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Abstract of the Dissertation
Combination Therapy to Enhance Cancer Treatment
by
Yiping Guo

Doctor of Philosophy, Quantitative and Systems Biology
University of California, Merced, 2020

Ph.D. Advisor: Professor Changqing Li

Cancer is the second leading cause of death worldwide. Surgery, chemotherapy,
radiotherapy, and photodynamic therapy are widely used treatment modalities for cancer.
However, the toxicities of cancer treatments and the tendency to induce drug resistance
cause limitations to combat this disease with mono-therapeutic approaches. To address this
issue, combination therapy, a treatment modality that combines more than one therapeutics,
has been introduced to improve the current treatments based on a synergistic outcome. This
approach can potentially reduce serious side effects, while providing the enhancement to
therapeutic efficacy. In this dissertation, I performed different modules of combinatorial
cancer therapy methods to verify the enhancement of anti-tumor efficacy both in vitro and
in vivo. Chapter 1 provided the introductory research background as well as current
challenges in cancer therapeutic methods. In Chapter 2, I present the study that
photodynamic therapy efficacy was excited by the Cerenkov Radiation from Cesium-137
irradiator. In Chapter 3, I outlined the findings of multiple anti-cancer agents: camptothecin
derivative and curcuminoids assembled into nanoparticles, and these nanoparticles exhibit
better tumor targeting and eliminate the severe side effects caused by camptothecin
derivatives. In Chapter 4, I applied a combination of the chemotherapy anti-cancer agents
with photodynamic therapy to achieve the enhancement of anti-tumor efficacy both in vitro
and in vivo. And finally, in Chapter 5, I concluded that the combination therapy compared
to the monotherapy will achieve better anti-tumor performance. Altogether, our data
showed that compared to the monotherapy, the combination therapy will achieve better
anti-cancer performance. These results provide new opportunities to develop better cancer
therapy methods.

xiil



CHAPTER 1

INTRODUCTION OF COMBINATION THERAPY FOR
CANCER

1.1 Introduction

Cancer is the second leading cause of death in the United States, exceeded only by heart
diseases. One of every four deaths in the United States is due to cancer. As an extremely
fatal disease, about 1 in every 6 deaths is due to cancer. [1] Despite the increasing cancer
mortality, new types of anti-cancer agents contribute very little to make improvement
mainly caused by the financial burden for designing those agents. The development of
new types of anti-cancer agents in laboratories is expensive. The initial process required a
huge amount of pre-clinical experimental studies, and the subsequent clinical trials before
getting the approval from FDA. [2,3] So, it is important to explore more efficient
approaches to utilize the traditional anti-cancer methods in order to design enhanced forms
of therapeutics which are also feasible in economics. [4] Another long-term challenge for
cancer therapy is drug resistance. Multiple regulatory cell signaling pathways have been
found defectively to compromise their treatment efficacy during the process of tumor
generation including cell cycle arrest, apoptosis, or migration. Such cellular heterogeneity
in cancer cells might cause limitations to combat this disease with mono-therapeutic
approaches [5]. In aim to address this issue, the combination therapy with the ability to
suppress more than one pathway has reported improving the current treatments based on a
synergistic therapeutic outcome [6,7,8]. The combination therapy strategy has already been
utilized in the clinic, known as drug cocktail therapy. Studies have found that multi-
pronged assault to tumors through administering a cocktail of different anti-cancer agents
could achieve synergistic anti-tumor efficacy, improve tumor targeting selectivity, deter
the drug resistance, and minimize the severe side effects compared to the respective mono-
therapeutics. [9,10]

1.2 Origin of Cancer Cells

As tissues in the process to grow and renew themselves, each individual cell must adjust
its behavior to surroundings as the needs of the organism as a whole. The cells have to
divide to the type of cells that are needed, maintain their specialized characters, and occupy
the proper places. And cells must ingest nutrient fuels such as carbohydrates, lipids, and
amnio acids from the surroundings to generate energy. In large organisms, occasional cell
misbehaves, and random mutations cause no significant harm. But potentially changes of
the environment or the lack of nutrition supply will cause cells suffer genetic alteration that



that behave in the same way of manners. With such dysfunctional behaviors, cells can
disrupt the organization of the tissue, and eventually expand to whole body system. [11]

A tumor is cancerous only if its cells have the ability to invade surrounding tissue, in this
case, the tumor is said to be malignant. Malignant tumor cells with invasive property can
enter the bloodstream or lymphatic vessels, where they will form the secondary tumors at
other sites in the body. Environmental changes like irradiation, hypoxia and inflammation
are the factors to induce cancer cell formation. Epidemiology research reveals other factors
that increase the risk of cancer. Obesity, smoking, drinking and exposure of sun rays might
also raise the incidence of several cancers. [11] Although environmental factors affect the
incidence of cancer and are critical for some forms of the disease, it would be wrong to
conclude that they are the only cause of cancers. No matter how hard we try to prevent
cancer by healthy living, we might never be able to eradicate this disease. To devise
effective treatments, we need to derive a deep understanding of the biology of cancer cells
and the mechanisms that underlie the growth and spread of tumors. [12]

1.3 Types of Cancer Treatment

Surgery, radiation, chemotherapy and photodynamic therapy are well established cancer
treatments, but many new approaches have also been pursued in recent studies. Sometime,
with loss of a normal response to DNA damage, the distinct feature that makes the cancer
cell harmful and dangerous can also make it vulnerable, enabling researchers and doctors
find out a way to kill it with targeted cancer treatments. For example, some types of breast
cancers owe their genetic instability to the lack of a protein (namely Brcal or Brca2)
needed for accurate repair of double-strand breaks (DSBs) in DNA. The cancer cells
survive by relying on alternative types of DNA repair mechanisms. Drugs that inhibit one
of these alternative DNA repair mechanisms kill the cancer cells by raising their genetic
instability, leading to chromosome fragmentation. Normal cells, however, with validate
double-strand break repair mechanism, are unaffected at this point. [13] Another set of
strategies aims to use the human immune system to kill the tumor cells, taking advantage
of tumor-specific surface molecules to target the attack. Antibodies that recognize these
tumor-specific molecules can be produced in vitro and injected into patients to target the
tumor cells for destruction. Other antibodies, aimed at the immune cells, can promote the
elimination of cancer cells by neutralizing the inhibitory cell-surface molecules. [14]

The task is made more challenging because the mutations arise randomly, every case of
cancer is likely to have its own unique combination of genes mutated. Even within an
individual patient, tumor cells do not all contain the same genetic lesions. Thus, no single
treatment is likely to work in every patient, or even for every cancer cell within the same
patient. [15]



1.4 Combination Therapy for Cancer

Combination therapy was first reported in 1965 by Emil Frei, James F. Holland and Emil
J. Freireich for the proposed research using combination chemotherapy for acute leukemia
[16]. Pediatric patients who diagnosed with acute lymphocytic leukemia were treated with
the combination of methotrexate, 6-mercaptopurine, vincristine and prednisone (formally
known as the POMP regimen) and was proven successful in reducing tumor growth and
prolonging remission of prostate cancer [16]. As the consequence, research in cancer
therapy became focused on exploring and designing combination therapies that target
different pathways to create a synergistic effect. In addition, researchers have found that
combination displayed selective toxicity and a reduction in tumor growth rate in vitro and
in vivo on pancreatic ductal adenocarcinoma [17,18]. Thus, using a combination of
compounds that target different pathways, a synergistic or potentiation effect could yield
remarkable anti-cancer outcomes.

The combination of more than one therapeutic treatment to specifically target cancer-
inducing or cell-sustaining pathways is a cornerstone of cancer therapy [19]. Although the
mono-therapy approach is still a very common treatment modality for many cases of cancer,
this conventional method is less effective in many ways than the combination therapy
approach does [20]. Conventional mono-therapeutic techniques with non-selective targets
ultimately lead to the destruction of the whole-body system, including healthy cells.
Chemotherapy can be very cytotoxic to the patient with multiple severe side effects and
can also weaken their immune system by affecting bone marrow’s ability and increasing
vulnerability [17, 18]. Although combination therapy can be cytotoxic as one of the
chemical agents used for chemotherapy, the toxicity is reduced because of different
pathways targeted. And because combination therapy works in a synergistic manner, and
therefore administration dosage of each drug required would be low. Additionally,
combination therapy may be able to reduce side effects on normal cells while
simultaneously producing cytotoxic effects on cancer cells. [19, 20].

Another therapeutic approach that has gained publicity in cancer research is repositioning
of current drugs. It is a therapeutic approach where current pharmaceutical agents primarily
used for non-cancerous diseases are now being used for cancer treatment [21]. This
approach is efficient because the aimed drugs have already passed drug safety protocols
and have known pharmacokinetic profiles [22]. One such example would be acetazolamide,
(AZ), a pan-carbonic anhydrase inhibitor. AZ is typically used for the treatment of
glaucoma and altitude sickness but has now been proposed for the treatment of cancer [23,
24]. Researchers discovered that cancer cells display high carbonic anhydrase activity,
which correlates with malignant behavior. And therefore, inhibiting this activity would
create anti-cancer effects. Repositioning drugs would be also useful when traditional anti-
cancer monotherapy has failed to provide a safe and painless treatment for cancer patients
[25]. In this way, repositioning and reusing of drugs have provided cancer research with
new opportunities with efficiency and efficacy, while also reducing the financial burden
associated with drug design and discovery.



