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Abstract 

Bladder cancer has been ranked as one of the top ten and top twenty most 

commonly occurring cancers in men and women, respectively, with approximately half 

of the diagnoses being late stage and/or metastatic disease. The current standard-of-care 

treatment for metastatic bladder cancer is cisplatin-based chemotherapy, but only about 

60% of patients qualify for this treatment option and the remaining cohort have few 

alternatives available. In fact, the only widely considered alternative is immune 

checkpoint blockades, or immunotherapies, which work to reactivate inhibited functions 

of immune cells. Unfortunately, these alone have not proven effective against metastatic 

malignancies.  

We believe that we can enhance the effects of clinically available 

immunotherapies with the addition of nanostar mediated photothermal therapy to the 

primary tumor. In fact, this combination of anti-PD-L1 immune checkpoint blockade 

and gold nanostar mediated photothermal therapy, henceforth called SYnergistic 

iMmuno PHOtothermal NanotherapY (SYMPHONY), was previously tested in a pilot 

study where C57BL/6 mice were injected with MB49 bladder cancer cells at two 

locations. One of the sites was treated with one of five treatments and the second 

remained untreated. Both tumor volumes were measured over time and the survival of 

the mice was also documented. This study resulted in one of the five SYMPHONY mice 
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having complete tumor control after treatment and no other treatment group had this 

outcome. Upon rechallenge of the same tumor cell line, a tumor did not grow suggesting 

long-term immunity to this cancer. Along with a proof of concept, these studies were 

successful in identifying that macrophages and T-cells are associated with the tumor 

eradication. However, there is still little known about the quantification of the immune 

response at the distant tumor site after treatment.  

Our long-term goal is to develop an effective alternative treatment option for 

patients with metastatic bladder cancer. The overall objective of this application was to 

quantify the immune response of transgenic mice with fluorescent reporter genes on 

monocytes, natural killer cells, and dendritic cells undergoing one of four treatments 

(SYMPHONY, photothermal therapy alone (GNS), immunotherapy alone (anti-PD-L1) 

or no treatment (control)) as well as identify time points within the week following 

therapy in which additional studies could be conducted. Our central hypothesis was 

that mice treated with SYMPHONY would exhibit an elevated immune cell infiltration 

at the site of the distant tumor within ~48 hours post treatment, and that SYMPHONY 

will induce a greater immune response at the distant tumor site compared to anti-PD-L1 

alone.  

This hypothesis was tested by implanting a primary flank tumor and a smaller, 

untreated distant tumor in 14 mice. The distant tumor cells were first stained with a far-

red DiD fluorescent dye before injection into the center of a dorsal skinfold window 
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chamber. The primary tumors were treated with one of the four treatment modalities 

and the window chamber was imaged using intravital microscopy for 7 days after the 

treatment.  

From this study, we found that the greatest change in the immune signal for any 

group occurred in the SYMPHONY group on the day of treatment and this immune 

signal remained elevated throughout the 7-day imaging period. This change was greater 

than all other treatment groups, including the anti-PD-L1 group, therefore, we accept 

our hypothesis. Further work should focus on assessing the immune response in mice 

on the day of treatment, looking at other immune cell types and by quantifying the 

effects of laser treatment on this day. It is noted that using the immune signal 

surrounding the distant tumor to predict an immune response within the tumor requires 

imaging at intervals more frequent than every 24 hours because of estimated 

macrophage travel velocity in tissue, where a more suitable frequency would be every 

1.5-2 hours.  
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1. Introduction  

1.1 Bladder Cancer 

Bladder cancers typically begin growth in the inner layer of the bladder wall, 

called the transitional epithelium. As it goes undetected, it grows into the outer layers of 

the bladder, as shown in figure 1, becoming more difficult to treat and more likely to 

metastasize [1]. Likely because of a lack of general public screening for bladder cancer, 

only approximately 50% of bladder cancer diagnoses are early-stage cancers with high 5-

year survival rates, while the remaining diagnoses are advanced and have spread to 

surrounding lymph nodes where the probability of metastasis greatly grows [2]. 

