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Abstract

Background: PD-L1 (Programmed Death Ligand 1) is an immune checkpoint molecule
that is commonly expressed on the surface of cancer cells. When it interacts with its
receptor — the PD-1 molecule, which is commonly expressed on the surface of immune
cells, such as T-cells, it will then deliver a negative signal which in turn inactivates the T-
cell function, depresses the T-cell expansion, and dampens the overall tumor response.
Anti-PD-L1 antibody blocks the direct interaction between the PD-L1 and PD-1
molecules, thus inhibits the PD-L1 signaling pathways, enabling the immune system,
and hence the anti-tumor immunity, to eliminate the cancer cells. We refer to these
mechanisms as the Immune Checkpoint Blockade (ICB).

Methods and Materials: In the current study, we report the effects of combination
treatment of radiation and ICB on tumor metastasis. A single radiation dose of 10 Gy
was used to irradiate the dorsal fat pad region of mice, into which the E0771-luc breast
cancer cells were injected. For the ICB treatment, anti-PD-L1 antibody was used. We
established a spontaneous metastatic model using E0771-luc breast cancer cells. As the
tumor grew, primary tumor growth was monitored using calipers. We then examined
the metastatic lung lesions by using In-Vivo Imaging System (IVIS), the signals from
IVIS were then quantified in terms of total photon flux (photons/second). An India-Ink

Assay was also employed to further verify the lung mass formations. In addition,
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variation of primary tumors” hemoglobin saturation levels and total hemoglobin levels
were recorded before and after treatments using zenascope, for the sake of assessing the
vascular oxygenation and vascularity information, respectively.

Principal Findings: Data from calipers’ measurement showed that the RT-alone group
did not show any effects on tumor growth. Tha anti-PD-L1-alone group showed a
slightly delayed tumor growth. The combination treatment showed that 3 out of 5 mice
showed tumor growth delay, while the tumor regrew after 20 days. Furthermore,
survival curves indicated that there is no significant difference among all groups,
indicating that radiation treatment or anti-PD-L1 antibody or the combination of both

treatments did not affect the time at which the mice reach their endpoints (tumor

volume > 1500mm?). In addition, data from the IVIS indicated that the total photon flux

emitted from primary tumors varied dramatically among experimental subjects within
the same group. There were also extremely low or no luciferase signals from the lung.
Statistically, two-way ANOVA for IVIS data showed that there are no significant
differences between the RT-alone or anti-PD-L1-alone or RT + anti-PD-L1 group and the
control group, for both primary tumors and lung tissue, suggesting that all kinds of
treatments used in the current study neither helped eliminate the primary tumor cells
nor reduced the burden of metastatic cancer cells in lungs, compared to the control

group. Interestingly, results from the India-ink Assay showed that grossly visible lung



nodules were not observed in all lungs of the mice, suggesting that the primary tumors
in the dorsal fat pad region did not result in grossly visible lung metastases in any
groups. Furthermore, analysis for the Zenascope data showed that there was a gradual
increase in Hb-Sat(%) in mice for the control group, while a gradual decrease in Hb-
Sat(%) for the anti-PD-L1-alone group. The RT-alone group did not show a clear
response of change in Hb-Sat. For the combination treatment group, 3 out of 4 mice
demonstrated a relatively flat response of change in Hb-Sat(%). Lastly, the total Hb
levels in the control group, the anti-PD-L1-alone group and the combination treatment
group remained relatively stable over the treatment time. For the RT-alone group, 3 out
of 5 mice showed almost no changes, while the other two demonstrated a huge increase
in total Hb levels on day 0, and day 2, respectively, but the levels went back to almost
the pre-treatment values after day 3.

Conclusions: The combination treatment of 10 Gy of radiation and anti-PD-L1
antibodyimmunotherapy did not show significant effects on E0771 primary tumor
growth when using an orthotopic tumor model. The time required for the tumor volume
to exceed an endpoint of 1500mm? was not significantly affected by all of the treatment
methods used in the current study. The results from the IVIS and the India-ink Assay
suggest that E0771 might not a good model for lung metastasis. However, the treatment
response and the E0771 model were affected by a number of technical problems that

render the evaluation inconclusive. Solutions to some of these technical problems have
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been provided, enabling future reseachers to replicate and improve on this study and
futher determine the treatment response and the usefulness of the E0771 model.
Regarding the zenascope measurement, the changes in Hb-Sat(%) may be correlated
with the blood vessel growth within the primary tumors, while the changes in total Hb
were almost negligible. Nevertheless, several limitions when performing the zenascope
measurement have been listed, including the pigmentation and fur of the skin of mice,
the motion of the mice and/or the operator’s hands, as well as the uncertainties in
placing the optical probe onto the tumor. Further research is needed to uncover the
promise of this combined therapy and to further verify the correlation among the
changes in Hb-Sat(%), the changes in total Hb levels, and the tumor physiological

characteristics.
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1. Introduction

1.1 Challenges of the Conventional Cancer Treatments and
Some Konds of Immune Therapies:

Surgical removal, radiation therapy and chemotherapy have been at the forefront
of conventional cancer treatments for the last several decades and remain the most
commonly used treatment strategies. However, certain advanced cancers cannot be
completely eliminated by these techniques and tumor recurrence and metastasis remain
the leading cause of death among cancer patients. Few effective treatment options are
available, thus, scientists have been investigating other options for cancer treatment.
Immunotherapy is one such innovative treatment option. To date, different kinds of
immune therapies have been available; cancer peptide vaccines, dendritic cell vaccines
and adoptive transfer of cytotoxic T lymphocytes (CTLs) are currently being clinically
applied®. Despite the therapeutic efficacies of these techniques in some certain types of
cancers®?, clinical response and superior curative effects have not yet been guaranteed.
This phenomenon could be explained by the emerging hallmark of cancer — the ability of

cancer cells to evade immune destruction!®, which is associated with negative prognosis

7,

1.2 Emerging Hallmark of Cancer — Evading Immune Destruction
and the Solution to Deal With It:

Cancer cells can escape host immunity by manipulating the tumor

microenvironment and deriving immunosuppression!®l. For example, the cancer cells can
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exploit the immune checkpoints to expand its ligands which combine with T-cell
receptors (TCRs), resulting in dysfunction of immune responsel®l. Therefore, patients
may not have a sufficiently strong immune response that fully eliminates cancer cells;
some of the cancer cells may just hide from being detected by the host immune system
after conventional cancer treatments, such as radiation therapy.

To deal with this phenomenon, scientists have been making enormous efforts to
investigate and alter the immunosuppressive conditions in the tumor microenvironment,
such that the T cells can react against the cancer cells and hence eradicate the cancer

cellsb!.

1.3 Immune Checkpoints:

The immune system operates as a cycle within which there are many checkpoints.
The immune checkpoints are molecules on certain immune cells that require to be
activated or inactivated to start an immune response. Examples of the immune
checkpoints are PD-1/PD-L1 and CTLA-4/B7-1/2. Importantly, an immunological
homeostasis condition is mainly achieved by immune checkpoint molecules which
transduce co-inhibitory signals to immune cells, such as T cells, so as to prevent the
immune system from over-reacting and attacking the normal organs or tissuel'?l. A
number of immune checkpoint molecules have been identified and found to be highly
expressed on the tumor cell surface and related to the generation of immunosuppressive

conditions in the tumor microenvironment!'*'l. These findings implied that it would be



possible to eliminate the immunosuppressive conditions in the tumor microenvironment
by applying specific antibodies to block the interaction between the immune checkpoint

molecules and the corresponding ligands.