1.5 Pathways Involved in Tumor Growth and Targeted Cancer
Therapies

In this section, some important cellular pathways in cancer will be discussed. These
pathways involved in the tumor growth and sustainment include hypoxia, antioxidant
response, and apoptosis. Because of the strong implication in cancer research, the studies
in Chapter 3 and Chapter 4 will further illustrate their roles in tumor growth and cancer
therapies.

1.5.1 Hypoxia Pathways

Cancer cells have many properties that are different from normal cells, and one of those
important properties is their abnormal growing microenvironment due to the vascular
abnormalities. This abnormal growth of pattern consequently results in large gaps of
diffusion in between blood vessels and veins [26, 27]. Lacking oxygenated blood supply,
the tumor will then create strong hypoxic conditions favoring toward the initiation of
cancer cells. The lack of oxygen inhibits tumor differentiation and allows the maintenance
of cancer stem cells [28]. Additionally, hypoxic conditions will drive cancer cells toward
anaerobic glycolysis, instead of oxidative phosphorylation, which consequently leads to
lactic acid accumulation and results in a lower extracellular pH level in the tumor
microenvironment [29]. During hypoxia, hypoxic inducible factor-1 (HIF-lalpha)
translocate into the nucleus, where it dimerizes with HIF-1beta and leads to the expression
of genes that are involved in angiogenesis, epithelial-mesenchymal transition, and cellular
survival. One of the most important genes activated by HIF1alpha is carbonic anhydrase
(CA) [30]. CAs help tumorous cells adapt to hypoxic stress by converting reversible
reactions of carbon dioxide to a proton and bicarbonate and thereby provide alkali to the
acidic conditions of the cancerous microenvironment [30, 31].

1.5.2 Antioxidant Response Pathways

Under extreme oxidative stress, cells have developed a pathway to adapt to the stress
through an antioxidant response, namely the Nrf2-Keapl pathway. Once the interaction
occurs, Nrf2 was ubiquitinated, targeting it for proteasomal degradation [32, 33]. However,
under extreme oxidative stress, either due to the accumulation of carcinogens or the
generation of reactive oxygen species (ROS), Nrf2 will then be localized in the cell nucleus
to elicit anti-oxidative responses. Nrf2 is also involved in the regulation of drug metabolism,
cyto-protection, proliferation, apoptosis, growth, and differentiation. Once Nrf2
translocated to the cell nucleus, Nrf2 will recruit other transcriptional machinery, such as
CREB binding protein (CBP), coactivator-associated arginine methyltransferase (CARM1)
and protein arginine methyltransferase (PRMT1), leading to transactivation [34]. The
elevated levels of Nrf2 have shown enhanced growth potential within the cancer cells and
increased drug resistance, thus, it is potential that therapeutic agents that turn down Nrf2



expression would expose cancer cells to intrinsic oxidative stress, leading to induction of
programmed cell death.

1.5.3 Apoptosis Pathways

Apoptosis is a specific process that leads to programmed cell death through the activation
of intracellular pathways leading to pathogenetic cellular changes which are distinct from
cellular necrosis. [35] Cell Apoptosis is involved in the general development of normal
tissues. This type of programmed cell death is distinctly different from necrosis, for which
involved cellular mechanisms and cell morphology are not the same. The morphologic
appearance changes include cell membrane shrinkage, cytoplasm blebbing, the
condensation of chromatin and disorder of cell organelles. The mechanism of cell death
can characterize through the DNA double strands damage with failure of mitosis and
endogenous apoptotic mechanism to induce the programmed death. During tumor growth,
inhibition of apoptotic death is complemented by the activation of protective and pro-
survival response mechanisms for cancer cell development. Thus, new therapeutic agents
based on compounds that are designed to target apoptotic and cell cycle pathways became
very challenging and appealing. [36]
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CHAPTER 2

PHOTODYNAMIC THERAPY EXCITED BY CERENKOV
RADIATION

2.1 Introduction

Cancer is the second leading cause of death in the United States, exceeded only by heart
diseases. One of every four deaths in the United States is due to cancer. [1,2] As such, more
efforts have been made to improve cancer diagnosis and therapy methods in recent decades.
Specifically, chemotherapy and radiotherapy are the primary therapeutic approaches that
have been used to treat cancers. However, their drawbacks and side-effects are well-known,
including but not limited to extreme pain and discomfort reflected on patients, especially
for senior patients. [3,4]

Founded by R. L. Lipson and S. Schwart from Mayo Clinic in 1960s, Photodynamic
Therapy (PDT) has become a cancer treatment approach by illuminating dye agents, called
photosensitizers, to kill cancer cells. [5,6] The basic principle of PDT is that the excited
photosensitizer reacts with oxygen to generate reactive oxygen species (ROS) which are
cytotoxic.[7,8] Compared to other therapeutic methods, The photosensitizer is nontoxic
until it is excited and the excitation can be selectively delivered to cancerous targets only.
Therefore, the side-effects of PDT to normal tissues can be fully controlled and minimized.

[9]

A problem with conventional PDT is that the absorption and strong scattering of optical
photons from tissues make it difficult to deliver optical photons to deep targets with a
typical photon penetration depth of several millimeters, [10,11] which limits the
applications of PDT to superficial lesions such as skin cancers or lesions reachable by a
light guide. [12,13] Studies have shown that PDT has been applied to treat superficial
lesions such as neck cancer, early stage oral cancers, and nasopharyngeal carcinoma. [9]
However, to date, there are no reports of applications for deep cancers. To overcome these
limitations, high energy photons with high penetration power were introduced to deliver
energy for PDT treatment. [13]

Cerenkov radiation is produced when a charged particle travels in a medium with a velocity
faster than the speed of light in that medium.[14] Inside tissues,  particles can generate
Cerenkov radiation when their energy is larger than 250 keV. [15,16] High energy x-rays
or y-rays can induce highly energetic secondary electrons that can result in Cerenkov
radiation for PDT. [17] The high-energy radiation can penetrate deep tissues and deliver
the Cerenkov radiation photons to tumors deep inside body. Thus, there are substantial
advantages for Cherenkov radiation induced PDT in treating deep tumors. Recent studies



have reported the application of Cerenkov radiation activated PDT using energy mediator
titanium dioxide. [ 18] However, the efficiency of the treatment could be limited due to the
administration process. We hypothesized that high energy y-rays can result in sufficient
Cerenkov radiation as the light source for deep tumor target PDT without nanoparticles as
energy mediators. Considering that there are plenty of high energy x-ray photons in
radiotherapy to induce Cerenkov radiations in tissues and that there are many
photosensitizers for clinical applications, we believe the hypothesized approach can be a
good complementary cancer therapy for enhancing the efficacy of radiotherapy.

2.2 Methods and Materials

2.2.1 Photosensitizer and Cell Line

The photosensitizer, MPPa (C34H36N4O3, molecular mass 548.7 gram per mole, 95% purity,
Sigma-Aldrich Co. LLC.), was used in this study (Fig. 1). MPPa was first dissolved in
acetone (1 mM) and then filtered by 0.2 um polytetrafluoroethylene syringe filter (Alltech
Association Inc., Deerfield, IL). The filtered MPPa was then stored in a dark refrigerator
at -20°C. All the following in vitro photodynamic therapy experiments were performed on
A549 human lung carcinoma cells (Sigma-Aldrich Co. LLC). The cancer cells were
cultured using fresh Ham’s F12 nutrient mixture medium (L0136, Biowest) supplemented
with 100U/mL penicillin and 10% (v/v) Fetal Bovine Serum (FBS, GIBCO) in 5% COx.
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Figure 1. A549 human lung carcinoma cells and photosensitizer: Methyl pyropheophorbide-a
(MPPa)



2.2.2 Cesium (Cs)-137 Irradiator Excited PDT

A 2008 manufactured J.L. Shepherd and Associates Mark [-68 A 4000Ci Cs-137 irradiator
is located at UC Merced Department of Animal Research Service facility as shown in Fig.
2A. The Cs-137 source emits y-rays with an energy peak of 662 keV. Fig. 2.1 B indicates
the three irradiation positions (1, 2, and 3). From the irradiation position and exposure time
of samples, we can calculate the radiation dose.

Figure 2. 1. J.L. Shepherd and Associates Mark I-68A 4000Ci Cs-137 irradiator and each irradiator
drive shaft position.

2.2.3 Laser Excited PDT

In this study, to validate the efficacy of the photosensitizer, MPPa, we used a pigtailed
diode laser (BWF-OEM-650, B&W Tek, 650 nm) with a laser power of 150 mW. As shown
in Fig. 2.2 the laser beam was expanded to cover the major part of a cell culture plate with
a measured photon density of 4.6£0.05 mW/cm?.