Furthermore, recent statistics have shown that bladder cancer has been ranked as one of 

the top ten and top twenty most commonly occurring cancers in men and women, 

respectively [3]. The culmination of these facts indicates that addressing bladder cancer 

treatments is of high priority in research. 
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Figure 1: Bladder Diagram. Reference diagram for understanding non-muscle 

invasive bladder cancer located on the inner lining and advanced muscle invasive 

bladder cancer. 

1 .2  C u rre n t Tre a tm e n ts  fo r B la d d e r C a n c e r 

The current first-line treatment for non-muscle invasive bladder cancer as well as 

localized invasive bladder cancer is surgical removal of the visible disease and standard 

limits of surrounding tissue with the consideration of additional chemotherapy [4]. 

However, this often means lowered quality of life for those cancer survivors due to 

reduced bladder capacity, chemotherapy side-effects and a life-long commitment to the 

possibility of recurrence. Additionally, radical surgical removal does not treat metastatic 

disease leaving a clear need for additional chemotherapy in those cases. The most 

effective and widely used first-line chemotherapy option for metastatic bladder cancer 

patients is cisplatin-based chemotherapy, but only 60-70% of patients qualify for this 
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treatment option due to existing sensitivity to platinum containing compounds, 

preexisting renal impairment or myelosuppression which could negatively affect 

prognosis [5]. Furthermore, those that do not qualify have few alternative treatment 

options available [6]. Many professionals in the field expect clinically available 

immunotherapy and combination therapies to be a viable alternative treatment option 

for those patients with chemotherapy unresponsive disease as well as those that are 

cisplatin ineligible [7].  

1.3 Immunotherapy/Immune Checkpoint Inhibition for the 
Treatment of Bladder Cancer 

Immune checkpoint inhibition, also known as immunotherapy, is a promising 

treatment for many ailments including bladder cancer. In fact, bacillus Calmette-Guérin 

(BCG), an immunotherapy vaccine, has been employed as an alternative treatment of 

non-muscular invasive bladder cancer for more than 30 years [8]. Unfortunately, clinical 

experience has shown that BCG is not useful in treating advanced bladder cancer 

including muscle-invasive bladder cancer and metastatic disease as it only triggers an 

immune response effective on the initial superficial tumors. One cited reason for this 

ineffectiveness is the ability for cancer cells to evade immune destruction through an 

inhibitory interaction with programmed death ligand 1 (PD-L1) [9].  

In a healthy organism, cytotoxic immune cells, such as activated T-cells and 

macrophages, can locate and destroy abnormal and cancer cells. The body naturally 

stops an overactive immune response from attacking healthy cells through immune 
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checkpoints, which disable the destructive capabilities of immune cells when activated 

[10]. Many cancer cell lines activate these checkpoints due to their expression of ligands 

on their surface, where one common immune checkpoint receptor is PD-L1. This ligand 

binds to a complimentary receptor, called programmed cell death protein 1 (PD-1), on 

the immune cell which disables the cytotoxic function of that immune cell [11, 12]. This 

PD-1/PD-L1 interaction can be blocked with systemically administered antibodies that 

interfere with the interaction by binding to the receptors, reenabling the function of the 

immune cell, as shown in figure 2 [12]. Additionally, there are clinically available anti-

PD-1 and anti-PD-L1 antibodies for use. However, this treatment alone has not proven 

curative for advanced and metastatic bladder cancer so far. We hope to amplify the 

effect of existing immunotherapies with the addition of gold nanostar mediated laser 

ablation. 

 

Figure 2: AntiPD-L1 Checkpoint Blockade Mechanism. Antibodies interacting 

with PD-L1 are administered to block the interaction with surface receptors. The 
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tumor cells express PD-L1, while immune cells such as T-cells and Tumor Associated 

Macrophages express PD-1. This checkpoint blockade enhances antitumor immune 

activity. 