1.4 Immune Checkpoint Blockade (ICB):

Based on the above findings, Inmune Checkpoint Blockade (ICB), a novel
immunotherapy technique, has been developed. The concept of ICB is to modulate the
host immune system so as to eliminate the immunosuppressive conditions of the tumor
microenvironment!'>2l. Clinically available immune checkpoint molecules related to the
tumor-associated immunosuppression include CTLA-4 (Cytotoxi T-Lymphocyte-
Associated protein-4, CD152)l¢8land PD-1 (Programmed Cell Death-1, CD279)1"2!l. The
specific antibodies (abs) against each of those immune checkpoint molecules have been
developed by several companies and approved by the FDAI!, In 2011, ipilimumab
(anti-CTLA-4 abs) became the first immune checkpoint inhibitor approved by the FDA
for treating unresectable or metastatic melanomal®!. Success targeting CTLA-4 has
created enthusiasm for clinical approaches targeting other checkpoints, particularly PD-
1/PD-L1. Various abs for PD-1/PDL1 differ in structure, but they can be largely
categorized into two main groups: those that target PD-1 (nivolumab; pembrolizumab;
pidilizumab) and those that target PD-L1 (MPDL3280A; MEDI4736; BMS-936559;
MSB0010718C)%I. Targeting PD-L1 is slightly different from targeting PD-1 in terms of

their actions in relation to the immune system. For example, PD-L1 molecules not only



interact with PD-1, but also are believed to inactivate T cells by interacting with B71242];
both interactions would results in negative signals exerted on T cells. Thus, to effectively
prevent the immune system from being inactivated, targeting PD-L1 seems to be more
preferable. The first anti-PD-L1 antibody applied to patients was a drug called BMS-
956669, and it showed promising results with a variety of solid tumors!?>2¢l. Anti-PD-L1
abs have been also found to prevent either attenuation of T cell function or T cell
exhaustion?1. Other abs, such as MPDL3280A, MEDI4736, and MSB0010718C have had
positive results in small patient populations of bladder cancer, and hence were used in
early-phase clinical trials for several malignancies including bladder cancers, GI

malignancies and head and neck cancers/?%31,

1.5 Combination of ICB and Radiation:

The promise of ICB is enhanced by radiation treatment. The objective of the
immunotherapy is to partially reverse tolerance to weakly immunogenic tumor-
associated antigens, which would subsequently activate an immune response to tumor
cells®. Jonizing radiation (IR) was believed to be associated with the
immunosuppressive effect 3. However, with the increasing understanding about the
underlying biological pathways triggered by IR, it has been found that radiation
treatment would trigger the release of antigens from the tumor, which would
subsequently activate host immune system®4. Levy et al.?2 suggested that radiotherapy

not only modulates tumor immunity, but also leads to a distant effect by recruiting



biological effectors. The complex relationship among the radiation, immune system and
tumor response are currently being studied. A number of pre-clinical data and early
phase clinical trials have suggested that radiation combined with ICB, a type of

immunotherapy, has potential therapeutic advantages!?”3>%1,

1.5.1 Pre-clinical Studies in Animal Models:

Several research studies have had success using animal models. Radiation
combined with anti-PD-1 abs has shown prolonged survival of mice with intracranial
gilomasP®l. In another study, the combination of radiation therapy and anti-CTLA-4 abs
has shown promising effects on inhibiting primary tumor growth and lung metastases/*.
In addition, recently, an unpublished research paper conducted by our research team
(Douglas H. Weitzel et al. 20151") showed that radiation combined with anti-PD-L1 abs
treatment has resulted in a complete removal of tumor burden with prolonged survival
of mice and has shown abscopal effects with the presence of anti-tumor immunity.
Therefore, these findings suggested that radiation itself not only eradicates tumor cells,
but may also enhances the production of tumor specific antigens that can be acted on by

fully functional T cells as a result of ICB.

1.5.2 Clinical Trials in Patients:

In clinical studies with humans, radiation combined with anti-CTLA-4 antibody
(ipilimumab) has demonstrated abscopal effects in one metastatic melanoma patient!“’l.

Christina et.al (2015)?”1 have also demonstrated tumor growth inhibition in patients with



metastatic melanoma through combined treatment of radiation and anti-CTLA-4

antibody. This inhibitory effect was reproducible in mouse models.

1.6 Rationales for Targeting PD-L1:

Therefore, the combination treatment of ICB and radiation therapy has a high
potential to become one of the mainstream procedures for cancer treatment in the future,
particularly because cancers express high levels of PD-L1 molecules, which positively
correlate with the response of ICB 4142, PD-L1 molecules expressed on the surface of
tumor cells when combined with the PD-1 molecules on the surface of T-cells will
suppress the immune system. However, anti-PD-L1 antibody blocks the direct
interaction between the PD-1 and PD-L1 molecules, therefore preventing the
inactivation of host immune system. In other words, PD-L1 blockade prevents T-cell
exhaustion in order to alleviate the depression in anti-tumor immunity and further
encourage oligoclonal T-cell expansion?’l. On the other hand, radiation has been found
to enhance the diversity of the T-cell receptor (TCR) repertoire of intratumoral T-cells
and modulate the TCR repertoire of the expanded peripheral clones?”.

Important research is being done in these areas. By employing E0771 murine
breast cancer cells in a syngeneic flank tumor model, Weitzel et al. (2015)! successfully
demonstrated a complete removal of tumor burden with prolonged survivals after a
combination treatment of a single radiation dose of 10 Gy and anti-PD-L1

immunotherapy. Subsequently, Weitzel et al. (2015)!) employed a dual-flank tumor



model with both legs with the E0771 cancer cells being subcutaneously injected, but only
the right leg (primary tumor) being irradiated, such that the tumors in the left leg were
regarded as secondary tumors. With the same combination treatment, they
demonstrated the presence of a distant effect, and an anti-tumor immunity on both
primary and secondary tumors within the same animal. From the above results, it is
pertinent to further investigate whether the radiation combined with anti-PD-L1 abs
would inhibit tumor metastasis using a similar experimental setup.

Nevertheless, there were some limitations in the Weitzel et al. (2015)™
experimental design. First of all, the tumors in the left leg regions were not real
metastatic tumors, instead they were injected subcutaneously; that means the tumor
microenvironment was not optimized. Because E0771 is a breast cancer cell line, it
should have grown in fat tissue, instead of in leg muscle tissue. Therefore, in the current
study, we kept using the same mouse models, cancer cell line, radiation dosage and
antibody as Weitzel et al. (2015)1 did. In addition, we attempted to develop an E0771
lung metastatic mode; we injected the E0771 breast cancer cells into the dorsal fat pad
region of each mouse and increased the number of cancer cells for injection from half
million (as Weitzel et al.ll did) to one million.

With all these complex relations among the immune system, radiation, and
immune checkpoints, it is pertinent to investigate the effects of radiation and anti-PD-L1

abs on the tumor metastasis, which is the main objective of the current study.



2. Methods and Materials

2.1 Cell culture:

The E0771 murine breast cancer cell line was engineered to obtain E0771-luc cells
such that the E0771-luc cells express genes for coding luciferase and Green-Fluorescent
Protein (GFP). This characteristic is essential for In-Vivo-Imaging-System (IVIS) imaging
purpose. The E0771-luc cells were cultured in RPMI supplemented with 10% PBS (pH
7.4) and Anti-Anti, HIFBS as nutrient and maintained in an incubator with a humidified

environment with 5% Carbon Dioxide and 37.1 Degree Celsius.

2.2 Luciferase Assay:

The luciferase activity of E0771-luc cells was tested by the Luciferase Assay.
0.25% Trypsin-EDTA was used for cell detachment. A 96-well plate was used, within
which three non-consecutively separated wells were injected with 5x10*4 tumor
cells/well. 200uL. of RPMI was added into each of the three wells. The plate was then
placed back into the incubator and maintained overnight. On the next day, 40uL of D-

Luciferin was added into each of the three wells for the IVIS purpose.

2.3 Animals and Cell Implantation:

Twenty 6 week-old female C57/BL6 mice (purchased by Charles River
Laboratories, Calco, Milano) were housed under pathogen free conditions. All

procedures performed with animals were in accordance with the Duke University



Institutional Animal Care and Use Committee Guidelines at Duke University Medical
Center.

For the dorsal fat pad injections, exponentially growing E0771-luc cancer cells
were harvested, counted and re-suspended in PBS to a final concentration of 107 cells/ml.
A Luciferase Assay was performed before the cells were injected into the dorsal fat pad
region. During the cell implantation, the mice were anesthetized with ketamine
(80mg/kg) and xylazine (8mg/kg). Animals were randomized into 4 groups on the

treatment day, on which the tumor volume was targeted to be ~100-200mm?.

2.4 Radiation Therapy for Orthotopically Transplanted Tumors:

To perform irradiation, mice were anesthetized with isoflurane gas mixed with
oxygen and placed onto a platform inside an X-RAD 225Cx (Precision X-ray Inc) small
animal micro-CT irradiator. A 8 x 12-mm collimator was employed to target the
radiation beam to the dorsal mammary tumor. Two opposed radiation fields were
applied in 90 degree with an intention to avoid excessive radiation damage to the spinal
cord (Figure 2.3.1, Figure 2.3.2). Fluoroscopy at 40 kVp and 2.5 mA with a 2-mm Al filter
allowed proper alignment of the radiation field. Barium fiducial skin markers were used
to mark the tumor location via visualization and palpation of the anesthetized mice. A
single fraction of 10 Gy was administered as two exposures of 5 Gy from parallel-

opposed fields. The dosimetry for the orthotpic tumor irradiation was similar to the



experiment conducted by a previous PhD student called Mary-Keara Boss!*’l. The

summary of the dosimetry measurement and calculation can be found in Appendix B.
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2.5 Tumor Volume Measurement:

Tumor growth was monitored and quantified by caliper measurements every

other day and the mouse weights were recorded regularly. Primary tumor volume was

_ 3.14XLXW?

calculated as follows: Tumor volume (in mm3) = — where L represents the

largest dimension of the tumor, and W is the width of the tumor. Humane endpoints

were observed for mice with tumors over 1500 up to 2000 mm? or with ulceration.