A549 cells (2.5 x 103 cells per well) were seeded in the wells of each plate. The pre-treated
drug solution (1 mM/ ml) was firstly 1:100 diluted. The mixture was then 100%, 50%, 25%
and 10% v/v added to cell suspension and the different concentrations of photosensitizer
assessment now reads at 10, 5, 2.5, 1 and 0 uM. After rinsing with PBS and fresh F12
medium, the experimental group of plates were irradiated for 7, 15 and 30 minutes
respectively. The control group of plates was incubated in dark conditions.
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Figure 2. 2 Pigtailed diode laser (BWF-OEM-650, B&W Tek, 650 nm) with a laser power of 150 mW

2.2.4 Cs-137 Irradiator Dose Calibration

A dose rate for each position was first established by measuring the accumulated dose and
dividing by the irradiator exposure time then creating a simple linear function to fit our
data. The exposure times were ensured to be consistent since the built-in irradiator timer
was used (where 1.00 corresponds to 60 secs exposure time). Next, Gafchromic EBT3
films were calibrated with a procedure where the net optical density (NOD) was determined
for different doses (determined using the dose rate function). For all films, scanning was
performed 3 times each to average the pixel values and reduce noise effects. All film
analysis was performed in MATLAB (R2016b, MathWorks) with our own in-house
algorithm. Once NOD was determined, the data was plotted as a dose (Gray unit [Gy])
versus NOD plot and the data was fit with a two-term exponential function of the following
form:
f(x)=axexp(bxxHcxexp(dXx)

Similar equations were generated for Positions 1 and 2 and then from the equations, the
isodose curves can be generated.

2.2.5 High Energy Photons Generated from Cs-137 Irradiator

For this study, a water-based (5% agar) phantom was irradiated under Cs-137(662 keV vy-
radiation). Black tape was used as a background test which means no photon penetration.
A two-meter fiber bundle was used to capture the potential photons outcomes with one end
inside of models and another side connected to spectrograph and EMCCD camera. The
whole systems were kept in black box and photon data was real-time recorded and
displayed in the oscilloscope.
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Figure 2. 3 Cs-137 Irradiator with spectrograph and display system

2.2.6 Cell Viability Assay

Photo colorimetric determination of cytotoxicity was assessed using CCK-8 dye (Dojindo
Laboratories, Tokyo, Japan) to evaluate cell viability. [19,20] After PDT experiments, cells
were incubated in dark for 24 hours and then were washed with PBS buffer. 10% (v/v)
CCK-8 assay were added to each well. Then we incubated cells for another 4 hours at 37°C.
Finally, the Microplate Reader was used to record optical density (OD) of each well. Using
the equation: (OD¢yyerimental = ODplank)’ (ODcontror = ODpjank), We can calculate the cell
viability in each well. Then photosensitizers with concentrations of 10 uM, 5 uM, 2.5 uM,
1.0 uM, and 0 uM were added to each column from left to right. The rightmost column,
only filled with F-12 medium without cells, was used as background reference (ODyj, ).
For each column, we averaged the measurements from the Microplate Reader (Model
number, company) from four wells with a standard deviation.
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Eight 96-well plates were divided into four experimental and one control groups,
respectively. A549 cells (2.5 x 10? cells per well) were seeded on the plate wells. Then as
shown in Fig 2.4, cells in all plates were administered to different concentrations of
photosensitizer (0, 1, 2.5, 5, 10 uM). After rinsing with PBS and fresh F12 medium, the
four experimental plates were irradiated by the Cs-137 irradiator for 30, 15, 7 and 3 minutes,
respectively. Accordingly, the corresponding plates in the control group were placed inside
the irradiator for the same times with the radiation source off. Thus, the no radiation group
indicates the effects from background light. Cs-137 irradiator delivers y-rays with an
energy peak of 662 keV which is far beyond the threshold of Cerenkov radiation. When
using transparent cell plates, the photons could possibly result from plastic scintillation.
However, the photons from plastic scintillation inside the black colored plates were
absorbed by the black plates thus the plastic scintillation effects on PDT were removed.
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Figure2. 4 MPPa Administration. A549 cells were loaded with different concentrations of
photosensitizer. (10, 5, 2.5, 1 and 0 pM)

2.3 Results

2.3.1 Cs-137 Irradiator Dose calibration and Delivered Dose

The resulting isodose curves for each drive shaft position are shown below in Fig. 2.5 A.
The cell culture plate was placed at position 3 of the irradiator floor and was stationary
during irradiation. Using the generated isodose curve for position 3, the dose rate at the
corresponding position is approximately 3.90 Gy/min. With the NOD versus dose function,
we created isodose curves for each of the three irradiator drive shaft positions (Fig. 2.5 B).
Exposure times for positions 1, 2, and 3 were set to 75s, 90s, and 120s respectively. The
Dose (Gy) versus NOD plot for position 3 where a two-term exponential function is fit to
our data points is shown in Fig 1B. The resulting exponential function for this position is
given by the following
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(R?=0.9999, RMSE = 0.03339)

Dose (Gy) = 1.594 * exp(2.901 * NOD) — 1.619 * exp ((—0.9637) = NOD)

L e I e " . Is
g s T LR ¥ .
) &
i I .12 1

11 [T

10 5

) a5

B | Ba

i s
" - -

|

Figure2.5 A

+  Dose (Gy) ws. MNetOD
Exponential Fit

MNetOD
Figure 2.5 B

Figure 2. 5 A. Isodose curves for each irradiator drive shaft position. (a) Position 1, (b) Position 2,
and (c) Position 3. The color bars are given in units of Gray units [Gy]. B: Plot of NetOD versus Dose
(Gy) at Position 3. A two-term exponential function was fit to the data points.

After the irradiator dose calibration, we can calculate the irradiation dose for each position
in the irradiation chamber. For the position 3, the corresponding radiation dose with
exposure times of 3, 7, 15, and 30 minutes were calculated to be 5.85, 13.65, 29.25 and
58.5 Gy, respectively, as shown in Table 1.
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Table 1. Dose Delivered from Cs-137 exposure.

Exposure Time (mins)

Dose Delivered (Gy)

30 58.5
15 29.25
7 13.65
3 5.85

2.3.2 Cerenkov Radiation Generated from Cs-137 Irradiator

Due to the extremely small number of Cerenkov optical photons, we could not measure the
emission spectra with the EMCCD camera. We have observed lots of photons with PMT
and oscilloscope. The measured photon pulses are plotted in Fig. 2.6 for the measurement
time of 60 seconds. The vertical axis indicates the PMT output voltages, whose values
indicate the photon numbers. The horizontal axis indicates the relative measurement time.
The rightmost plot with lower output voltages indicates ignorable background photons
when the irradiator is off. The voltage jump at time of -25 seconds indicates the power on

status.
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Figure 2. 6 Measuring optical photons from water phantom with Photomultiplier tube (PMT) and
oscilloscope.

2.3.3 Cerenkov Radiation Excited PDT In Vitro

Figure 2.7 A shows the cell viability in black cell culture plates with irradiation by the Cs-
137 irradiator for 30 min and without irradiation. From left to right, each column of the
black cell culture plates was treated with different concentrations of the photosensitizer.
Compared with the results without irradiation (black triangles), the cell tends to lose its
viability with higher MPPa concentration which indicates for Cerenkov radiation induced
PDT, the photosensitizer concentration is the main factor. Fig. 2.7 B shows the stained
cancer cell organelles. The imaging of the top row represented endoplasmic reticulum (ER)
and the bottom row was another subcellular fraction: Mitochondria. Left column in red is
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the MPPa image; the middle column in green is the organelle image; the right column is
the merged of two images. The cancer cell imaging results of the stained cell organelles,
which indicates that MPPa targets both ER and mitochondria as indicated by the color of
yellow on the right.
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Figure 2. 7 A: The Cs-137 irradiator excited PDT using different concentrations of photosensitizer.
B: Stained images showed Organelle staining and imaging for ER (top row) and Mitochondria
(bottom row). Left column is MPPa image; middle column is the organelle image; right column is
merged.

The cell viability after all plates were irradiated by either the Cs-137 irradiator or laser with
different irradiation times using 2.5 uM of MPPa are shown in Fig. 2.8 where the laser
treated group was on the left column. We can see that the cell viability is above 85% with
the maximum 30 min radiation time. The right column indicates the cell viability when the
cells were treated with the high-energy photons. These columns plot the results of
Cerenkov radiation excited PDT with different radiation times thus different radiation
doses. For the group irradiated for 30 min, we see that the cell viability is 57% as indicated
by the rightmost column. The results showed that the efficiency of Cerenkov radiation
activated PDT group was higher than optical photon activated PDT group. It confirmed
that the Cerenkov radiation induced PDT can achieve excellent therapeutic efficacy.
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Figure 2. 8 Cell viability (%) of A549 cells after treated by 2.5 pM MPPa photosensitizer and
irradiated by the Cs-137 irradiator and laser beam. p < 0.05.