1 .4  Hy p e rth e rm ia  a n d  G o ld  Na n o s ta r-Me d ia te d  P h o to th e rm a l 

Th e ra p y  

Hyperthermia has long been studied as a critical addition to positively affective 

local control and overall survival rates of standard care cancer therapy, such as external 

beam radiation therapy and chemotherapy. It is defined as external induction of 

elevated temperatures in or around the malignant tumor site and can be broadly 

categorized as falling into one of two regions: high temperature hyperthermia and mild 

– moderate hyperthermia. Research has found that cells heated in the high temperature 

hyperthermia region (above 44°C) immediately induce cell death to both malignant and 

healthy cells, likely from protein denaturation and vascular occlusion has been observed 

[13, 42]. Multiple favorable effects are observed when cancer cells are heated within the 

mild – moderate hyperthermia region (38 – 43°C) including increased blood vessel 

perfusion, blood flow resulting in tumor reoxygenation, drug delivery, immune cell 

infiltration and immune cell function [14, 15, 42].  Cells in M and early S phases of the 

cell cycle are more sensitive to hyperthermia and radiation than those in the G1 phase 

[15, 16]. Since malignant cells are replicating and dividing more often than healthy cells 

and are therefore more often in M and S phase, they can be preferentially targeted with 

hyperthermia combination therapies.  
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When cells are heated, both the initial innate and long-term adaptive immune 

responses are activated. Firstly, damage-associated molecular patterns are exposed by 

the tumor cells when they undergo heat damage which can be recognized by the innate 

immune response cells including macrophages and natural killer (NK) cells. The 

incident heat also initiates an upregulation of macrophage proliferation making the 

detection more highly probable. Secondly, there is enhanced expression of NK activating 

surface receptors called heat shock proteins (HSP). These HSPs are thought to be 

expressed on the tumor cell surface and play a vital role in activation and stimulation of 

NK proliferation which renders tumor cells more sensitive to NK cell mediated 

cytotoxicity. This ultimately results in a tumor specific cytotoxic immune response 

throughout the body [14, 15, 42]. Further exploring this second phase of the immune 

response could lead to a vaccine-like effect and thus long-term cancer immunity. 

The endothelial cellular organization and permeability of blood vessels is well 

defined, organized, and compact in healthy tissue. This degree of structure results in 

free membrane diffusion and transcytosis of molecules smaller than 3 nm in size. 

Cancerous regions, on the other hand, exhibit high degrees of poor cell alignment 

resulting in relatively large gaps between cells. The cell membrane permeability is also 

increased when cancer cells are heated. This combination of additional space and 

hyperpermeability enables larger molecules, such as nanoparticles greater than 10 nm in 

size, to pass into the tumor mass which can be further utilized for treatment since they 
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are retained in that space from reduced lymphatic drainage [17, 18]. This phenomenon 

has been dubbed the enhanced permeability and retention or EPR effect and it is 

ubiquitously used to accumulate nanoparticles into tumors for the use of plasmonic 

photothermal therapy. 

 

Figure 3: Schematic Describing the EPR Effect.Normal tissues have well-

structured vessel endothelial cells which limits the passage of molecular diffusion 

into surrounding tissue. Cancer tissues, on the other hand, have vary wide gaps 

between endothelial cells allowing for the passage of large molecules into the tumor 

mass. These large molecules are retained in the tumor mass. Thus, this is called the 

enhanced permeability and retention (EPR) effect. 
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Plasmonic photothermal therapy is the conversion of incident laser light, with 

wavelengths matching the tunable features of the nanostructures, into heat. This process 

occurs by energy transfer to and from outer shell electrons. First, the laser light begins 

interaction characterized by Mie Scattering theory. Next, the energy is absorbed by the 

free electrons, promoting them to an excited state. Heat is produced within the particle 

through electron-phonon coupling and it is released to the surrounding medium 

through phonon-phonon coupling [19].  