2.6 Zenalux Biomedical Zenascope:

In order to assess the treatment effects on the tumor oxygen status, Hemoglobin
Saturation (Hb-Sat) levels and total hemoglobin levels were monitored using Zenascope
before the treatment day, on the treatment day (day 0) and day 1, 2 and 3.

The Zenascope enables spectroscopic analysis of tissue. The system uses
standard spectroscopic measurement hardware, proprietary software and patented
algorithms to achieve rapid, quantitative and non-destructive analysis of biological
tissue characteristics (biomarkers) that reflect the underlying function and composition
of tissue. The Zenascope assesses different kinds of endpoints, which includes (1)
wavelength-average reduced scattering, relating to cellular density and fibrous content;
(2) wavelength-averaged absorption; (3) total hemoglobin content, relating to vascularity;
and (4) hemoglobin saturation, relating to vascular oxygenation. In the current study,

hemoglobin Saturation (Hb-Sat) and the total hemoglobin levels were measured.
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The spectroscopy probe has a pressure sensing capability to monitor pressure
during spectroscopic data capture or to enable repeated measurements at the same
pressure. The probe includes a camera, a white light source for bright field imaging, and

a UV light source with appropriate filters for fluorescence imaging.

2.7 In-Vivo Imaging System (IVIS) on the Day of Euthanasia:

IVIS includes a highly sensitive, charge-coupled digital camera with
accompanying advanced computer software for image data acquisition and analysis.
This system captures light photons that are emitted by reagents or cells that have been
coupled or engineered to produce bioluminescence in the living animal.

For each time of operation, the IVIS program was first initialized, such that the
stage temperature was 37°C and the camera’s temperature was -80°C. The substrate D-
luciferin (0.2ml/mouse) was then injected into the intra-peritoneal (i.p.) cavity,
immediately followed by imaging under IVIS (Xenogen Corp., Alameda, CA). Mice
were anesthetized with isoflurane and placed on the imaging stage, and dorsal images
were collected using imaging sequencing with 1 minute exposure time until around 15
minutes after D-luc injection. Therefore, photons emitted from the primary tumor could
be quantified using Living Image software (Xenogen Corp., Alameda, CA). After that,
Euthasol (0.05ml/mouse) was injected through i.p. to euthanize the mice. The lungs with
the entire trachea intact and/or the primary tumors in the dorsal region were dissected

out for the whole-lung imaging purpose under IVIS. Similarly, photons emitted from the
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lung region were also quantified. Finally, the lungs then were preserved for India-ink
staining.
2.8 India-Ink Assay:

India ink assay was employed for visualization of lung metastases. A 1 mL
syringe was used to inject the India ink (15% India Ink, 85% water, 3 drops of
NH:OH/100ml) into the lungs via the trachea. The lungs were completely inflated with
ink until there was a strong resistance. Scissors were then used to cut the trachea and
collect the lung with a high precaution to avoid damaging and contaminating the lung
tissues. The lungs were then rinsed in a 1L beaker of water. In a chemical fume hood, the
lungs were transferred to a glass scintillation vial containing 5mL of Fekete’s solution
(300ml 70% EtOH, 30ml 37% formaldehyde, 5ml glacial acetic acid). The tumor tissue
emerged as white nodules on the black lungs after a few minutes. The tumor nodules

could subsequently be counted and stored in Fekete’s solution indefinitely.

2.9 Drugs:

Control IgG (LTF-2) and anti-PD-L1 antibody (10F .9G2) (BioXCell, West
Lebanon, NH) were injected through intra-peritoneal injection (i.p.) with 200pg on Day 0,
and every 3 days after the treatment day for a total of 4 doses. D-luciferin (Goldbio.com)

was injected i.p. 200pg for each mouse before imaging the mouse using the IVIS.
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2.10 Statistical Analysis:

Statistical analyses were performed with the GraphPad Prism-7 software, and
Microsoft Excel software. Survival curves were created using the method of Kaplan and
Meier with the 95% confidence interval for fractional survival at any particular time.

Log-rank and Gehan-Wilcoxon tests generated the p-value, which tests the null
hypothesis that the survival curves are identical in the overall populations. The null
hypothesis is that the treatment(s) did not change the survival.

The Log-rank test and Gehan-Wilcoxon test were employed to compare two or
more survival curves. Two-way ANOVA was employed for the data analysis. Dunn's

multiple comparisons test was used to analyze the data and used to generate the p value.

The results were considered statistically significant for p<0.05.
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3. Results

3.1 Primary Tumor Growth:

To monitor the primary tumor growth among all four groups, calipers’
measurements were taken every other day. Day 0 refers to the treatment day on which
the tumor volume was targeted to be 100-200mm?®. The measurement data, in terms of
tumor volume, were plotted against post- treatment days. These plots are shown in
figure 3.1.1 for control group, figure 3.1.2 for RT-alone group, figure 3.1.3 for anti-PD-

L1-alone group and figure 3.1.4 for RT + anti-PD-L1 group.
3.1.1 Control Group:

Control Group

2500
)
€ 2000
E
)
€ 1500 = Mouse 1
=
) Mouse 2
>
s 1000 e \ouse 3
g M 4
= lOUSE
F 500
e \OUSE 5
0
0 5 10 15 20 25 30

Days after treatment

Figure 3.1.1: A plot shows primary tumor growth in control group over the treatment time.
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3.1.2 Radiation-alone Group:

Radiation-alone Group
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Figure 3.1.2: A plot shows primary tumor growth in RT-alone group over the treatment time.

3.1.3 Anti-PD-L1-alone Group:

Anti-PD-L1-alone Group
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Figure 3.1.3: A plot shows primary tumor growth in anti-PD-L1-alone group over the treatment
time.
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3.1.4 Radiation and Anti-PD-L1 Group:
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Figure 3.1.4: A plot shows primary tumor growth in RT + anti-PD-L1 group over the

Radiation + Anti-PD-L1 Group
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treatment time.

3.1.5 Comparison among Different Groups:

In addition to the individual plots shown in figure 3.1.1, figure 3.1.2, figure 3.1.3

== Mouse 1
e Vouse 2

Mouse 3
=== Mouse 4

e Mouse 5

and figure 3.1.4, figure 3.1.5 shows a comparison among all groups. To do this, a

median value for each group was calculated for each measurement day. Subsequently,

the median values were plotted against days post treatment for all groups.
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Changes of the Median of Normalized Tumor
Volumes over Time
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Figure 3.1.5: A plot shows changes of median primary tumor volume over time.

From figure 3.1.1 to figure 3.1.5, compared to the control group, it can be seen
that radiation treatment alone did not have any effects on primary tumor growth, while
anti-PD-L1 antibody treatment alone slightly delayed the primary tumor growth. The
combination treatment of radiation and anti-PD-L1 antibody treatment showed a non-
durable delay growth, as 3 out of 5 mice indicated primary tumor growth delay, but the

primary tumor regrew after 20 days post treatment.
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Furthermore, the amount of days required for each tumor to reach the limit of

volume>1500mm? is tabulated in table 3.1.1.

Table 3.1.1: A table shows the amount of days required for each tumor to exceed the

volume limit of 1500mm3.

Amount of days required for
tumor to reach
> 1500mm3
Control-1 12
Control-2 10
Control-3 14
Control-4 24
Control-5 20
Median-Control 14
RT-1 22
RT-2 16
RT-3 8
RT-4 14
RT-5 14
Median-RT 14
Anti-PD-L1-1 20
Anti-PD-L1-2 16
Anti-PD-L1-3 24
Anti-PD-L1-4 22
Anti-PD-L1-5 22
Median-PD-L1 22
RT + Anti-PD-L1-1 24
RT + Anti-PD-L1-2 12
RT + Anti-PD-L1-3 28
RT + Anti-PD-L1-4 26
RT + Anti-PD-L1-5 10
Median-RT+PD-L1 24

20



3.2 Survival Curves:

Survival plots were generated using Kaplan-Meier estimate, which is one of the
best choices to measure the fraction of experimental subjects living for a certain amount
of time after the treatment. Figure 3.2.1 shows the percent survival for all 4 groups, and
figure 3.2.2, figure 3.2.3 and figure 3.2.4 for RT-alone group vs Control group, anti-PD-
L1-alone group vs Control group and RT + anti-PD-L1 group vs Control group,
respectively.