2.4 Conclusion

In our studies, we found it was possible that the second-generation photosensitizer,
Pyropheophorbide-a methyl ester (MPPa), can be directly excited by high energy y-rays
through Cerenkov radiation without being bundled to any nanoparticles. Our preliminary
finding suggests that high energy excited PDT can expand the applications of PDT to the
deep tumors inside of the human body due to the greater penetration power of the high-
energy photons. No nanoparticles are needed in our approach, which will make the
proposed approach more feasible for future clinical applications because there are no
nanoparticle toxicity issues. To validate this significant finding, in this work, we used a
Cs-137 irradiator as PDT excited light sources to excite MPPa administered to cultured
lung cancer cells. Our results have indicated that the high energy excited PDT could treat
deep cancer alone or can be used as a complementary treatment option with the
radiotherapy, in which the high-energy photons excite the photosensitizer to reduce the
radiotherapy time for less side-effects from radiation.
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CHAPTER 3

COMBINATION OF PHARMACEUTICAL AGENTS FOR
BETTER TARGETED CANCER THERAPY

3.1 Introduction

Irinotecan, a camptothecin derivative, is approved for treatment of pancreatic and other
cancers. This S-phase—specific chemotherapeutic agent inhibits topoisomerase I action by
binding to topoisomerase-DNA complexes, preventing DNA relegation, causing DNA-
strand breaks, and leading to cell death. Due to the lone pairs, the nitrogen- containing
camptothecin derivatives are industrially protonated by forming salts with relevant
medicinal acids to further improve their water solubility and minimize the toxicity (Fig.
1b). However, one common problem for all the derivatives of camptothecin is that they
undergo pH-dependent lactone hydrolysis to get pharmacologically inactive carboxylate
forms which show little topoisomerase inhibitory activity [1,2]. Besides, these
camptothecin derivatives also cause many side effects, such as the vascular discomfort due
to the low pH value (pH 3.5) of their commercial injections and the severely life-
threatening diarrhea [3].

Curcuminoids (Fig. 1c) are linear diarylheptanoids extracted from Curcuma longa. They
exhibit many pharmacological effects and have been reported to attenuate cell resistance
[4,5], ameliorate gastro- intestinal toxicity [6], protect heart tissue [7] and also possess anti-
tumor activities [8,9]. However, the applications of curcuminoids are heavily limited due
to their extremely poor water solubility.

So far, no nano formulations based on these two molecular species have been reported. For
the first time, we propose a strategy for the construction of easy manufactured drug self-
delivery systems based on molecular structures, which can be used for the co-delivery of
curcuminoids and all the nitrogen-containing derivatives of camptothecin for better
targeted cancer therapy via charge conversion. The formation mechanism investigation
demonstrates that the two molecular species can self-assemble into complex ion pairs in
polar organic solvents through intermolecular non-covalent interactions, resulting in a
uniform distribution with certain molar ratios before being penetrated into anti-solvents to
form nanoparticles. As shown in Scheme 1, these nanoparticles show stabilized particle
sizes (100 nm) under various conditions and tunable surface charges which increase from
around —10mV in a normal physiological condition (pH 7.4) to +40 mV under acidic tumor
environments. The water solubility of curcuminoids is dramatically improved and the
lactone hydrolysis of camptothecin derivatives is also restricted to keep their
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pharmacologically active forms. Besides, the formulation with a pH value close to that of
normal blood would reduce the side effects caused to blood vessels and improve the patient
compliance compared to commercial injections of camptothecin derivatives (pH 3.5). More
importantly, in vivo mice experiments have confirmed that, compared to irinotecan itself,
the co-delivered irinotecan curcumin nanoparticles exhibited dramatically enhanced lung
and gallbladder targeting, improved macrophage-clearance escape and better colorectal
cancer treatment with an eradication of life-threatening diarrhea, which brings great hope
for better targeted chemotherapy and clinical translation. The strategy of construction of
drug self-delivery systems based on molecular structures may inspire more discoveries of
similar formulations for wider pharmaceutical applications.

3.2 Methods and Materials

3.2.1 Chemical Reagents

Irinotecan hydrochloride, topotecan hydrochloride, curcumin, poloxamer 105, mannitol,
glucose, paraformaldehyde and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich and used as received. Wortmannin, cytochalasin D, genistein and methyl-f-
cyclodextrin were purchased from Meilun Biotechnology Co. Ltd (Dalian, China).
Chlorpromazine was obtained from Selleck Chemicals (China). Phosphate buffered saline
(PBS, pH = 7.4) was prepared in the lab and ultrapure water was produced using a Milli-Q
integral water purification system.

3.2.2 Cells and Animal Models

HT-29 colorectal adenocarcinoma cells were obtained from Boster Biological Technology
Co. Ltd (Hubei, China). Male BALB/c nude mice, aged 5 weeks (18-22 g, SPF grade),
were purchased from Dashuo experimental animals Co., Ltd. (Chengdu, China). All animal
experiments were conducted under the guidelines approved by the Institutional Animal
Care and Use Committee (IACUC) of Chengdu University of Traditional Chinese
Medicine.

3.3.3 In Vivo Therapeutic Efficacy

HT-29 cell suspension (2 x 10° cells per 200 uL) were subcutaneously injected into the
flank of male BALB/c mice. When tumor volume reached around 100 mm3, the HT-29
tumor bearing nude mice were randomly divided into three groups (four or five mice for
each group) and were intravenously injected with PBS, irinotecan hydro- chloride (27.5
mg/kg/mouse) or SICN (equivalent irinotecan 27.5 mg/ kg/mouse) every other day for
consecutive 20 days. Tumor volume was measured every third day and calculated
according to the formula: Tumor volume = length x width?/2. Mice were weighted every
three days and the severity of diarrhea was scored according to the following standards
[10]: O (normal, normal stool or absent); 1 (slightly wet and soft stool); 2 (moderate, wet
and unformed stool with moderate peri- anal staining of the coat); and 3 (severe, watery
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stool with severe perianal staining of the coat). Mice were sacrificed after 5 days of
medication discontinuation. Tumors were excised, weighted and photographed. The
excised tissues (heart, liver, spleen, lung, kidney, brain and tumor) were fixed in 4%
paraformaldehyde to prepare paraffin sections. Hematoxylin/eosin (H&E) staining was
used for histological analysis.

3.3.4 Ex Vivo biodistribution

Mice with subcutaneous tumors of around 100 mm?® were intravenously injected with
irinotecan hydrochloride or SICN (equivalent irinotecan 27.5 mg/kg/mouse). Fluorescence
based visual distribution of drugs and their average signal on excised tissues were obtained
on a FUSION FX7 live animal imaging system.

3.4 Results

3.4.1 Nanoparticle Morphology

The morphologies of evaporated SICN nanoparticles and their lyophilized powder with
mannitol were characterized by SEM. For the evaporated SICN, spherical particles with
smooth surfaces are displayed in Fig. 3.1 A and their sizes are similar to those in suspension
(around 100 nm). he apparent appearance of SICN and curcumin in water is shown in Fig.
3.1B Compared to pure curcumin in water, the water solubility of curcumin is markedly
improved by forming nanoparticles with irinotecan hydrochloride.
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200 nm

Figure 3.1 Morphologies of nanoparticles. (a) Particle sizes of ICN increase from about 70 nm to 100
nm in PBS (b) Apparent appearance of SICN and curcumin in water exhibits the dramatically
improved water solubility of curcumin by forming nanoparticles with irinotecan hydrochloride

3.4.2 Nanoparticle Formation Mechanism

Camptothecin is a natural hydrophobic alkaloid with multiple conjugated aromatic rings
and rigid planar structure (Fig. 3.2), allowing it to sustain the DN A/topoisomerase complex
and to subsequently result in cell death. Due to the lone pairs, the nitrogen- containing
camptothecin derivatives are industrially protonated by forming salts with relevant
medicinal acids to further improve their water solubility and to minimize the toxicity. The
extremely poor water-solubility of curcumin and camptothecin (the parent compound of
irinotecan), the relatively exposed hydrogen atoms and the rigid planar structures (Fig. 3.1)
of both molecules with multiple conjugated aromatic rings provide the possibility of
hydrophobic inter- actions, hydrogen bonding and =m-m stacking between these two
molecules, respectively.
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3D planar structure of camptothecin 3D planar structure of curcumin

Figure 3. 2 Three-dimensional grid planar structures and sizes of camptothecin and curcumin

3.4.3 In Vitro Cytotoxicity and Cellular Uptake

The in vitro cytotoxicity and fluorescence-based cellular uptake efficiency of SICN
nanoparticles under various environmental pH values were explored on HT-29 cells. As
shown in Fig. 3.3, the half maximal inhibitory concentration (IC50) of irinotecan
hydrochloride on cells under normal environment (pH 7.4) is 15.25 uM. The IC50 of SICN
nanoparticles on cells with environmental pH of 7.8, 7.4 and 6.5 are 0.278 mg/mL, 0.112
mg/mL and 0.019 mg/Ml, equaling to 7.720 uM, 3.112 uM and 0.537 uM of irinotecan
hydrochloride, respectively. Significant difference between groups at every dosage level is
obtained (p < 0.001). Compared to the free irinotecan hydrochloride, the in vitro
cytotoxicity of SICN is significantly improved by forming nanoparticles. Besides, the
acidic environments could result in greater in vitro cytotoxicity of SICN on HT- 29 cells
than the alkaline condition because of the conversional positive surface charges of
nanoparticles under tumor environments and the negative surface charges under normal
physiological conditions.