The nanoparticles used in plasmonic photothermal therapy have been under 

extensive investigation since their inception. This has yielded ample understanding of 

their tunability based on their size, shape, and composition. For example, spheres are the 

easiest shape to fabricate, but they are limited in their optimized absorption because 

they must increase in size to yield higher interaction probabilities at longer wavelengths 

[20]. Rods are optimal shapes for collection in the bladder and kidney, however they 

yield nonhomogeneous heat distribution [21]. Stars may be more complex to synthesize 

in general, but they are the most effective at converting light into heat because they have 

plasmon bands which are tunable in the near infrared (NIR) range. Furthermore, the 

branches of the star-shaped particles act as hot spots due to the ‘lightning rod’ effect 

further emphasizing the hyperthermic intentions of photothermal therapy [22, 23]. 

Additionally, this research has found that there is an increased nanoparticle 

accumulation in blood filtering organs and most importantly in tumors, due to the EPR 
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effect. Since the nanoparticles are made of metal, they naturally have a larger probability 

of photon interaction than surrounding areas since this probability depends highly on 

the atomic number of the material. Moreover, with the EPR effect preferentially 

accumulating nanoparticles in tumor sites, one can spare healthy tissue from damaging 

heat effects and focus the energy on malignant cells and their adjacent environment.  

Although nanoparticles exhibit a high absorption coefficient, the light incident 

on the particles is attenuated by all matter including the tissue surrounding the 

nanoparticles. This probability of a photon interaction with matter changes depending 

on the absorption and scattering properties of the material. This problem can be 

overcome with the use of light with longer wavelengths. These longer wavelengths have 

fewer absorption and scattering events associated in the outer layers of tissue and can 

consequently be used to penetrate subcutaneous tumors, as demonstrated in figure 4 

[24]. By additionally tuning the nanoparticles to have optimized absorption of light at 

these longer wavelengths, one can achieve high thermal conversion efficiency. 
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Figure 4: Schematic of Light Penetration Depths in Tissue.Wavelength of 

incident light is displayed on the right of the image, where the path of incidence 

occurs from the top. Light with longer wavelengths and therefore lower energies 

tends to penetrate deeper than light of shorter wavelengths due to scattering 

probabilities of the light with tissue [25]. 
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1.5 Synergistic Immuno-Photothermal-Nanotherapy 
(SYMPHONY) 

Synergistic Immuno-Photothermal-Nanotherapy, henceforth called 

SYMPHONY, is a novel combination therapy aimed to treat metastatic bladder cancer 

patients who are either cisplatin ineligible or cisplatin unresponsive. This technique 

combines the knowledge and promise of immunotherapy and gold nanoparticle 

mediated laser ablation to achieve an abscopal effect on bladder cancer.  

Our previously published pilot study with collaborators Yang, Maccarini, Palmer 

et al., revealed complete eradication of primary and distant tumors following 

SYMPHONY treatment. Furthermore, this treatment proved to have better tumor 

control and long-term survival rates than any of the individual treatments or any 

combinations of the individual therapies. Upon rechallenge, mice treated with 

SYMPHONY were resistant to tumor growth which indicated a long-term immune 

memory effect from the treatment. Along with a proof of concept, this study was 

successful in identifying that macrophages and T-cells are associated with the tumors 

diminishing [23]. However, there is still little known about the quantification of the 

immune response at the distant tumor site when treated with SYMPHONY in 

comparison to control groups. 

The long-term goal is to develop an effective alternative treatment option for 

patients with metastatic bladder cancer that do not qualify for the standard 

chemotherapy treatment. The overall objective of this application was to quantify the 
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immune response of transgenic mice with fluorescent reporter genes on monocytes, 

natural killer cells, and dendritic cells to understand the immune response to this 

combination treatment. Our central hypothesis was that mice treated with SYMPHONY 

would exhibit an elevated immune cell infiltration at the site of the distant tumor within 

~48 hours post treatment, and that SYMPHONY will induce a greater immune response 

at the distant tumor site compared to anti-PD-L1 alone.  The rationale behind this 

hypothesis is based on our prior publications, namely the study by Lui et al. 2017 

Scientific Reports and Palmer et al. 2011 Nature Protocols, as well as publications from 

others in the field, namely the study by Nah et al. 1996 International Journal of Radiation 

Oncology and Biological Physics which describe our previous findings and the rate of 

immune cell response after induced hyperthermia, respectively [23, 43]. 

