxidants improved the function of tumour-
infiltrating T lymphocytes (TILs), leading to the prolonged survival of patients receiving these
treated TILs.!?

The clinical outcomes of novel cancer immunotherapies, such as anti-PD-1, PD-L1 and
CTLA-4 antibody therapy,'* are highly dependent on the condition of the tumour
microenvironment.!>~!8 It has been demonstrated that the PD-1 signal in T cells downregulates
anti-tumour immunity by suppressing mitochondrial activities.!® Mitochondrial activities and
ROS generation are key functions used to synergise tumour regression by PD-1, PD-L1,
CTLA-4 blockade.?*?! Therefore, to date, many studies have focused on regulating dysfunction
in mitochondrial metabolism and seeking to establish a new cancer therapeutic method.?>%3
Considering that simultaneous dual NIR laser irradiation suppresses the expression of ROS and
Ca?", which are representatives of cellular metabolism, it is possible to hypothesise that the
exposure of tumours to NIR laser light could stimulate antitumor activities in TILs.

In addition to the antibody administration cancer therapy, cellular therapies are also
attracting attention.'* Currently, chimeric antigen receptor (CAR) T cell therapy for B cell
lymphoma has been approved by the FDA.?* Patient-derived T cell genes are modified to
express a protein called CAR and to recognise and attack specific antigens expressed on the
surface of cancer cells. The T cells that are able to produce CAR are called CAR-T cells. CAR-
T cell therapy treats refractory cancer by administrating CAR-T cells to patients.?>2® To
achieve a clinical outcome, efficient and timely T cell expansion is required for the culturing
process of CAR-T cells.?’ It is known that the expansion of activated T cells is regulated by
nitric oxygen in LNs or secondary lymphoid organs.?® Considering that the NIR laser may
unbound NO from COX, it may also be possible to breed NO, which is stored in COX to T cell
cytosol that leads to T cell proliferation ex vivo®. In addition, the adaptive transfer of T cells in
which lower mitochondrial membrane potential has shown long-term survival and antitumor
immunity.?® Although CAR-T cell therapy is only applicable for hematologic tumours at
present, laser-armed T cells could target solid tumours in this way.?

In short, the optical platform reported by current studies has great potential to resolve
the mystery of immune reactions. The platform is highly anticipated to elucidate further

mechanisms of photobiomodulation via the physical effect of NIR light on the system.
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B. Software program for T cell analysis

import numpy as np
import cv2
from tqdm import tqdm

def FindCenter(img_gauss, img_raw, threshold, kernel):

array =[]

for x in range(kernel, img_gauss.shape[0]-kernel):

for y in range(kernel, img_gauss.shape[1]-kernel):
if threshold <= img_gauss[x, y] <4095 and img_gauss[x, y] == np.max(img_gauss[X -
kernel:x + kernel, y - kernel:y + kernel]):
array.append([x, y, img_raw[x, y]])
return array

def FindSameCell(array Omin, array 1min, pixel):

array =[]

adjust = 1.0

array 0 = array_Omin

array 1 =array lmin

len 0= array 0.shape[0]

len_1 =array_1.shape[0]

for x_0 in tqdm(range(0, len_0)):

for x_1 in range(0, len_1):
ifarray 1[x 1, 0] - 1 * pixel <= array 0[x_0, 0] <= array 1[x 1, 0] + 1 * pixel and
array_1[x_1, 1]- 1 * pixel <= array O[x 0, 1] <= array_1[x_1, 1]+ 1 * pixel:
if 0.7 <array 1[x 1, 2] * adjust / array O[x 0, 2] < 1.3:
array.append([array O[x 0, 0], array_O[x_0, 1], array_1[x 1, 2] * adjust / array 0[x 0,

21D

array = np.array(array)

return array

def ConvertPixel(array):
new_array = []

### For High

BO_1064 = 384.3

Bl 1064 =0.1546
B2_1064 = -0.0007934
B3_1064 = 9.238%10%*-7
B4 1064 = -3.934*10**-10