It should be noted that in this current study, mice were euthanized when the

tumor volume reached the endpoint of 1500 mm?3 for the sake of lung harvests. Therefore,
the survival curves here do not actually chart survival. Instead, they chart related
endpoints. The plots for all four groups were compared using both the log-rank test and

the Gehan-Wilcoxon test. The comparisons were tabulated and shown in table 3.2.1,

table 3.2.2, table 3.2.3 and table 3.2.4.
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Percent Survival for All 4 Groups:

Percent Survival
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Figure 3.2.1: A plot shows percent survival for all 4 groups.

Table 3.2.1: A table shows a comparison of survival curves among all 4 groups.

Comparison of All Four Survival Curves

Log-rank (Mantel-Cox) test (recommended)

P value 0.2345
P value summary ns
Are the survival curves sig different? No

Gehan-Breslow-Wilcoxon test

P value 0.3374
P value summary ns
Are the survival curves sig different? No
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Percent Survival for RT-alone Group and Control Group:

Survival proportions: Survival of RT vs control
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Figure 3.2.2: A plot shows percent survival for RT-alone group and Control group.

Table 3.2.2: A table shows a comparison of survival curves between RT-alone group and Control
group.

Comparison of Survival Curves between RT-alone group and Control group

Log-rank (Mantel-Cox) test

P value 0.9705
P value summary ns
Are the survival curves sig different? No
Gehan-Breslow-Wilcoxon test

P value 0.9163
P value summary ns
Are the survival curves sig different? No
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Percent Survival for anti-PD-L1-alone Group and Control Group:

Survival proportions: Survival of PD-L1 vs control
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Figure 3.2.3: A plot shows percent survival for anti-PD-L1-alone group and Control group.

Table 3.2.3: A table shows a comparison of survival curves between anti-PD-L1-alone group and
Control group.

Comparison of Survival Curves between anti-PD-L1 group and Control group
Log-rank (Mantel-Cox) test

P value 0.1283

P value summary ns

Are the survival curves sig different? No
Gehan-Breslow-Wilcoxon test

P value 0.0993

P value summary ns

Are the survival curves sig different? No
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Percent Survival for RT + anti-PD-L1 Group and Control Group:

Survival proportions: Survival of RT+PD-L1 vs control
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Figure 3.2.4: A plot shows percent survival for RT + anti-PD-L1 group and Control group.

Table 3.2.4: A table shows a comparison of survival curves between RT + anti-PD-L1 group and
Control group.

Comparison of Survival Curves between RT+PD-L1 group and Control
group

Log-rank (Mantel-Cox) test
P value 0.2077
P value summary ns
Are the survival curves sig different? No
Gehan-Breslow-Wilcoxon test
P value 0.4013
P value summary ns
Are the survival curves sig different? No
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Based on figure 3.2.1 to figure 3.2.4 and table 3.2.1 to table 3.2.4, there are no
significant differences for the survival curves for all the treatment groups, either among
themselves or when they were compared with the control group. In other words, overall,

the treatment (RT-alone or anti-PD-L1-alone or RT + anti-PD-L1) did not affect the time

at which the mice reach their endpoints (tumor volume > 1500mm?).

3.3 IVIS Data - Primary tumors and Lung Metastases:

IVIS captures light photons that are emitted by E0771 luc- cancer cells that have
been genetically engineered to express firefly luciferase. D-luciferin is the substrate for
tirefly luciferase’s bioluminescence reaction. When exposed to D-luciferin, which is
administered to mice prior to imaging, the tumor cells that express the luciferase will
breakdown D-luciferin to produce light. This reaction requires the presence of ATP and
Oxygen, enabling the firefly luciferase to catalyze the chemical reaction to convert the
substrate — D-luciferin to a chemical called Oxyluciferin. The Oxyluciferin with an
electronically excited state releases its excessive energy by giving a photon of light in
order to return to the ground state. This photon will then be captured by the IVIS.

In the current study, mice were first injected i.p. with D-luciferin, and then
anesthetized with isoflurane and placed on the imaging stage in a ventral recumbent
position. IVIS imaging was carried out either immediately after the D-luciferin injection

and the anesthesia by using imaging sequencing for approximately 15 minutes with 1

26



minute exposure time per each sequence. The bioluminescent data are acquired by the
instrument and reported as total flux (photons/second). Quantification was performed
using Living Image software (Xenogen Corp., Alameda, CA). After completion of
imaging, Euthasol (0.05ml/mouse) was injected i.p. to euthanize the mice.

The lungs with the entire trachea intact and/or the primary tumors in the dorsal
region were dissected out for the whole-lung imaging purpose under IVIS. The imaging
methods depended on many factors and varied in this current study. It was either
imaged by one single shot at a specific time point or by imaging sequencing
(automatically 15mins-long or manually at different time points). Photons emitted from
the lung region were also quantified, and expressed in terms of photons emitted per
second. ROI analysis using the Living Image software was performed to obtain the total
photon flux, shown in a text box (in red words) next to the ROI. Examples are shown in
figure 3.3.1 for primary tumors and figure 3.3.2 for lungs. All those images for both

primary tumors and the lungs obtained from IVIS can be found in Appendix A.
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Figure 3.3.1: A diagram shows the IVIS image with ROI data (total photon flux in

photons/second) for primary tumor of mouse-3 in anti-PD-L1-alone group.
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Figure 3.3.2: A diagram shows the IVIS image with ROI data (total photon flux in
photons/second) for lung tissue of mouse-3 in anti-PD-L1-alone group.
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With the ROI analysis, total photon flux for each individual mouse was obtained
and shown as in figure 3.3.3 and figure 3.3.4 for primary tumors and lungs, respectively.
Due to several reasons, such as machine breakdown, technical problems and/or the poor
mouse conditions at the day of euthanasia, ROI analyses for some mice were not able to
be performed or images were not saved successfully. Therefore, total photon flux values
were not recorded for some of the mice (anti-PD-L1-4, RT-3, RT-5 in figure 3.3.3 and
Control-4, anti-PD-L1-1, anti-PD-L1-2, anti-PD-L1-4, RT-1 and RT-3 in figure 3.3.4). On
the other hand, due to the superior huge difference among some subjects in different
groups, data bars representing some of the mice (Control-1, Control-2, Control 4, RT +
anti-PD-L1-5 in figure 3.3.3) are not observable in figure 3.3.3. All such incidents that

cause failure to perform the ROI analyses are described in Appendix A.
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Figure 3.3.3: A log-plot shows the total photon flux emitted from primary tumor cells for all
individual mice.

From figure 3.3.3, it can be seen that the total photon flux values among the mice
within the SAME group varied dramatically, especially for anti-PD-L1-alone group and
RT + anti-PD-L1 group. For example, the anti-PD-L1-1(173900 x 10° photons/sec) has the
total photon flux value 39 times higher than that of the anti-PD-L1-3 (4446 x 10°
photons/sec). The RT + anti-PD-L1-4 (66660 x 10° photons/sec) has the total photon flux
value 48 times higher than that of RT + anti-PD-L1-3 (1392x10° photons/sec) and RT +

anti-PD-L1-2 (1392x10° photons/sec).
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Lung Metastases
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Figure 3.3.4: A log- plot shows the total photon flux emitted from lung tissue for all individual
mice.

In comparison, from figure 3.3.4, the total photon flux values for the lung tissue
among almost all subjects are relatively similar to each other. In other words, they are
much less fluctuated, except for one subject in control group (control-5), which has a flux
value of 274.2 x10° photons/sec that is 35 times higher than that of control-3 (7.886x105
photons/sec).

Apart from this, a median value of the total photon flux was calculated for each
group. A variation of the median total flux among all groups was plotted as figure 3.3.5

and figure 3.3.6 for primary tumors and lung metastases, respectively.
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Figure 3.3.5: A plot shows the variation of the median total photon flux emitted from primary

tumors for each of four groups.

Table 3.3.1: A table shows the results for multiple comparisons using Two-way ANOVA. (For
primary tumors

Dunn's multiple comparisons Adjusted P
test Significant?|Summary Value
Control vs. RT-alone No ns 0.9999
Control vs. anti-PD-L1-alone No ns 0.6676
Control vs. RT + anti-PD-L1 No ns 0.9871
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From figure 3.3.5 and table 3.3.1, it can also be seen that there is no significant
difference between RT-alone or anti-PD-L1-alone or RT + anti-PD-L1 group and the
control group. These findings suggested that all the treatments did not help in

eliminating the primary tumor cells.
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Figure 3.3.6: A plot shows the variation of median total photon flux emitted from lungs for each
of four groups.