Specific Aim: Quantify the time evolved immune responses in mice treated 

with SYMPHPONY. This aim will be completed by sorting 14 mice into one of four 

treatment groups and treating the primary tumor located in the flank and using 

intravital microscopy to image a second distant tumor located in a window chamber for 

7 days post treatment. Those in the SYMPHONY or gold nanostar (GNS) and laser 

ablation group will be injected with gold nanostars and the primary tumors will be 

treated with laser irradiation; those in the SYMPHONY and anti-PD-L1 groups will 

receive an intraperitoneal (IP) injection of anti-PD-L1; and those in the control group will 

receive no treatment. The mice have been bred in-house at Duke to have green-
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fluorescent protein labeled macrophages and the distant tumor cells have been dyed 

with far-red DiD fluorescent dye for intravital microscopy imaging. We hypothesize 

that there will be rapid increase in the number of macrophages present in the distant 

tumor within 48 hours of treatment. 

We expect to find that there will be a measurable increase in immune cell 

populations around distant tumor sites. To determine this, image analysis will be 

conducted using three regions of interest: 1) the distant tumor, 2) a thin ring 

surrounding the tumor and 3) a non-tumor circular region. The image analysis will be 

blinded, and tumor masking will be determined using the Phansalkar thresholding 

method written in MATLAB. Immune response findings will be quantified using mean 

and standard deviations, normalized to the area of the tumor region of interest as well as 

to the pre-treatment signal, and the significance will be determined using one-way and 

two-way analysis of variance or multiple comparisons test. A Tukey’s test will be used 

for post-hoc analysis.  
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2. Methods and Materials 

 

Figure 5: SYMPHONY Experimental Methods.MB49 bladder cancer cells were 

cultured and grown then resuspended in sterile PBS and combined in a 50% cell and 

PBS solution and 50% Matrigel solution. This mixture was injected into the flank of 

all mice at ~250,000 cells per C57/6 transgenic mouse. The primary flank tumors were 

grown for 7 days, with tumor volumes determined every other day. On the 7th day of 

tumor growth, a dorsal skinfold window chamber was surgically placed using sterile 

technique. Gold nanostars (GNS) were injected using tail vein injection the day after 

the surgery and a pre-treatment image was acquired. All animals were treated the day 

after GNS injection and imaged every day for 7 days post-treatment. 

A total of 20 mice were used for this study, however a total of 14 mice were used 

for quantification – 10 males and 4 females. Larger mice, weights between 20 and 25 

grams for males and 18 and 22 grams for females, in each round were prioritized for 

gold nanostar (GNS) injection, since the difficulty of tail vein injections is heightened 

with smaller mice. Treatment groups were determined based on many factors including 

tumor volume, mouse weight and window chamber quality where at least one mouse 

with favorable features for each factor was placed into each treatment group with 

highest priority set on window chamber quality. The final treatment groupings and 

number of mice in each round are displayed in table 1 below. 
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Table 1: Study Treatment Groups.SYMPHONY refers to the combination of 

GNS injection, followed by 10-minute photothermal therapy treatment with 808 nm 

laser and anti-PD-L1 injections administered 30 minutes after the photothermal 

therapy treatment and every 3 days. GNS+808 nm refers to mice treated with GNS 

injection followed by 10 minutes of photothermal therapy treatment with an 808 nm 

laser. Anti-PD-L1 refers to mice treated with anti-PD-L1 immune checkpoint blockade 

alone administered on the day of photothermal therapy and every 3 days afterwards. 

Control refers to mice not treated with any therapy. All mice from the first round 

were excluded in the analysis. 

 T r e a t m e n t  

T y p e  
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following standard cell culturing procedures. For this study, they were thawed and 

maintained for the duration of the experiments. 

2.1.2 Cell Media 

Cell media was mixed according to standard culturing procedure requirements 

for MB49 cells. These cells require 500 mL of DMEM cell media mixed with 10% 

(vol/vol) heat inactivated fetal bovine serum, 1% (vol/vol) penicillin/streptomycin 

antibiotic 100X and 1% (vol/vol) 4-(2-Hydroxyethyl)-1-piperazineëthanesulfonic Acid 

(HEPES) Buffer (Thermofisher). A smaller batch of media excluding the heat inactivated 

fetal bovine serum was also made for the cell staining procedure. All additives were pre-

aliquoted under a laminar flow hood and frozen until required. Once needed, all 

contents were heated to 37°C in a temperature-controlled water bath and moved to the 

hood. 