The fluorescence-based cellular uptake of SICN nanoparticles under different
environmental pH values are shown in Fig. 3.4. The blank group, namely cells under
normal conditions without SICN nanoparticles, shows no fluorescence. For SICN groups,
cells under acidic environments exhibit significantly stronger fluorescence than those in
alkaline conditions (p < 0.001), demonstrating the higher uptake efficiency of SICN under
tumor environments.
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Figure 3. 3 MTT assay of irinotecan hydrochloride and SICN nanoparticles by changing
environmental pH values on HT-29 cell line IC50: Half maximal inhibitory concentration; SICN:
surfactant stabilized irinotecan hydrochloride curcumin nanoparticles; ***, p <0.001; ****, p <
0.0001.)
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Figure 3. 4 Fluorescence based distribution and uptake of SICN nanoparticles under different
environmental pHs. (a) Blank group, namely cells under normal condition without adding SICN
nanoparticles, shows no fluorescence. For groups adding SICN nanoparticles, cells under acidic

environment (pH 6.5) shows stronger fluorescence than those under alkaline environments (pH 7.4
and pH 7.8), demonstrating the higher uptake of SICN under acidic environments; (b) The
significant difference between groups with different environmental pH values. Data represent the
mean = SD. (***, p <0.001; ****, p <0.0001)

3.4.4 Plasma Concentration

The plasma concentration-time profiles of free irinotecan hydrochloride and SICN
nanoparticles are shown in Fig. 3.5. The plasma concentration for irinotecan hydrochloride
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group decreases by around 80% after 2 h while the concentration for SICN group still keeps
at about 50% in plasma. Mice receiving a single injection of SICN nanoparticles achieve
an obvious improvement in plasma concentration and exposure compared to free irinotecan.
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Figure 3. 5 Calibration curves with a regression equation for quantification of irinotecan (a) and
plasma concentration-time profile of SICN nanoparticles after a single i.v. administration in nude
mice compared to irinotecan hydrochloride.

3.4.5 In vivo Therapeutic efficacy

The anti-tumor effect of SICN nanoparticles was invested on HT-29 subcutaneous
xenograft nude mice. The experimental strategy is illustrated in Fig. 3.6 a. Compared to
the PBS group, the average tumor volumes of mice in medication groups are effectively
controlled and significant difference occurs on day 9 (around a week post first
administration, Fig. 3.6 b). The regression of tumor volume in the medication groups
occurs on day 15 (around two weeks post first administration). The medication groups also
show significant differences in tumor weight (Fig. 3.6 d) and the photography of excised
tumors is shown in Fig. 3.6 e. No statistical difference between the two medication groups
occurs during the whole experiment. These results confirm that the SICN nanoparticles are
as equally effective in colorectal cancer treatment as free irinotecan hydrochloride and the
tumor regression effect of SICN is caused by irinotecan instead of curcumin. This should
be attributed to the significant difference in half maximal inhibitory concentration of the
two molecules. Curcumin can be generally regarded as a biosafe molecule at the dose level.

No significant loss of body weight was observed in all the mice during the whole
experiment, indicating the negligible side effects of the SICN nanoparticles for tumor
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therapy at the employed dose (Fig.3.6 f). Besides, the H&E staining images of tumors and
major organs (heart, liver, spleen, lung, kidney and brain) from HT-29 tumor-bearing mice
treated with PBS, free irinotecan or SICN are shown in Fig. 3.6 g. Except for the glandular
cavities, the H&E staining of colon cancer sections from the PBS group shows intact tumor
cell structure. Cells exhibit distinct nuclei with a nearly spherical thin cytoplasmic region.
H&E-stained sections of colon cancer from medication groups have distinct damage of
tumor cell nuclei and distorted membranes sur- rounding necrotic tissues. However,
compared to the PBS treated group, neither noticeable organ damage nor inflammation
lesion can be observed in the medication groups, indicating the negligible organ
dysfunction after being treated with SICN nanoparticles or irinotecan. All these results
demonstrate that the SICN nanoparticles exhibit high biosafety for cancer treatment
presenting no significant side effects to the treated mice.

As shown in Fig. 3.6 h, significant delayed diarrhea in the mice treated with free irinotecan
occurs on day 10 (10 days post first administration, p < 0.01) while no obvious diarrhea is
observed in PBS or SICN treated group during the whole experiment, demonstrating the
presence of curcumin in the nano formulation could protect the intestine and ameliorate the
gut toxicity by alleviating diarrhea in mice. This can be due to whether the protective
effects of curcumin molecule [11] or the formulation changes of irinotecan with the help
of curcumin.
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Figure 3. 6 Anticancer efficacies of SICN on HT-29 subcutaneous xenograft nude mice. (a) A
schematic diagram of the experimental design of anticancer efficacy; (b) Tumor volume (b), tumor
growth rate (c), tumor weight (d) and tumor images (e) from mice treated with PBS, I or SICN; (f)

Negligible changes of Body weight; (g) H&E staining images of excised tumors and major organs
(magnification of 400x). (h) Delayed diarrhea degree of mice (significant difference between SICN
and I treated groups, no statistical difference between SICN and PBS treated groups) Surfactant
stabilized Irinotecan hydrochloride and Curcumin Nanoparticles. Significance of differences between
groups are analyzed using 2way ANOVA. * p <0.05, ** P <0.01, *** P <0.001, **** P <(.0001.
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3.4.6 Ex Vivo Biodistribution

The ex vivo biodistribution investigation was carried out according to Fig. 3.7 a. The
normalized fluorescence spectra of irinotecan hydro- chloride in water containing 50% of
DMSO (Fig. 3.7 b) and SICN in PBS (Fig. 3.7 ¢) show that irinotecan in both forms display
similar fluorescence behavior with an excitation maximum at around 370 nm and an
emission maximum at about 430 nm. The fluorescence based biodistribution of irinotecan
hydrochloride and SICN on excised tissues are shown in Fig. 3.7 d and e, respectively.
Except for the high accumulation of irinotecan hydrochloride in tumors (Fig. 3.7 d), a
relatively higher biodistribution in the liver can also be observed. Their relatively average
signals are 27% and 37%, respectively (Fig. 3.7 f. Compared to irinotecan hydrochloride,
a visually higher accumulation of SICN in tumor is observed and its relatively average
signal figures prominently (36% in Fig. 3.7g, around 33% larger than that of free irinotecan,
27% in Fig. 3.7 1), showing an improved tumor targeting of SICN. Besides, the relative
accumulation of SICN in the liver is lower (18% in Fig. 3.7 g) than that of free irinotecan
(37% in Fig. 3.7 1), which might also be one of the reasons that relieve the side effects.
Clinically, the severe diarrhea caused by irinotecan hydrochloride is due to the biliary
elimination and the subsequent microbiome reactivation in intestines [12,13]. Therefore,
except for the protective effect of curcumin on intestines [11], the diarrhea alleviation
effect of SICN could also be attributable to the improved tumor targeting, which relatively
reduces their quick accumulation in liver and lessens the chances of being rapidly
metabolized and excreted into intestines.
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Figure 3. 7 Distribution of SICN nanoparticles on HT-29 subcutaneous xenograft nude mice. (a) A
schematic diagram of the experimental design of ex vivo biodistribution by using HT-29 tumor-
bearing nude mice; Irinotecan hydro- chloride in water containing 50% of DMSO (b) and SICN in
PBS (c) exhibit similar behavior in their normalized fluorescence spectra; Fluorescence based
relative biodistribution of irinotecan hydrochloride (d) and SICN nanoparticles (e) on tissues from
mice sacrificed at 10 min post intravenous injection; The relatively average signal of irinotecan
hydrochloride (f) and SICN nanoparticles (g) on excised tissues.