Table 3.3.2: A table shows the results for multiple comparisons using Two-way ANOVA. (For
lung metastases)

Dunn's multiple comparisons test | Significant? |Summary |Adjusted P Value

Control vs. RT-alone No ns 0.3433
Control vs. anti-PD-L1-alone No ns 0.3058
Control vs. RT + anti-PD-L1 No ns 0.4053




From figure 3.3.6 and table 3.3.2, it can be interpreted that there is no significant
difference between RT-alone or anti-PD-L1-alone or RT + anti-PD-L1 group and the
control group. These findings suggested that none of the treatments reduced the burden

of metastatic cancer cells in lungs, compared to the control group.

3.4 India-ink Assay:

India-ink Assay was performed as a secondary method to verify the lung mass
formation. Unfortunately, grossly observable lung nodules were not observed. In other
words, the results from the India-ink Assay suggested that the primary tumors in the

dorsal fat pad region did not result in grossly visible metastases in any groups.

3.5 Zenascope Measurement:

Hemoglobin saturation (Hb-Sat) and the total hemoglobin levels were measured
in order to assess the endpoints of vascular oxygenation and vascularity information,

respectively.

3.5.1 Changes in Hemoglobin Saturation (Hb-Sat) Levels:

Changes in Hb-Sat (%) from baseline values on the pre-treatment day over time
for each mouse are plotted separately, and then combined to a single plot with a fixed

range of y-axis values as shown in figure 3.5.1.1:
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Figure 3.5.1.1: A plot shows the changes in Hb-Sat(%) from the baseline values on the
pre-treatment day over time for all individual mice. (Note that some mice are marked with

“Suspected” data, such as those with pigment or scar on their skin surface and/or the data appear

outside the range of the rest within the same group)

From figure 3.5.1.1, excluding the suspected data, it can be seen that there is a
gradual increase in Hb-Sat for mice in the control group, which may correlate to the
blood vessels growth in these primary tumors in the control group. In contrast, there is a
gradual decrease in Hb-Sat for mice in the anti-PD-L1-alone group, which may correlate
to the inhibition of blood vessels growth by anti-PD-L1 antibody. In RT-alone group, the
response is not clearly shown from figure 3.5.1.1, suggesting that a single radiation

fraction of 10 Gy may not have significant effects on blood vessels growth in tumors and
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hence the tumor oxygenation status. From figure 3.5.1.1, when RT combined with anti-
PD-L1 antibody treatment, 3 out of 4 mice demonstrated a relatively flat response

against the combination treatment. (Further discussion can be found in section 4.3)

3.5.2 Changes in Total Hb Levels:

Changes in Total Hb (%) from baseline values on the pre-treatment day over time
for each mouse are plotted separately, and then combined to a single plot with the fixed

range of y-axis values as shown in figure 3.5.2.1:
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Figure 3.5.2.1: A plot shows the changes in total Hb(%) over time for all individual mice
from all groups. (Note that some mice are marked with “Suspected” data, such as those with
pigment or scar on their skin surface and/or the data appear outside the range of the rest within

the same group)
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From figure 3.5.2.1, excluding the suspected data, there is not much change in the
normalized total Hb levels within tumors for all individual mice. This finding, overall,
suggested that all kinds of treatment methods used in this current study did not affect
the total hemoglobin levels in primary tumors, and hence the vascularity in tumor

microenvironment. (Further discussion can be found in section 4.3)
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4. Discussions:

Two previous studies performed by Weitzel et al. (2015)!! are compared to our
experimental results. In his first study, a half million E0771 breast cancer cells were
subcutaneously injected into each mouse’s leg muscle (only one side). When tumor
volumes in the right leg reached 100-200mm?, mice were randomized into 4 different
groups (Control, RT-alone, anti-PD-L1-alone and RT + anti-PD-L1); 10Gy of single
radiation dose was given to tumors. The treatment endpoint was defined as when tumor
volume exceeds 1500mm?.

In his second study, most of the treatment designs were similar, except that he
employed a dual-tumor flank model, the same amount of the same breast cancer cell
was subcutaneously injected into each mouse’s leg muscle (both sides). When tumor
volumes in the right leg reached 100-200mm?, mice were randomized into 3 different
groups (Control, RT-alone and RT + anti-PD-L1); the same dose of radiation was given
to tumors of the right leg for the RT-alone group and the RT+ anti-PD-L1 group. With
such a treatment design, the tumors in the right leg were regarded as primary tumors,
while tumors in the left leg were considered as secondary tumors.

Nevertheless, there were some limitations in Weitzel et al. (2015)’s Msecond
experimental design. First of all, the tumor microenvironment was not optimized,
because E0771 is a breast cancer cell line, which should grow in fat tissue but not in

muscle tissue. Therefore, E0771 cancer cells should be injected into the dorsal mammary
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fat pad region of the mouse, instead of subcutaneous injection into muscle tissue. In fact,
studies have shown that tumors grown orthotopically reflect the clinical effects of drugs
more closely than the tumors grown subcutaneously; this is most likely because the
tumor microenvironment would affect tumor growth, survival, metastasis and response
to treatment. Therefore, such an orthotopic model reproduces the microenvironment at
the primary site of human breast cancers, with a hope to provide efficacious evaluation
in a preclinical tumor model. This allows for a more representative tactic of primary
tumor growth, metastatic activity and response to treatments to be more accurately
quantified.

Secondly, the tumors in the left leg regions were not real metastatic tumors, but
were instead injected subcutaneously. In other words, we did not know whether the
E0771 cancer cells in their primary site (right leg muscles) did metastasize to the left leg
muscles. Therefore, before the current treatment study, two additional preliminary
studies were performed using similar methodologies and the same endpoints, but
neither radiation nor drug treatment was given. The preliminary studies were
conducted with a hope to obtain a better treatment design for the current study.

The procedures and results from the two preliminary studies are described and

discussed as follows:
1. The first preliminary study aimed to establish an E0771 metastatic

model, so as to confirm that the tumor cells in the primary site of
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the dorsal mammary fat pad region would spontaneously
metastasize to the lungs. We injected half million E0771 cells
(same as in Weitzel et al. ’s study!") orthotopically; primary tumor
growth was then monitored by caliper measurement. Results
suggested that it took 14-18 days for the primary tumors to grow,
and 22-25 days to exceed the limit of 1500mm?. Lung metastasis
was evaluated by IVIS and India-ink Assay. When the tumor
volume exceeded the limit, we sacrificed the mice and dissected
the lungs out for IVIS. To perform IVIS, D-luciferin was first
injected into mouse body through i.p. injection, followed by 20
minutes waiting time for the luciferin to react before the image
was taken. Results from the IVIS showed that lungs from both
mice indicated lung metastatic tumors, though no nodule was
observed in both lungs using India-ink Assay.

The second preliminary study aimed to confirm the E0771
metastatic model by using orthotopic injection, and to optimize
the time for primary tumor by injecting more cancer cells. Half
million E0771 cancer cells were orthotopically injected into two
mice, and one million were injected in the other two mice. Results

from the caliper measurement showed that the tumor grew very
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slowly for the half-million-cell injection, which was consistent
with the first preliminary study; while 10 days would be sufficient
for the primary tumor volume to reach 100-200mm? for the one-
million-cell injection, which allowed us to identify the location of
tumors and hence define the irradiation site. Besides, 20 days
would be enough for the tumor volume to exceed the limit of
1500mm?®. To perform IVIS, we found that the luc-signals decayed
much faster than the first preliminary study, implying that 20-
minute waiting-time was too long and not necessary to obtain the
IVIS image. Therefore, we imaged the mice almost immediately
after the D-luciferin injection; a sequence of images was then
obtained to monitor the change of signal expression over time. For
the one-million-cell injection, results from IVIS showed that only 1
out of 2 mice showed luciferase signals from lungs through lung
IVIS imaging. (Probability or Fast decay). No nodule was found
from both lungs. After that, we decided to speed up the
procedures of dissecting the lungs out, and imaged the mice 15
minutes after luc-injection for the other two mice with the half-
million-cell-injection. At the same time, we performed a time

point study for luciferase expression to see how long it took for
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the signal to reach its maximum value, which was crucial for data
analyses. For the half-million-cell-injection, results from IVIS
showed that only 1 out of 2 mice showed signals from primary
tumors under whole-mouse imaging, although there was a
palpable tumor seen on the dorsal region. Later on, when we took
out the lung, we also dissected the primary tumors out, and
performed the primary tumor IVIS imaging. Results showed that
both primary tumors from two mice had luciferase signals. For the
lung IVIS imaging, luciferase signals from the lungs were only
seen in one mouse, with much less signal intensity compared to
the primary tumors. Again, no nodule was found from the lungs

of the two mice using India-ink Assay.