2.1.3 Cell Culture and Staining 

Cell culturing followed standard procedures. Briefly, cell culture media was 

gathered and warmed prior to splitting or staining. The old media was aspirated and the 

cells, within the T75 cell culture flask, were rinsed at least once, but at most twice with 

1X PBS. The PBS was aspirated, and 3 mL of Trypsin was added. The cells were 

incubated in the Trypsin for 2 minutes then checked under a microscope. If cells were 

not freely floating, the flask was gently tapped with the palm of the hand and rechecked. 

Again, if they were still adhered, they were incubated for an additional minute and 
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rechecked. This process was repeated until they were completely detached. Next, 7 mL 

of media was added to neutralize the Trypsin. The mixture was pipetted into a 15 mL 

conical centrifuge tube. The flask was rinsed with 3 mL of PBS and added to the mixture 

which was then centrifuged for 4 minutes at 300G. The supernatant was aspirated, 

leaving a pellet at the bottom of the tube. The pellet was broken up by pipetting the 

pellet and 5 mL of media up and down until there were no clumps of cells visible to the 

naked eye. These resuspended cells were replated for future use. Cell splitting occurred 

every 2-3 days depending on cell confluency.  

When cells were stained with far-red fluorescent DiD dye, similar steps were 

followed. After cells were centrifuged, they were resuspended in serum-free media, 

counted, and resuspended in 1 mL of PBS at a concentration of one million cells/mL. To 

stain the membranes of the cells, 5 µL of DiD dye was added to the mixture and 

incubated for 20 minutes. They were then centrifuged at 1500 rpm for 5 minutes and 

rinsed three times total in warm PBS. They were recounted and the appropriate volume 

of cells in PBS were allocated and added to 50% (vol/vol) Matrigel. All materials in 

contact with the Matrigel and all Matrigel mixtures were housed on ice or at -4°C until 

required. 

2.2 Gold Nanostars 

 Gold nanostars (GNS) were synthesized following the method described by Lui 

et al. in Scientific Reports in 2017. In essence, gold nanosphere particles were 
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synthesized by reducing HAuCl4 with trisodium citrate and used as seeds for the GNS 

desired in this study. They were then rapidly mixed with AgNO3, ascorbic acid and 

HAuCl4. The final GNS were coated with polyethylene glycol (PEG, M.W. 6000) by 

gold-thiol bond. The PEG-functionalized GNS were concentrated to 20 mg/ml for an 

injected dose of 2mg. The concentration was measured using atomic absorption 

spectroscopy. [23]. 

2.3 Anti-PD-L1 Checkpoint Blockade 

Anti-mouse PDL1 checkpoint blockade (10F.9G2 monoclonal antibody, Bio X 

Cell, NH) was diluted from an initial concentration of 7.4 mg/mL to a concentration of 

2.0 mg/mL in an injection volume of 100 µl/mouse with sterile PBS. Appropriate 

mixtures were conducted in the laminar flow hood and stored on ice before injection. 

Mice in the anti-PDL1 treatment group as well as mice in the SYMPHONY treatment 

group were intraperitoneally injected with 100 µl of the diluted anti-PDL1 solution on 

the treatment day as well as every 3 days after treatment (days 0, 3, and 6). Additionally, 

to facilitate infection prevention, the mouse bedding in every cage was changed on the 

day of each anti-PDL1 injection. 

2.4 Animal Model and Pretreatment Procedures 

2.4.1 Animal Model 

The mice used in this study were ages ~ 9 – 11 weeks old, bred in-house and 

genetically confirmed B6.129P2(Cg)-Cx3cr1tm1Litt/J via blood sample flow cytometry 
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analysis. Confirmed homozygous pairs were utilized for breeding the pups used here. 