B0 _1270=95.82

B1_1270 = 0.02091
B2_1270 = -4.679%10%*-5
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for 1 in range(len(array)):
x = 1250 * array[i][1]/742
new_x =B0 1064 + B1 1064 * x + B2 1064 * x**2 + B3 1064 * x**3 + B4 1064 * x**4
y = 1250 * array[i][0]/742
new_y=DB0 1270+ B1 1270 * y + B2 1270 * y**2
new_array.append([new_x, new_y, array[i][2]])
return new_array

def DataSort(array, threshold):
global Al x, Al y, A2 x, A2 y,A3 x,A3 y, A4 x, A4 y, A5 x, A5 y,Bl x,BIl y, B2 x,
B2 y,B3 x,B3 y,B4 y,B5 x,B5 y,Cl x,Cl y,C2 x,C2 y,C3 x,C4 y,C5 x,C5 y, DI x,
D1 y,D2 x,D2 y,D3 x,D4 y,D5 x,D5 y,El1 x,El1 y,E2 x,E2 y,E3 x,E4 y,E5 x,E5 y
array_sorted =[]
length = len(array)
for x in range(0, length):
Al=A2=A3=A4=A5=A6=B1=B2=B3=B4=B5=B6=C1=C2=C3=C4=C5=
C6=D1=D2=D3=D4=D5=D6=E1=E2=E3=E4=E5=E6=F1=F2=F3=F4=F5=F6
=0
Al x=A1 y=A2 x=A2 y=A3 x=A3 y=A4 x=A4 y=A5 x=A5 y=B1 x=Bl y
=B2 x=B2 y=B3 x=B3 y=B4 x=B4 y=B5 x=B5 y=Cl x=Cl y=C2 x=C2 y=
C3 x=C3 y=C4 x=C4 y=C5 x=C5 y=DI1 x=D1 y=D2 x=D2 y=D3 x=D3 y=
D4 x=D4 y=D5 x=D5 y=El x=FE1 y=E2 x=E2 y=E3 x=E3 y=E4 x=E4 y=ES x
=E5 y=0
if array[x][0] == array[x-1][0] and array[x][1] == array[x-1][1]:
continue
else:
if array[x][2] < threshold:
if 250 + 30.0 * 4 < array[x][0] <250 + 30.0 * 5 and 100 - 10 * 1 <= array[x][1] <100 - 10 *

Al = array[x][2]
Al x =array[x][0]
Al y=array[x][1]
elif 250 + 30.0 * 4 <= array[x][0] <250 + 30.0 * 5 and 100 - 10 * 2 <= array[x][1] < 100 -
10 * 1:
A2 = array[x][2]
A2 x =array[x][0]
A2 y=array[x][1]
elif 250 + 30.0 * 4 <= array[x][0] <250 + 30.0 * 5 and 100 - 10 * 3 <= array[x][1] < 100 -
10 * 2:
A3 = array[x][2]
A3 x =array[x][0]
A3 y=array[x][1]
elif 250 + 30.0 * 4 <= array[x][0] <250 + 30.0 * 5 and 100 - 10 * 4 <= array[x][1] < 100 -
10 * 3:
A4 = array[x][2]
A4 x =array[x][0]
A4 y=array[x][1]
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elif 250 + 30.0 * 4 <= array[x][0] < 250 + 30.0 * 5 and 100 - 10 * 5 <= array[x][1] < 100 -

AS = array[x][2]
A5 x =array[x][0]
A5 y=array[x][1]
elif 250 + 30.0 * 3 < array[x][0] <250 + 30.0 * 4 and 100 - 10 * 1 <= array[x][1] < 100 - 10

B1 = array[x][2]
B1 x =array[x][0]
B1 y=array[x][1]
elif 250 + 30.0 * 3 <= array[x][0] <250 + 30.0 * 4 and 100 - 10 * 2 <= array[x][1] < 100 -

B2 = array[x][2]
B2 x = array[x][0]
B2 y=array[x][1]
elif 250 + 30.0 * 3 <= array[x][0] <250 + 30.0 * 4 and 100 - 10 * 3 <= array[x][1] < 100 -

B3 = array[x][2]
B3 x = array[x][0]
B3 y=array[x][1]
elif 250 + 30.0 * 3 <= array[x][0] <250 + 30.0 * 4 and 100 - 10 * 4 <= array[x][1] < 100 -

B4 = array[x][2]
B4 x = array[x][0]
B4 y=array[x][1]
elif 250 + 30.0 * 3 <= array[x][0] <250 + 30.0 * 4 and 100 - 10 * 5 <= array[x][1] < 100 -

B5 = array[x][2]
B5 x =array[x][0]
B5 y=array[x][1]
elif 250 + 30.0 * 2 < array[x][0] <250 + 30.0 * 3 and 100 - 10 * 1 <= array[x][1] < 100 - 10

C1 = array[x][2]
Cl _x = array[x][0]
Cl y=array[x][1]
elif 250 + 30.0 * 2 <= array[x][0] <250 + 30.0 * 3 and 100 - 10 * 2 <= array[x][1] < 100 -

C2 = array[x][2]
C2 x = array[x][0]
C2 y=array[x][1]
elif 250 + 30.0 * 2 <= array[x][0] <250 + 30.0 * 3 and 100 - 10 * 3 <= array[x][1] < 100 -