3.5 Conclusion

two molecular species can self-assemble into complex ion pairs in polar organic solvents
through intermolecular non-covalent interactions, resulting in a uniform distribution of
them before being penetrated into anti-solvents to form nanoparticles. These nanoparticles
show stabilized particle sizes (100 nm) with mono distribution. The water solubility of
curcuminoids is dramatically improved and the lactone hydrolysis of camptothecin
derivatives is also restricted to keep their pharmacologically active forms. Besides, the
formulation with a pH value close to that of normal blood would reduce the side effects
caused to blood vessels and improve the patient compliance compared to commercial
injections of camptothecin derivatives (pH 3.5). More importantly, in vivo mice
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experiments have demonstrated that, compared to irinotecan itself, the co-delivered
irinotecan curcumin nanoparticles exhibited dramatically enhanced lung and gallbladder
targeting, improved macrophage-clearance escape and ameliorated colorectal cancer
treatment with an eradication of life-threatening diarrhea, exhibiting great promise for
better targeted chemotherapy and clinical translation.
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CHAPTER 4

PHOTODYNAMIC THERAPY SYNERGIZED WITH
CHEMOTHERAPY TO ENHANCE ANTI-TUMOR
EFFICACY

4.1 Introduction

The ability of tumor cells to adapt to therapeutic regimens by activating alternative survival
and growth pathways remains a major challenge in cancer therapy. Therefore, the most
effective treatments will involve interactive strategies that target multiple nonoverlapping
pathways while eliciting synergistic outcomes and minimizing systemic toxicities. The
combination therapy strategy has already been utilized in the clinic, known as drug cocktail
therapy. Studies have found that multi-pronged assault to tumors through administering a
cocktail of different anti-cancer agents could achieve synergistic anti-tumor efficacy and
minimize the severe side effects compared to the respective mono-therapeutic [1].

Recently, photodynamic therapy (PDT) is widely recognized as a promising
alternative cancer treatment modality due to its painless and noninvasive administration
process [2]. During the treatment, a photosensitizer is administered to patients and followed
by the illumination with a light source at the tumor site. The light can activate the
photosensitizer localized in the tumor site and then react with intracellular oxygen to form
cytotoxic reactive oxygen species (ROS) [3]. Based on the PDT process, it can eradicate
tumor tissue at low risk and in a controlled manner. The side effect of PDT is relatively
low because it is believed that the photosensitizer is not toxic until excited by the light. The
major limitation is the challenges in delivering the light into deep tumors due to strong
optical scattering and absorption. One strategy to overcome this limitation is to use high
energy photons like x-rays to excite the photosensitizers [4]. Another approach is to use a
light guidance or catheter to deliver light into deep tissues directly [5].

Curcuminoids are bioactive compounds obtained from the plant Curcuma longa.
One of its bioactive ingredient curcumin has been used as the photosensitizer of PDT [6,7].
Curcuminoids have many features, such as the blue region absorption, the long-wavelength
cation photo-polymerization, and minimal cell cytotoxicity to normal cells, which make
curcumin an ideal candidate as photosensitizers in PDT. Although curcumin has the
potential to be a good photosensitizer candidate for efficient PDT, some limitations are
preventing it from being widely utilized in the clinic. One drawback is its poor water
solubility [8]. Another drawback is its instability under physiological conditions. In our
previous study [9], we have reported a straightforward strategy to construct an easy
manufactured drug self-delivery system in which two-molecular species Irinotecan and
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Curcumin can self-assemble into a complex of ion pairs, through intermolecular non-
covalent interactions. The nano-self-assembly has been proven to be effective in delivering
aqueous insoluble small molecules so that the water solubility of curcuminoids is improved
substantially and the lactone hydrolysis of camptothecin derivatives remain activated in
pharmacologically active forms [10].

Our previous work has proved that the nano-self-assembly has better chemotherapy
efficacy with much fewer side effects compared with the individual components.
However, its efficacy as a PDT photosensitizer has not been explored. And the
combination of chemotherapy and PDT using the same nano-self-assembly has not been
studied. In this paper, we report our studies on these two studies. Briefly, we would like
to introduce ICN as a potent anti-tumor agent. The formulation of ICN is composed of a
chemotherapy drug irinotecan and photosensitizer curcumin for combinatorial chemo-
photodynamic therapy.

4.2 Methods and Materials

4.2.1 Materials

Irinotecan hydrochloride, curcumin, poloxamer 105, mannitol, dimethyl sulfoxide
(DMSO), and DMEM Mixture F-12 Ham (DMEM/F12) were purchased from Sigma-
Aldrich (St Louis, MO, USA) and used as received. Phosphate Buffered Saline (PBS, pH
= 7.4) was prepared in the lab and ultrapure water was produced using a Milli-Q integral
water system (Millipore, MA, USA). MitoTracker Red CMXRos was purchased from
Beyotime Biotechnology Inc (P.R. China). Annexin V apoptosis detection kit FITC and
ROS detection kit were purchased from KeyGEN Biotech (Nanjing, P.R. China).
Penicillin—streptomycin, fetal bovine serum, and trypsin were purchased from Gibco
(Grand Island, NY, USA)

4.2.2 Preparation of ICN

ICN was synthesized and purified as described in our paper [11]. Briefly, irinotecan
hydrochloride and curcumin nano-cocrystals (ICN) were prepared based on an anti-solvent
precipitation method. Typically, irinotecan hydrochloride (6.2 mg) and curcumin (3.7 mg)
(Molar ratio I:C is about 1:1) were dissolved DMSO (300 pL) at room temperature, in
which 1.5 mg of injectable non-ionic surfactant poloxamer 105 was added. The obtained
organic solution was added into ultrapure water (30 mL) with magnetic stirring (500 RPM
for 5 min) at room temperature.

4.2.3 Cytotoxicity Assay

HT-29 cells were incubated in DMEM/F12 medium, where 10% FBS and 100 U (per mL)
penicillin-S. were added. The cells were then seeded on 96-well plates with a density of
1x104 per well with DMEM/F12 medium and incubated in a humidified incubator
containing 5% CO2 at 37 °C for 24 h. After removal of the original medium, the cells were
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treated with various concentrations of Curcumin, Irinotecan hydrochloride, and ICNs for 4
h incubation. Then, the cells were washed with PBS and fresh medium twice and then
exposed to 480 nm pigtailed laser diodes (80 mW/ cm?, 5 min). After incubation for 12 h,
the cells were incubated with 20 uL MTT (5 mg/mL) for 4 h. Solutions were removed and
followed by treatment with 150 uL. DMSO to dissolve the formazan crystals. The
absorbance was set at 490 nm using EIx800 Universal Microplate Reader (BioTek
Instruments Inc., Winooski, VT, USA). The errors were calculated from two independent
sets of experiments, in each of which six replicate wells were run for each concentration.

4.2.4 Detection of Intracellular ROS

HT-29 cells were plated in 12-well plates at the density of 1x105 cells per well for 24h at
37°C. After incubation with Curcumin and ICNs (5 uM of free Cur equivalent) for 4 h, the
cells were washed twice with PBS buffer to remove excess. Each well was exposed to a
480-nm laser diode (power density 80 mW/cm?) for 5 min at the same distance to deliver
the same power. After incubation for 12 h, the cells were washed. Then 700 pL of 10 uM
DCFH-DA was added to the cell suspension and incubated for 20 min at room temperature.
The fluorescence signals were measured by flow cytometry and analyzed by Cell Quest
software (Becton Dickinson FACSVerse).

4.2.5 Cellular Localization of Drugs

HT-29 cells were seeded on a glass-bottom petri dish at a concentration of 5 x 10* cells
(per mL) for 12 h. After that, the cells were incubated with curcumin of 5 uM and ICN
(equaling to Cur.) suspension for 4 h. After being washed two times with PBS, the cells
were stained with Mito-Tracker Red (0.2 pM) reagent in live-cell imaging solution at room
temperature for 30 min. The cells were then washed twice with PBS and placed under Leica
SP8 X confocal microscope for imaging. Laser sources at 488 nm and 552 nm were used
for the capture of curcumin, ICN, and Mito-Tracker, respectively.

To better identify the visualize the fluorescent confocal microscopy, EBImage toolbox was
introduced in this study. EBImage is a very useful tool for analyzing and processing images.
This software can be downloaded through the website of bioconductor.org. EBImage
package can be installed into R (version 4.0 or higher) to visualize images. This package
was firstly introduced by Gregoire Pau and his team form U.K. and German Cancer
Research Center, university of Heidelberg, Germany in the year of 2010. And this study
was summarized and published in the journal bioinformatics. [12]

4.2.6 Fluorescence-based Distribution and Uptake

HT-29 cells were seeded in confocal dishes and cultured in DMEM/F12 medium for 12 h.
ICN suspension (equaling to 50 uM of Irinotecan hydrochloride) was then added into each
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dish and incubated in media with pH of 6.7 and 7.5 for 3 h before being measured by a
Leica SP8 X confocal laser scanning microscope (excitation wavelength of 488 nm;
Emission wavelength of 490- 552 nm)

4.2.7 Apoptosis Analysis

Cell apoptosis was measured using Annexin V-FITC (fluorescein isothiocyanate)/PI
(propidium iodide) Apoptosis Assay Kit. HT-29 cells were seeded in 12-well plates for 24
h at the density of 1x105 per well and incubated with 5 pM free Curcumin and ICN for 4
h. Then, each well was washed with PBS buffer twice and exposed to 480 nm laser diode
for 5 min (power density 80 mW/cm?). After incubation for 12 h, the cells were washed
and fixed in 500 pL of Annexin V binding buffer containing 5 pL Annexin V-APC and 5
uL PIL. After incubated at room temperature for 15 min in the dark, the cells were assessed
for the status of apoptosis with FACS Calibur flow cytometer (Becton Dickinson, USA).