Based on results from the two preliminary studies and the aforementioned

rationales, we shifted from the dual-flank model to the orthotopic model, with doubled

amount of cancer cells injected, and we defined 10 days after the cancer-cell

implantation as the treatment day (day 0). With these modifications, we would like to

determine whether we could replicate Weitzel et al. (2015)’s results!'l. Comparisons

between our experiment results and Weitzel et al. (2015)’s results!!lare made and are

divided into two categories for discussion: Primary tumor, and lung metastases,

respectively.
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4.1 Primary Tumors:
4.1.1 Caliper Measurement and Survival Plots

Caliper measurement results from Weitzel’s studies!'showed that RT-alone led to
primary tumor growth delay; anti-PD-L1-alone had no significant effect on primary
tumor growth; while RT combined with anti-PD-L1 antibody treatment inhibited

primary tumor growth, as shown in figure 4.1.1.1.

Tumor Growth
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Figure 4.1.1.1 A Plot shows primary tumor growth over time from Weitzel's study!!l.

However, caliper measurement from the current study showed a different result.
As shown in the Result section, RT-alone showed no effects on the primary tumor
growth; anti-PD-L1-alone slightly delayed the primary tumor growth; and combined RT
with anti-PD-L1 antibody treatment showed non-durable delayed primary tumor

growth.
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On the other hand, survival curves from Weitzel’s study!!! are shown in figure
4.1.1.2. It showed that RT combined with anti-PD-L1 antibody treatment caused

prolonged survival of the mice, and 7 (out of 8) mice were still alive for 2 months after

the treatment.
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Figure 4.1.1.2: A survival plot shows percent survival over time from Weitzel’s study!!l.

However, in our experiment, we did not see any prolonged survival for all
groups, as shown in figure 4.1.1.3. All mice died eventually, meaning that all the mice

reached their endpoints (tumor volume> 1500mm?3).
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Figure 4.1.1.3: A survival plot shows percent survival against days post treatment for the
current study.

There are several possible explanations to account for those differences between
our results and Weitzel’s results!!:

i A single radiation dose of 10Gy was enough for mouse models with
subcutaneous injection, but that may not be enough for mouse models with
orthotopic injection. Because of the difference between the two models, the
tumor microenvironment was not identical, which affects tumor growth and
their responses to treatment.

ii. The timeline was not optimized. In Weitzel’s study!', they claimed that the
tumor volumes reached 100-200mm? on the treatment day, allowing them to
identify the tumor locations, and hence the irradiation sites. However, in our
experiment, we estimated that the orthotopic tumors need 10 days after cell

implantation to reach a volume of 100-200mm?, based on the preliminary
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studies. Unfortunately, in the current treatment study, we found that the
tumor grew surprisingly slowly, even when we doubled the amount of cells
for injection. In other words, 10 days was not enough for the orthotopic
tumors to reach 100-200mms3, implying that the tumor location was not well
defined; the irradiation site was just assumed to be the injection site for most
of the mice. This may cause uncertainties to the treatment response for the
current study.

4.1.2 In-Vivo Imaging System (IVIS):

It should be noted that there was no IVIS experiment performed from Weitzel’s
study!!, because the mouse model that they employed was not genetically engineered.
Here, data of primary tumors obtained from IVIS for the current study are shown in
figure 3.3.5 and are discussed.

None of the treatment groups showed significant difference, when they were
compared with the control group (RT-alone vs control: p=0.9999; anti-PD-L1-alone vs
control: p=0.6676; RT + anti-PD-L1 vs control: p=0.9871). These findings suggested that
the combination treatment of RT and anti-PD-L1 antibody treatment did not kill the
primary tumor cells effectively. However, interestingly, neither RT-alone nor anti-PD-
L1-alone reduced the signal intensity (in terms of median total photon flux), compared
with the control group. These findings provoked us to question the validation of the

relationship between the luciferase-signal expression and the tumor response. On the
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other hand, when we looked at the luciferase-expression for each individual mouse, we
found that the luciferase-expression dramatically varied among each other, even within
the same treatment group, as shown in figure 3.3.3. Some of the mice were excluded
when performing the data analysis, resulting in a reduction in the sample size. Also, two
subjects were excluded from data analysis because of the technical problems, which
further decreased the sample size. Therefore, the validation from the IVIS data analysis

for the primary tumor was doubted.

4.2 Lung Metastases:

In Weitzel’s second study!" using the dual-flank tumor model, E0771 cancer cells
were injected subcutaneously into both leg muscles, while radiation was only given to

the right leg. The results are shown in figure 4.2.1.
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Figure 4.2.1: Two plots show tumor volume for primary tumor (left) and secondary

tumor (right) changes over time from Weitzel’s study!!.
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Results of his study showed that the primary tumors responded consistently
with his previous study; RT-alone delayed the primary tumor growth and combination
treatment inhibited the primary tumor growth. Furthermore, from the right figure of
figure 4.2.1, it can be seen that RT combined with anti-PD-L1 antibody treatment
showed a distant effect in eliminating the tumors that are un-irradiated and distant from
the primary tumors; while RT-alone had no difference, compared to the control group.

Due to the fact that the tumors in left legs in his study were not real metastatic
tumors, several modifications were made in the current study with a hope to develop a
metastatic model. We injected the E0771 cancer cells into their dorsal fat pad region
(primary tumors) to see whether the cancer cells would grow in the lungs (metastatic
lung masses). After that, we used IVIS and India-ink Assay to evaluate and validate the
lung mass formation.

4.2.1 In-Vivo Imaging System (IVIS):

Results of the preliminary studies using IVIS showed that lung mass formation
was confirmed in some of the mice with orthotopic injection, but not all. In the current
treatment study, statistical analysis of p-values for IVIS data (figure 3.3.6) showed that
RT-alone (p=0.3433), anti-PD-L1-alone (p=0.3058) and RT + anti-PD-L1 (p=0.4053) did not
show significant difference when they were compared to the control group. This finding
suggested that all the treatment methods used in the current study did not help

reducing the burdens of the lung metastases. Nevertheless, there were some limitations
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when using the IVIS. First of all, the luciferase expression was not stable for E0771
cancer cell line; this expression dramatically varied among the mice, even within the
same group. The luciferase expression relies on the ATP storage of the subjects, which
may be markedly different among the mice and hence may account for the instability of
the signal expression. Secondly, the decay rate of the luciferase signal expression
decayed unstably, meaning that the expression reached their peaks at very different
times post-luciferin-injection, ranging approximately from 5 minutes to 30 minutes. In
some occasions, there was no luciferase signal expression for some mice, even though a
large palpable tumor was observed. Therefore, we concluded that luciferase expression
may not correlate well to the metastatic lung mass formation. This has raised a question
as to whether the results would be different if a better metastatic model was selected.
To have a better idea to answer this question, results from another previous study
using another mouse model ( 4T1 model) may help. The 4T1 model, which also involves
a breast cancer cell line — 4T1, is a well-established metastatic model with stable
luciferase expression. The experimental procedures to evaluate the lung mass
formations were basically the same as the current study using IVIS. The results of IVIS

data are shown in figure 4.2.1.1.
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Figure 4.2.1.1: A Plot shows the average total photon flux emitted from lung tissue for

each of the four groups using 4T1 model.

Table 4.2.1.1: A table shows the results from multiple comparisons using Two-way ANOVA (For
lung metastases, 4T1 model)

Adjusted
Dunnett’s multiple comparisons test| Significant? | P Values
Control vs. RT-alone No 0.2571
Control vs. anti-PD-L1-alone No 0.2841
Control vs. RT + anti-PD-L1 No 0.3747

Data analysis with p-values, shown in table 4.2.1.1, suggested that with a good

metastatic model, the combination treatment did not significantly reduce the burdens of

lung metastases, also neither did the RT-alone nor the anti-PD-L1-alone treatment. This

finding implies that the combination treatment may not be able to produce a statistically

significant distant effect, when orthotopic injection is used.
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4.2.2 India-ink Assay:

The India-ink Assay is a histological method, which makes use of the color
contrast by injecting the dark ink into the air pipes. The nodules (if existent) would
appear as white spots. In this current study, there were limitations when performing this
technique. Ideally, whole intact lungs with tracheas should be dissected out, and then
the ink should be injected via the tracheas. However, there might be damage to the
lungs or tracheas during the lung harvest, such that the ink would not go through the
whole lungs. Despite that, we assumed such human errors should not greatly affect the
results because the main objective of this assay is to make a strong contrast to facilitate
the nodules counting process.

Most importantly, we found that all of the lung samples from all of the groups did
not show any grossly observable nodules using India-ink Assay, though invisible micro-
metastases might exsit. This would probably explain why some of the lung samples did
show the luciferase signal using IVIS, but did not develop observable nodules using

India-Ink Assay.