C3 = array[x][2]
C3 x = array[x][0]
C3 y=array[x][1]
elif 250 + 30.0 * 2 <= array[x][0] <250 + 30.0 * 3 and 100 - 10 * 4 <= array[x][1] < 100 -

C4 = array[x][2]
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C4 x = array[x][0]
C4 y = array[x][1]
elif 250 + 30.0 * 2 <= array[x][0] <250 + 30.0 * 3 and 100 - 10 * 5 <= array[x][1] < 100 -

C5 = array[x][2]
C5_x = array[x][0]
C5_y =array[x][1]
elif 250 +30.0 * 1 < array[x][0] <250 + 30.0 * 2 and 100 - 10 * 1 <= array[x][1] < 100 - 10

D1 = array[x][2]
D1 _x = array[x][0]
D1 y=array[x][1]
elif 250 + 30.0 * 1 <= array[x][0] <250 + 30.0 * 2 and 100 - 10 * 2 <= array[x][1] < 100 -

D2 = array[x][2]
D2 x = array[x][0]
D2 y = array[x][1]
elif 250 + 30.0 * 1 <= array[x][0] <250 + 30.0 * 2 and 100 - 10 * 3 <= array[x][1] < 100 -

D3 = array[x][2]
D3 x = array[x][0]
D3 y=array[x][1]
elif 250 + 30.0 * 1 <= array[x][0] <250 + 30.0 * 2 and 100 - 10 * 4 <= array[x][1] < 100 -

D4 = array[x][2]
D4 x = array[x][0]
D4 y = array[x][1]
elif 250 + 30.0 * 1 <= array[x][0] <250 + 30.0 * 2 and 100 - 10 * 5 <= array[x][1] < 100 -

D5 = array[x][2]
D5 _x = array[x][0]
D5y = array[x][1]
elif 250 + 30.0 * 0 < array[x][0] <250 + 30.0 * 1 and 100 - 10 * 1 <= array[x][1] < 100 - 10

El = array[x][2]
El x = array[x][0]
El y=array[x][1]
elif 250 + 30.0 * 0 <= array[x][0] <250 + 30.0 * 1 and 100 - 10 * 2 <= array[x][1] < 100 -

E2 = array[x][2]
E2 x = array[x][0]
E2 y=array[x][1]
elif 250 + 30.0 * 0 <= array[x][0] <250 + 30.0 * 1 and 100 - 10 * 3 <= array[x][1] < 100 -

E3 = array[x][2]

E3 x = array[x][0]
E3 y=array[x][1]
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elif 250 +30.0 * 0 <= array[x][0] < 250 + 30.0 * 1 and 100 - 10 * 4 <= array[x][1] < 100 -

10 * 3:
E4 = array[x][2]
E4 x = array[x][0]
E4 y=array[x][1]
elif 250 + 30.0 * 0 <= array[x][0] <250 + 30.0 * 1 and 100 - 10 * 5 <= array[x][1] < 100 -
10 * 4:

ES = array[x][2]
E5 x = array[x][0]
E5 y=array[x][1]
else:
print(‘error')
array_sorted.append([A3 x, A3 y, A3,B3 x,B3 y,B3,C3 x,C3 vy, C3,D3 x, D3 y, D3,
E3 x,E3 y, E3, A4 x, A4 y,A4,B4 x,B4 y,B4,C4 x,C4 y,C4,D4 x,D4 y,D4,E4 x,E4 y,
E4, A5 x, A5 y, A5,B5 x,B5 y, B5,C5 x,C5 y,C5,D5 x,D5 y, DS, E5 x, E5 y, ES])

return array_sorted
ExpNumber = 1

threshold 1 =433
threshold 2 =990
threshold 3 = 4095

#identification to import images

# T cell images are saved such as "FITC 1001.tif"

# Here you choose combination of two images that you are interested as 0 min and a certain
timepoint.

Image number Omin = 1001
Image number 1 =1002
Treat No=2

ID ="High'