4.2.8 In vivo Therapeutic Efficacy

Male BALB/c nude mice, aged 5 weeks (20-24 g), were purchased from Dashuo
experimental animals Co., Ltd. (Chengdu, China). All animal experiments were conducted
under the guidelines approved by the Institutional Animal Care and Use Committee
(IACUC) of Chengdu University of Traditional Chinese Medicine. The HT-29 tumor-
bearing mice were randomly divided into three groups (Saline solution, Curcumin, and
ICN) with equivalent tumor volume (around 100 mm3), and were injected intravenously
irinotecan hydrochloride (0.2uM kg per mouse) or ICN (equivalent irinotecan 0.2uM/kg
per mouse) every three days for consecutive 15 days. All mice were fed in a dark room.
For PDT experiments, the tumor site was illuminated by a 480-nm light source for 20 mins
with a power density of 80 mW/cm2. The PDT was implemented every three days and
lasted for 21 days. Tumor volume was measured every third day and calculated as follows:
Tumor volume = length x width?/2. Mice were sacrificed after 7 days of medication
discontinuation. Tumors were excised, weighed and photographed.

4.2.9 Statistical Analysis

All quantitative data are shown as mean+SD, n>3. Statistical analysis was conducted using
GraphPad Prism (Version 8.4.0) t-test calculator and *p<0.05, **p<0.01, ***p<0.001. R
studio desktop was updated to version 1.3 for macOS. EBImage package (Version 4.32.0)
was installed from bioconductor.org.

4.3. Results

4.3.1 In Vitro Cytotoxicity

We first assessed the cytotoxicity of the Irinotecan and ICN induced anti-tumor efficacy in
HT-29 cells (Fig. 4.1A). Cell viability studies under two different cancer treatments were
performed to estimate cytotoxicity and anti-cancer efficacy on HT-29 cells. A significant
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decrease in HT-29 cell survival was observed at low concentrations (< 6.25 uM). However,
the cytotoxicity can hit the therapeutic ‘plateaus’ while doubling the dosage of
chemotherapy agents. The ICN group stalled out to 30% of cell viability even when the
concentration of ICN increased to 8 times higher (50 uM). To overcome the anti-cancer
drug resistance, we investigated the anti-cancer efficacy of Irinotecan and ICN in
combination with photodynamic therapy. As shown in Figs. 4.1 B and 4.1 C, with or
without laser irradiation, the curcumin group and Irinotecan group exhibited negligible
differences in cell cytotoxicity to HT-29 cells in all concentrations. However, after having
been exposed to laser, for the treatments with 2.5 uM and 5 pM of ICN, the viabilities of
HT-29 cells were 57% and 21%, respectively. When HT-29 cells were treated with 10 pM
ICN in the combination of laser-induced PDT, the therapeutic ‘plateau’ was significantly
brought down to 9%. ICN showed great cytotoxicity to HT-29 at low concentration but
remained on ‘the plateaus’ of anti-cancer efficacy of around 33% at high concentration.
With the combination of two treatments (ICN+PDT), a huge decrease of HT-29 cell
viability was observed in Fig. 4.1 C. This result verified that the combination treatments
can achieve better anti-tumor efficacy than an individual treatment alone.
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Figure 4. 1 (A) In vitro cytotoxicity of Irinotecan and ICN in HT-29 cells. Cell viabilities of the HT-
29 cells treated with Irinotecan, Curcumin, and ICN in the dark (B), and with laser exposure (C).
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4.3.2 ROS Generation

In PDT, the photosensitizers are transferred from the ground state into an excited state
under a specific wavelength of the light source. The excited photosensitizers can react with
molecular oxygen and generate cytotoxic ROS to induce oxidative damage or cell death
[11]. We measured intracellular ROS generation by staining with DCFH-DA assay. As
shown in Fig. 4.2, no obvious change can be found in ROS generation for the groups in the
dark. When HT-29 cells were exposed to illumination (480 nm), there was a remarkable
difference in ROS generation. ICN group could produce much more ROS (36.6%) than
curcumin (3.39%). This result indicated that increasing intracellular ROS was induced by
the photochemistry activation between laser and ICN, resulting in better therapeutic

efficacy in killing cancerous cells.
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Figure 4. 2 Effect of curcumin/ ICN-photodynamic treatments on intracellular ROS generation in
HT-29 cells. The cells were stained with DCFH-DA before flow-cytometric analysis.

4.3.3 Cellular Localization of Drugs
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Among all cell organelles, mitochondria were frequently reported as the target site of
singlet oxygen to improve the PDT efficacy [11]. The organelle mitochondria have been
reported to be the most effective subcellular targets in PDT because ROS-induced
mitochondrial DNA damage results in cytotoxicity in the PDT treatment [13]. Therefore,
the desirable photosensitizers or their delivery carriers are usually expected to be
accumulated within or stay close to mitochondria [14]. To verify the mitochondria-
targeting capabilities of ICN, we investigated it by incubating the curcumin-treated HT-29
cells and ICN treated HT-29 cells. As shown in Figure 4.3, cells treated with ICN showed
higher cellular uptake of ICN than curcumin in the mitochondria. This finding indicated
that ICN was preferentially accumulated in mitochondria than curcumin, which
demonstrated that ICN is a better photosensitizer than curcumin. To understand better
about the specific targeting site in mitochondria, the images were filtered by a threshold as
shown in Fig. 4.3 B (left column). After we merged the first row of Fig. 4.3 B
(mitochondria images) with the second row of Fig. 4.3 B (drug images), we found that
mitochondria were overlaid partially, and the overlaid part seems to be the bilayer
membrane. This observation is very interesting and reasonable because the B cell family
(Bcl- 2) members can regulate the release of signaling cell proteins from the space between
the mitochondrial inner and outer membrane. [15] It was reported that caspase regulates
the apoptosis when the cytochrome C activates cysteine specified proteases in the cytosol
of mitochondria. [16]
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Figure 4.3 A Confocal Laser scanning microscopy images of Cur and ICN (left column, green), and

Mito-tracker Red (middle column, red) in HT-29 cell after incubation. Merged images (right column)

of green and red channels refer to the co-localization levels of Cur and ICN with mitochondria. Scale
bar is 25 pm.

42



43



Figure 4.3 B Confocal Laser scanning microscopy images of Cur and ICN (middle row, green), and
Mito-tracker Red (top row, red) in HT-29 cell after incubation. Merged images (bottom row) of
green and red channels refer to the co-localization levels of Cur and ICN with mitochondria. Raw
images in left column and threshold images in right column.

4.3.4 Fluorescence-based Distribution under Different Environmental
PHs

Fluorescence-based cellular uptake efficiency of ICN nanoparticles under environments
with pH 6.7 and 7.5 was explored using HT-29 cells. As shown in Figure 4.4, the blank
group where HT-29 cells alone under neutral conditions shows no fluorescence. For the
ICN treated groups, cells under acidic environments (pH = 6.7) exhibit significantly
stronger fluorescence than those in alkaline conditions (pH = 7.5), demonstrating a higher
cellular uptake efficiency under acidic environments. The tumor microenvironment is
known to be acidic due to reasons of glycolytic cancer cell metabolism and cell hypoxia
[17,18]. The preferential accumulation in acidic might explain why ICN can largely
improve cellular toxicity in the tumoral microenvironment.
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Figure 4. 4 Fluorescence-based cellular uptake efficiency under different pH environments. For the

group adding ICN, cells under acidic environment (pH = 6.7) show stronger fluorescence than those

under alkaline environments (pH = 7.5). The significant difference is observed between groups with
different environmental pH values. (**, p < 0.01)

4.3.5 Apoptosis Analysis by Annexin V-FITC/PI Staining

The percentage of apoptotic HT-29 cells was assessed by Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) double staining for flow cytometry
analysis. High Annexin V and low PI staining (Q3) indicated the early apoptosis of cells.
On the other hand, strong staining signals of both Annexin V label and PI (Q2) showed the
cells were in the stage of necrosis or late apoptosis [19]. As shown in Figure 6, 8.2% of
illuminated HT-29 cells were found to be apoptotic (early apoptosis added late apoptosis)
when incubated with curcumin. However, after being treated with ICN, 41.16% (Q2 39.4%
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and Q3 1.76%) of the total cells were induced to apoptosis. This assay indicates that ICN

has a stronger anti-tumor effect in HT-29 cells compared with curcumin.
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Figure 4. S Fluorescence-activated cell sorter profiles of Annexin V-FITC/PI staining of HT-29 cells
undergoing apoptosis induced by curcumin and ICN in the dark or with irradiation.