4.3 Zenascope Measurement:

There are a number of limitations of zenascope measurement with the use of an

optical probe. The first limitation is the pigmentation with the black mice, which hinders
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the light passing through the skin tissue to reach the deep seated tumors. Several mice
were marked as “suspected” data, due to the pigmentation or scars on skin, etc.

Secondly, the fur also affects the performance of optical measurement. It should
be noted that a shave was used to remove the fur. The use of “Nair”, a branch product
for hair removal, was avoided in the current study, so as to avoid any skin effects which
would affect the performance of optical measurement.

In addition, from the results shown in section 3.5.1 and 3.5.2 (excluding those
with “suspected data”), it can be seen that there was a gradual increase in Hb-sat levels
in the control group, possibly relating to the blood vessel growths within those tumors.
Also, there was a gradual decrease in Hb-sat levels in anti-PD-L1-alone group. However,
when radiation was involved (RT-alone and RT + anti-PD-L1 group), the relationship
between the changes in Hb-sat levels and the tumor growth becomes unclear. On the
other hand, the total-Hb levels remained almost unchanged in both the control group
and anti-PD-L1-alone group. However, when radiation was involved, the change
becomes unclear again. One possible explanation may be that this is due to the non-
optimized timeline to start the treatment. Due to the fact that most of the tumors grew
very slowly and did not reach a palpable volume, and that the optical measurement was
performed in the early days after the treatment (day-1, day0, dayl, day2, day3), there
may be uncertainties in defining the tumor locations and also the sites for placing the

optical probe for the measurement.
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Other possible limitations for this measurement include the motion of the mouse
and/or hands of operators. Apart from this, it would also be interesting to determine
whether 10 Gy of radiation dose in a single fraction causes any local vascular damage,

which in turn would affect the results of the zenascope measurement.

4.4 Future Study:

Results from the current study appeared to be inconsistent with the previous
findings from Weitzel’s study!'l. In addition, IVIS used in the current study displayed a
large variation in the data. Here, a number of possible explanations and suggestions are
provided for improvements for future study.

First of all, the ability to know the tumor size before beginning the treatment is
crucial. However, the selection of the optimal starting point of the treatment day is
complex because of the variation in the tumor growth rate among individual mice. To
address the irregular growth rate of the cancer cells, one possible solution is to increase
the amount of cancer cells for injection. This might help the cells multiply more quickly
and hence the tumors would reach the optimal starting point in a more consistent
manner.

Secondly, although a single fraction of 10 Gy was sufficient to almost completely
eliminate the subcutaneously implanted tumors, 10 Gy appeared to be inadequate to
affect the growth of the orthotopically implanted tumors. The failure to affect the

orthotopic tumors’ growth may have been due to other confounding factors, such as the
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unoptimized starting point of the treatment previously mentioned. Nevertheless, in

future study, a higher radiation dose, for example 15 Gy or 20 Gy, could be used to test

the effectiveness of the radiation.

Thirdly, regarding the IVIS, it was found that there was no signal from the

primary tumors even though there was a palpable tumor on the dorsal mammary fat

pad. It could possibly be ascribed to the following four scenarios.

a)

b)

The heterogeneity in the level of expression of the reporter gene (the
luciferase) within the tumor cell population may account for the absence of
the signal in the images. If a tumor started from a group of cells that had low
to no expression of the reporter gene, then it would not be possible to get any
signal in that particular animal.

The pigmentation of the mice might block the light photons reaching the
built-in camera of IVIS. Therefore, performing in-vitro primary tumor
imaging using IVIS may eliminate the influence of the pigmentation.

The fast decay of the luciferase signal might also result in the absence of the
signal in the images. In general, the luciferase signal diminishes dramatically
within 20 minutes post D-luciferin injection, though the signal decay rate
varies. Therefore, the time required for lung harvesting becomes crucial and
expertise in lung dissection becomes a factor. In addition, performing an

imaging sequencing immediately after the injection of D-luciferin could
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d)

guarantee the imaging process would take place within the appropriate time
frame.

The insufficient amount of infiltrating-D-Luciferin interacting with the E0771-
luciferase cancer cells in the tumor microenvironment could also account for
the absence of the signal. This infiltration problem could be solved by
increasing the injection rate of the D-Luciferin.

Finally, the current experiments were rather small; there were only five
animals per group. Thus, a rigorous statistical testing was not possible.
Future studies could increase the sample size to increase the amount of data

for analysis.
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5. Conclusions:

The untapped potential of this combination treatment of radiation and ICB for
improving the outcome of the cancer treatment is yet to be fully realized. In the current
study, radiation combined with anti-PD-L1 immunotherapy using E0771 model did not
significantly eliminate the primary tumors and reduce the burden of lung metastases.
However, the treatment response and the E0771 model were affected by a number of
technical problems that render the evaluation inconclusive. Solutions to some of these
technical problems have been provided, enabling future reseachers to replicate and
improve on this study and futher determine the treatment response and the usefulness
of the E0771 model. Further research is needed to uncover the promise of this combined

therapy.
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6. Appendix A (The IVIS Images with the E0771-luc Model):

Control- Mouse 1:

Day of euthanasia: 12 days post treatment;

ROI data used: 7.713 x 10? photons per second;

The segment used for data analysis: The third segment, which was obtained at 9 minutes

36 seconds after the D-luc injection.
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Control- Mouse 2:

Day of euthanasia: 10 days post treatment;

ROI data used: 1.436 x 103 photons per second;

The segment used for data analysis: The first segment, which was obtained at 9 minutes

after the D-luc injection.
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Control- Mouse 3:

Day of euthanasia: 14 days post treatment;

ROI data used: 6.263 x 107 photons per second;

The segment used for data analysis: The second segment, which was obtained at 9

minutes 43 seconds after the D-luc injection.
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Control- Mouse 4:

Day of euthanasia: 24 days post treatment;

ROI data used: 1.104 x 10° photons per second;

The image used for data analysis: The image below was taken at 15 minutes 50 seconds

after the D-luc injection.
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Control- Mouse 5:

Day of euthanasia: 20 days post treatment;

ROI data used: 5.699 x 107 photons per second;

The segment used for data analysis: The fourth segment, which was obtained at 13

minutes 20 seconds after the D-luc injection.
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RT-alone- Mouse 1:

Day of euthanasia: 22 days post treatment;

ROI data used: 1.600 x 10” photons per second;

The image used for data analysis: The image below was taken at 18 minutes after the D-

luc injection.
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RT-alone - Mouse 2:

Day of euthanasia: 16 days post treatment;

ROI data used: 2.652 x 107 photons per second;

The segment used for data analysis: The sixth segment, which was obtained at 15

minutes 42 seconds after the D-luc injection.
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RT-alone - Mouse 3:

Day of euthanasia: 8 days post treatment;

ROI data used: Not recorded;

Remarks: Data lost.
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RT-alone - Mouse 4:

Day of euthanasia: 14 days post treatment;

ROI data used: 7.300 x 107 photons per second;

The segment used for data analysis: The first segment, which was obtained at 4 minutes

30 seconds after the D-luc injection.

» |

-

ROI 1=7.300e+07

7
- 4
.

RO 1=4.451e+06),
. L 130

120 405
110
_
EO! 1= 4,889—?+va:

Radiance

(pisecfcm3fsr)

Color Scale

Mn = 1.0026

Max = 1,396

65



RT-alone - Mouse 5:

Day of euthanasia: 14 days post treatment;

ROI data used: Not recorded.

Remarks: The IVIS suddenly shut off without automatically saving the images.
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Anti-PD-L1-alone - Mouse 1:

Day of euthanasia: 20 days post treatment;

ROI data used: 1.739 x 10% photons per second;

The segment used for data analysis: The fifth segment, which was obtained at 17

minutes 50 seconds after the D-luc injection.
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Anti-PD-L1-alone - Mouse 2:

Day of euthanasia: 16 days post treatment;

ROI data used: 3.811 x 107 photons per second;

The segment used for data analysis: The third segment, which was obtained at 11

minutes 19 seconds after the D-luc injection.