Minute = 1

allowed pixel = 1

#"FITC" as Fluo-4 AM, "Red" as MitoSOX Red
Color = str('FITC")

for i in tqdm(range(1001, 1033)):
img = cv2.imread("FITC " + str(i) + ".tif", cv2.IMREAD UNCHANGED)
img_Gauss = cv2.GaussianBlur(img,(3,3),0)
ret, img_bin = cv2.threshold(img_Gauss, threshold 1, 4095, cv2.THRESH BINARY)

array = FindCenter(img_Gauss, img, threshold 1, 2)
np.savetxt('Result No' +str(ExpNumber)+' FITC '+ str(i) + '.csv', array, delimiter=",', fmt="%s")
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for 1 in tqdm(range(1001, 1033)):
img = cv2.imread("RED " + str(i) + ".tif", cv2.IMREAD UNCHANGED)

img_Gauss = cv2.GaussianBlur(img,(3,3),0)

ret, img_bin = cv2.threshold(img_Gauss, threshold 2, 4095, cv2.THRESH BINARY)

array = FindCenter(img_Gauss, img, threshold 2, 2)

np.savetxt('Result No' +str(ExpNumber)+' RED '+ str(i) + '.csv', array, delimiter=",', fmt="%s")

for i in tqdm(range(2001, 2033)):
img = cv2.imread("FITC " +str(i)+ ".tif", cv2.IMREAD UNCHANGED)

img_Gauss = cv2.GaussianBlur(img,(3,3),0)

ret, img_bin = cv2.threshold(img_Gauss, threshold 1, 4095, cv2.THRESH BINARY)

array = FindCenter(img_Gauss, img, threshold 1, 2)

np.savetxt('Result No' +str(ExpNumber)+' FITC '+ str(i) + ".csv', array, delimiter=",', fmt="%s")

for 1 in tqdm(range(2001, 2033)):
img = cv2.imread("RED_" +str(i)+ ".tif"", cv2.IMREAD UNCHANGED)

img_Gauss = cv2.GaussianBlur(img,(3,3),0)

ret, img_bin = cv2.threshold(img_Gauss, threshold 2, 4095, cv2.THRESH BINARY)

array = FindCenter(img_Gauss, img, threshold 2, 2)

np.savetxt('Result No' + str(ExpNumber) +' RED '+ str(i) + ".csv', array, delimiter=",", fmt="%s")

img_Omin = open('Result No' +str(ExpNumber)+' '+ Color +' ' +str(Image number Omin)+".csv',
')

img Omin = np.loadtxt(img_ Omin, delimiter=",")

img_1 = open('Result No' +str(ExpNumber)+' '+ Color +' ' +str(Image number 1)+ ".csv','r")
img_1 =np.loadtxt(img_1, delimiter=",")

no_laser img Omin = open('Result No' +str(ExpNumber)+' '+ Color +' '
+str(Image_number Omin+1000)+ ".csv', 1)

no_laser img Omin = np.loadtxt(no_laser img Omin, delimiter=",")
no_laser img 1 = open('Result No' +str(ExpNumber)+' '+ Color +"' '
+str(Image number 1+1000)+ ".csv', 'r')

no_laser img 1 =np.loadtxt(no_laser img_ 1, delimiter=",")

Array =[]
Array = FindSameCell(img_Omin, img_1, allowed _pixel)

Array no laser | = FindSameCell(no laser img Omin, no_laser img_1, allowed pixel)

Array = ConvertPixel(Array)
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np.savetxt('Analysis_Result No' + str(ExpNumber) +' '+ Color +' '+ str(ID) +' No'+
str(Treat No) +' '+ str(Minute) + 'min_Array_test.csv', Array, delimiter=",', fmt="%s")

Array no_laser 2 =]
for x in range(0, len(Array _no_laser 1)):
if Array no_laser 1[x-1][0] != Array no laser 1[x][0] and Array no laser 1[x-1][1]!=
Array no_laser 1[x][1]:
Array no_laser 2.append([Array no laser 1[x][0], Array no laser 1[x][1],
Array no_laser 1[x][2]])

Array sorted = DataSort(Array, threshold 3)

Array_sorted.insert(0, ['Al', 'A2', 'A3", 'A4', 'AS5", 'A6', 'B1', 'B2', 'B3', 'B4', 'BS', 'B6¢', 'C1', 'C2', 'C3',
'C4','C5','Ce', 'D1', 'D2', 'D3', 'D4', 'D5', 'D6', 'E1', 'E2', 'E3', 'E4", 'ES', 'E6', 'F1', 'F2', 'F3', 'F4', 'F5',
'F6', 'No Laser'])

np.savetxt('Analysis_Result No' + str(ExpNumber) +' '+ Color +' '+ str(ID) +' No'+
str(Treat No) +' '+ str(Minute) + 'min.csv', Array_sorted, delimiter=",', fmt="%s")
np.savetxt('Analysis_Result No' + str(ExpNumber) +' '+ Color +' '+ str(ID) +' No' +
str(Treat No) +' '+ str(Minute) + 'min_No_Laser.csv', Array no_laser 2, delimiter=",', fmt="%s")
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