3.6 In vivo Therapeutic Efficacy

We evaluated the in vivo anti-tumor therapeutic efficacy with in vivo mice model. [20] We
randomly divided twelve tumor-bearing mice into three groups: PBS, ICN (without laser),
and ICN (with laser). All mice were intravenously injected with either PSB or ICN with
relatively equivalent tumor volume (~100 mm?®) and weight (20-24 g) at the dose of ICN
0.2umol/kg to evaluate the anti-tumor efficacy. The medication was given every 3 days
during a 15-day administration cycle. After the treatments, tumor volumes and body
weights of each group were recorded, and the recorded results are plotted in Fig. 4.6 B for
tumor volume and Fig. 4.6 D for mice body weight. Mice were sacrificed 7 days after
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medication discontinuation. Tumors were excised out, photographed, and weighted as
shown in Figs. 4.6 A and 4.6 C. The tumor volume (V) was calculated as V = (the major
widths of the tumor x the minor widths of the tumor®)/2. The tumor volume of the PBS
injection or the control group increased continuously to a volume of 1660 mm? on day 21.
For the group with ICN injection without laser irradiation, due to chemotherapy alone, the
tumor volume also slightly shrank to 320 mm3 with a volume reduction of 80.7% compared
with the control group. For the group with laser illumination and ICN drug injection, due
to both chemotherapy and PDT, the tumor growth trend of the ICN- laser group declined
significantly to 260 mm® with a tumor volume reduction of 84.3% compared with the
control group. We found that the tumor volume was further reduced by 18.8% due to PDT
by comparing the ICN + Laser group with the INC group, which demonstrates that PDT
was a significant complementary treatment along with chemotherapy. The results also
verified the enhanced anti-tumor effect of ICN by applying both chemotherapy and PDT
treatments. Furthermore, in this study, the body weights of mice in each group were
recorded and showed no significant changes in all mice during the whole experimental
period as shown in Fig. 7D, which indicates the risks associated with the Irinotecan
(diarrhea and weight loss) are negligible. To understand further about the therapeutic
effects, hematoxylin and eosin (H&E) staining images of tumors and major organs were
obtained after various treatments (Fig. 4.7). There were no obvious cell morphology
abnormalities and cell damage found in the collected major organs. H&E-stained sections
of colon cancer from ICN treated groups were found to damage tumor cell nuclei. These
results demonstrated ICN/laser combination therapy was considered to be safe for cancer
treatment.

Mice were intravenously injected during 7 days after drug administration.
A the 15-day treatment cycle. Tumors were excised.
\
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Figure 4. 7 Hematoxylin and eosin (H&E) staining images of the main organs from different groups
of mice after receiving with various treatments.

4. Conclusions

In summary, irinotecan hydrochloride and curcumin can form as a carrier-free nanoparticle
(ICN) through a straightforward self-assembly approach. This unique nanoparticle not only
overcame the hydrophobicity of curcumin but also enhanced the anti-tumor efficacy of
irinotecan by integrating multiple treatment modalities. In this study, we found that ICN,
as both the chemotherapy agent and the PDT photosensitizer, could enhance the cancer cell
treatment efficiency when exposed to the light source. We found that this anti-tumor effect
was caused by higher cellular uptake efficiency under acidic tumor microenvironments and
subsequent intracellular ROS formation in the presence of diode laser irradiation.
Altogether, our results indicate the potential of using ICN in the combination of
chemotherapy and photodynamic therapy with synergistic anti-tumor efficacy.
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CHAPTER 5
CONCLUSION AND DIRECTIONS FOR FUTURE WORKS

Based on the dissertation studies, combination therapy has provided the most effective
results with regards to anti-cancer effects. It gained superiority from the ability to target
multiple pathways, which is essential to minimize drug resistance because cancer cells are
frequently incapable of adapting to the simultaneous toxic effects of two therapeutic agents
[1]. Moreover, various pathways are dysregulated in cancer cells and have disrupted
homeostatic environments that generally contribute to the rapid proliferation rate. For
instance, studies have shown that various cancers have mutations in tumor suppressor
genes, such as p53, that normally function to activate cell cycle arrest when DNA is
damaged. [2] However, if tumor suppressor genes are mutated, accumulation of damaged
DNA and inhibition of cell cycle arrest contribute to increasingly rapid proliferation rates
and a more aggressive cancer [3]. Additionally, in cancer cells, data about therapeutic drugs
and natural compounds inducing cancer cell demise remain to be clarified.

In the past decades, many advances have been made to benefit medicine and drug discovery,
including genome wide association studies and Human Genome Project. [4] Based on the
studies, huge amount of DNA variants has been found out to be associated with diseases.
[5] Personal genomics have connection from genotypes to phenotypes and provide the data
for the diseases. Personalized medicine (Figure 5.1) will be thus designed by combination
of genetic phenotypes and drug responses, providing patients with specific treatments that
are based on their genotypes. [6]

the key towards effective cancer therapy generally relies on a specific approach that will
improve the efficacy of treatment for different types of cancer. Future combination trials
will allow personalized medication of cancer treatment, by targeting cancer subtype
characteristics in the time frequency and concentration dependent manners. Based on all
reported findings on the potential modulation of pro-survival mechanisms by natural
compounds, it appears that therapeutic outcome could also be achieved through the
inhibition of multiple Bcl-2 (B-cell lymphoma 2) family members and by modulating the
NF-«kB signaling pathways. [7] Targeted generation of ROS by natural compounds could
play an important role in this tailor-made anticancer approach. Natural compounds like
Curcumin (Figure 5.2) induce the upregulation of Nrf2 expression and was reported
suppresses the activity of carcinogens in a Nrf2-dependent manner [8]. Curcuminoids are
linear diarylheptanoids that upregulate Nrf2 expression and induce Nrf2 translocation to
the nucleus to elicit its antioxidant effects by stabilizing protein levels of Nrf2. In addition,
curcuminoids upregulate glutathione levels which have been shown to reduce ROS levels
and remove carcinogens, aiding in chemoprevention. [9] In the meantime, Curcuminoids
have features such as the blue region absorption, the long-wavelength cation photo-
polymerization, and minimal cell cytotoxicity to normal cells, which make curcumin an
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ideal candidate as photosensitizers in PDT. [9] In Chapter 3 and Chapter 4, our studies
showed that when the co-delivering with irinotecan, Curcuminoids exhibited dramatically
enhanced lung and gallbladder targeting, can improve macrophage-clearance escape and
better colorectal cancer treatment with eradication of life-threatening diarrhea, which
brings great hope for better-targeted chemotherapy and clinical translation. [10] Various
strategies based on combinatorial nanoparticles opened up many promising options toward
addressing cancer drug resistance. Specific chemo-sensitizing agents, for instance, have
been used in combination with chemotherapeutics to suppress MDR with defined
mechanisms. In clinical cancer treatment, drugs with different modes of action can be
combined in a precisely controlled manner to maximize therapeutic efficacy and to
minimize the likelihood of drug resistance development. Enabling uniform and concurrent
delivery of drug combinations, maintaining the synergistic drug ratios, and controlling drug
exposure sequence are the major advantages of nanoparticle-based combination therapy
over the traditional cocktail administration [11].While batch-to-batch inconsistency and
manufacturability are among the key challenges in many combinatorial nanoparticles, we
believe that ongoing efforts on the advancement of combinatorial nanoparticles will lead
to the ideal combination therapy. Moreover, using the combination therapy approach is
economically effective when one of the therapeutic agents is approved by FDA. With the
FDA approval, overall costs of combination therapy research are then reduced. This
increases the cost efficiency of therapy, thereby benefiting the medically underrepresented
and underserved groups.

To further improve the anti-cancer efficacy of current combination therapy methods, it is
better to combine immunotherapy with other therapies in my future work. This treatment
can simulate immune system to fight against cancer or infections. Currently there are few
types of immunotherapy methods including immune checkpoint inhibitors and T-cell
transfer therapy [12]. PD-1/PD-L1 (programmed death) pathway and immunotherapy by
blocking immune checkpoint proteins, the immune system can overcome cancer’s ability
to resist the immune responses and to stimulate the body's own mechanisms to defenses
against cancer. [13] Adoptive T cell therapy has utilized engineered tumor-specific T cells
that are infused into patient. In another type of T-cells therapy, T-cells are engineered
express chimeric antigen receptors (CARs) to recognize cancer specific antigens.[14]

Compared to the combination of chemotherapy and photodynamic therapy methods in the
dissertation, the inclusion of immunotherapy allows immune system to help patients in
fighting cancers. The major organs associated with this type of therapy are the lymph
system and thymus. In this dissertation, we used BALB/c nude mice for developing the
xenografted tumor model. The nude gene mutated mice are showing the lack of fur on skin
and abnormal thymus. This deficiency of thymus induced T-cells allows this type of mice
to accept xenografts of malignancies. However, the dysfunction of T-cells leads it to an
undesired animal model for immunotherapy. To address this issue, other strains of
laboratory mice should be used for this future combination therapy studies like C57BL/6
mouse. (Fig. 5.3)
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