Remarks: Due to machine breakdown, it was not possible to image more than three segments.

x108

Radance
(pfsecfem?jsr)

Calor Scale
Min = 7.32eS
Max = 4,37e6

68



Anti-PD-L1-alone - Mouse 3:

Day of euthanasia: 24 days post treatment;

ROI data used: 4.446 x 10° photons per second;

The image used for data analysis: The image below was taken at 13 minutes 30 seconds

after the D-luc injection.
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Anti-PD-L1-alone - Mouse 4:

Day of euthanasia: 22 days post treatment;

ROI data used: Not recorded;

Remarks: Data lost.
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Anti-PD-L1-alone - Mouse 5:

Day of euthanasia: 22 days post treatment;

ROI data used: 5.887 x 10”7 photons per second;

The image used for data analysis: The image below was taken at 16 minutes after the D-

luc injection.
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RT + Anti-PD-L1 - Mouse 1:

Day of euthanasia: 24 days post treatment;

ROI data used: 6.497 x 10° photons per second;

The image used for data analysis: The image below was taken at 16 minutes after the D-

luc injection.
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RT + Anti-PD-L1 - Mouse 2:

Day of euthanasia: 13 days post treatment;

ROI data used: 7.627 x 10% photons per second;

The segment used for data analysis: The third segment, which was taken at 11 minutes

02 seconds after the D-luc injection.
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RT + Anti-PD-L1 - Mouse 3:

Day of euthanasia: 28 days post treatment;

ROI data used: 1.392 x 10° photons per second;

The image used for data analysis: The image below was taken at 06 minutes 30 seconds

after the D-luc injection.
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RT + Anti-PD-L1 - Mouse 4:

Day of euthanasia: 28 days post treatment;

ROI data used: 6.666 x 107 photons per second;

The image used for data analysis: The image below was taken at 16 minutes after the D-

luc injection.
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RT + Anti-PD-L1 - Mouse 5:

Day of euthanasia: 10 days post treatment;

ROI data used: 1.369 x 10% photons per second;

The segment used for data analysis: The fifth segment, which was obtained at 17

minutes 32 seconds after the D-luc injection.
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Control - Lung 1:

Day of euthanasia: 12 days post treatment;

ROI data used: 9.021 x 10° photons per second;

The image used for data analysis: The image below was taken at 17 minutes 32 seconds

after the D-luc injection.

Remarks: These seem very close to background levels, further study should pay attention to

subtract the background levels in order to improve the image quality.
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Control - Lung 2:

Day of euthanasia: 10 days post treatment;

ROI data used: 1.370 x 10° photons per second;

The segment used for data analysis: The first segment, which was obtained at 19 minutes

20 seconds after the D-luc injection.
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Control - Lung 3:

Day of euthanasia: 14 days post treatment;

ROI data used: 7.886 x 10° photons per second;

The segment used for data analysis: The first segment, which was obtained at 8 minutes

41 seconds after the second D-luc injection.
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Control - Lung 4:

Day of euthanasia: 24 days post treatment;

ROI data used: Not recorded;

Remarks: The mouse was very weak, it died after the ketamine injection.
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Control - Lung 5:

Day of euthanasia: 20 days post treatment;

ROI data used: 2.742 x 10”7 photons per second;

The segment used for data analysis: The second segment, which was obtained at 27

minutes 10 seconds after the D-luc injection.
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RT-alone - Lung 1:

Day of euthanasia: 22 days post treatment;

ROI data used: Not recorded;

The image used for data analysis: The image below was taken at 28 minutes after the D-

luc injection.
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RT-alone - Lung 2:

Day of euthanasia: 16 days post treatment;

ROI data used: 5.556 x 10° photons per second;

The segment used for data analysis: The first segment, which was obtained at 25 minutes

after the D-luc injection.
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RT-alone - Lung 3:

Day of euthanasia: 8 days post treatment;

ROI data used: Not recorded;

Remarks: Data was missed.
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RT-alone - Lung 4:

Day of euthanasia: 14 days post treatment;

ROI data used: 1.001 x 10° photons per second;

The segment used for data analysis: The first segment, which was obtained at 8 minutes

after the second D-luc injection.
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RT-alone - Lung 5:

Day of euthanasia: 14 days post treatment;

ROI data used: 5.321 x 10° photons per second;

The segment used for data analysis: The fifth segment, which was obtained at 23

minutes 45 seconds after the second D-luc injection.

Remarks: The IVIS suddenly shut off without automatically saving the images.
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Anti-PD-L1-alone - Lung 1:

Day of euthanasia: 20 days post treatment;

ROI data used: Not recorded;

Remarks: Machine breakdown occurred during the lung imaging process, therefore no

ROI analysis was performed.
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Anti-PD-L1-alone - Lung 2:

Day of euthanasia: 16 days post treatment;

ROI data used: Not recorded;

Remarks: Due to the machine breakdown, it was not possible to perform lung imaging

and ROI analysis. However, I was lucky to have one image before the machine

breakdown (as shown below), but no ROI analysis was performed.
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Anti-PD-L1-alone - Lung 3:

Day of euthanasia: 24 days post treatment;

ROI data used: 3.763 x 10° photons per second;

The image used for data analysis: The image below was taken at 24 minutes after the D-

luc injection.
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Anti-PD-L1-alone - Lung 4:

Day of euthanasia: 22 days post treatment;

ROI data used: Not recorded;

Remarks: Data lost.
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Anti-PD-L1-alone - Lung 5:

Day of euthanasia: 22 days post treatment;

ROI data used: 2.877 x 10° photons per second;

The image used for data analysis: The image below was taken at 26 minutes after the D-

luc injection.
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RT + Anti-PD-L1 -Lung 1:

Day of euthanasia: 24 days post treatment;

ROI data used: 2.363 x 10° photons per second;

The image used for data analysis: The image below was taken at 23 minutes after the D-

luc injection.
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RT + Anti-PD-L1 -Lung 2:

Day of euthanasia: 13 days post treatment;

ROI data used: 2.609 x 10° photons per second;

The image used for data analysis: The image below was taken at 12 minutes after the

second D-luc injection.
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RT + Anti-PD-L1 -Lung 3:

Day of euthanasia: 28 days post treatment;

ROI data used: 2.749 x 10° photons per second;

The image used for data analysis: The image below was taken at 5 minutes 40 seconds

after the second D-luc injection.
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RT + Anti-PD-L1 -Lung 4:

Day of euthanasia: 28 days post treatment;

ROI data used: 4.468 x 10° photons per second;

The image used for data analysis: The image below was taken at 23 minutes after the D-

luc injection.
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RT + Anti-PD-L1 -Lung 5:

Day of euthanasia: 10 days post treatment;

ROI data used: 3.022 x 10° photons per second;

The segment used for data analysis: The second segment, which was obtained at 35

minutes after the D-luc injection.
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7. Appendix B:

(Information in this section directly refers to “Modulation of Oxidative Stress Influences Tumor Response to

Therapy“1*3], conducted by BOSS, MARY-KEARA)

Radiation Dosimetry:

For the sake of determining the dose delivered to the directly irradiated tissue,
blocked (“bystander”) tissue, and the surrounding critical organs (lungs and spine),
focal dosimetry data for regions of interest within and around the radiation treatment
field was obtained by using a nano-crystalline scintillator fiber optical detector

(nanoFOD), as shown in the figure below. (See BOSS, MARY-KEARA. Modulation of

Oxidative Stress Influences Tumor Response to Therapy!*3.)
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Figure 2.7 Orthotopic dorsal mammary tumor radiation technique and focal
dosimetry. (A) A diamond shaped radiation field was used to target the radiation beam fo the
dorsal mammary tumor while avoiding radiation exposure to the lungs and the spine. (B)
Focal dosimetry data obtained using the nanoFOD system defined the radiation dose af the
center of the open field to be 14.91Gy. the center of the open portion of the 50% tumor
radiation field to be 14.58Gy, and the center of the blocked portion of the 50% tfumor
radiation field to be 048Gy
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In Boss” study*, 15 Gy of single radiation dose was delivered using a micro-CT
irradiator. The nanoFOD system determined the dose to the center of the open field to be
14.91 Gy, with a percentage difference of 0.6%. In the current study, 10 Gy of single
radiation dose was delivered. It can be, therefore, assumed that the center of the open
field received approximately 10 Gy.

Apart from this, in Boss’s study!®, regional dosimetry with a rodentmorphic 3D
dosimetry system and SmART-Plan small animal radiation treatment planning software
were employed to obtain regional dosimetry data in order to create dose volume
histograms (DVHs) for tumor, lung, and spinal cord volumes, as shown in the figure

below.(See BOSS, MARY-KEARA. Modulation of Oxidative Stress Influences Tumor Response to

Therapy. *31)

Open Field

26y

Figure 2.8 Orthotopic dorsal mammary tumor radiation technique and regional
dosimetry. (A — C) Regional dosimetry data was obtained using a rodentmorphic 3D
dosimetry system and SmART-Plan small animal radiation treatment planning software in
order to generate dose volume histograms (DVH) (B) for tumor. lung. and spinal cord
volumes (A). The highest 20% of the dose delivered to the tumor volume (D20) was 20.5Gy.
20.3Gy. and 18.9Gy for the 100%, 90%, and 50% irradiated tumors. respectively (C).
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