They were developed by replacing the first 390 base pairs of the CX3cr1 gene with an 

enhanced green fluorescent protein (EGFP) reporter in the C57BL/6 background strain. 

This resulting strain of mice expresses EGFP in monocytes, dendritic cells, natural killer 

cells, and brain microglia [27]. 

2.4.2 Hair Removal 

 Flank hair removal was accomplished by conventional electric clippers. Mice 

were restrained, the flanks were extended and then trimmed just before tumor cell 

mixture subcutaneous injection.  

 The hair removal for the dorsal skinfold window chamber occurred the day 

before the surgery and was accomplished through a series of steps. First, the mice were 

put under oxygen vaporized isoflurane anesthesia delivered via nose cone at ~1-5% 

(vol/vol) while being physically restrained on a thermostatic blanket held at 37°C. Next 

the bulk hair on the back of the mouse located between the tail to the nape of the neck 

was removed using the electric clippers. Then, extra strength hair removal cream was 

administered to the center of the region, where the back of the window chamber (the 

section of skin that would not be cut away during the procedure) was expected to be 

placed, using cotton swabs. The cream was allowed to sit on the surface of the skin for 

~30 seconds before it was removed with cotton pads soaked in warm water. Cleaning of 

the dorsal region of each mouse was performed several times to ensure adequate cream 



 

20 

removal and reduce the probability of skin burning. Additional hair removal cream was 

applied to spots with inadequate hair removal up to two additional times, repeating the 

same steps as before. Upon completion, the exposed skin was covered in aloe vera 

containing burn cream and mice were stationed on a second thermostatic blanket, held 

at a temperature of 37°C, until they woke and were responsive to touch. 

2.4.3 Tumor Injections 

Flank tumor injections occurred immediately following flank hair removal, 

approximately 1 week before dorsal skinfold window chamber surgery was scheduled. 

MB49 bladder cancer cells were cultured and suspended at a concentration of ~22,500 

cells/µL in a 50% (vol/vol) Matrigel and cell solution mixture. This mixture was held on 

ice while not in use during flank injections and was gently inverted several times prior 

to use to ensure homogenous concentration of cells for injection. Mice were physically 

restrained, right leg extended and 100 µL of the mixture was slowly injected 

subcutaneously. To prevent extensive leakage, the syringe was held within the skin for 

~5 seconds after the injection was complete to allow for the Matrigel to begin solidifying 

from the mouse body heat. Mice were then fitted for ear tags under this restraint to 

continue to allow the Matrigel to set before being released back into their cage. 

Window chamber tumor injections occurred on the day of window chamber 

surgery. Prior to the start of surgery, MB49 bladder cancer cells were stained with a far-

red fluorescent, DiD cell-labeling solution and suspended in a 50% (vol/vol) Matrigel 
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and cell solution at a concentration of ~5,000 cells/µL. The mixture was gently inverted 

multiple times before approximately 20 µL of the mixture was slowly administered 

under the fascia approximately in the middle of the window chamber. All equipment in 

contact with the Matrigel was stored on ice or in the refrigerator for ~30 minutes prior to 

contact and extra materials were stored on ice during the procedures. 

 

Figure 6: Description of Primary and Distant Tumor Model Used. Visual 

representation of the model used in this study. The flank tumor is used to model the 

primary tumor, which would receive photothermal therapy treatment. The tumor 

injected into the window chamber is used to model the distant tumor within the same 

subject. This distant tumor does not receive direct treatment but is subject to the 

effects of the immune response. 

2 .5  Do rs a l S kin fo ld  W in d o w  C h a m b e r  Mo d e l a n d  S u rg e ry  

2 .5 .1  Windo w C ha m be r Mo de l 

The dorsal skinfold window chamber model is widely used to investigate in vivo 

longitudinal studies of tumor angiogenesis, hypoxia generation, tumor growth and 

immune responses.  It involves surgically implanting a metal 12-mm diameter window 

chamber unit including a retaining ring, nuts, and a glass cover slip onto the dorsal 
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skinfold of a shaved or hairless mouse. Mouse vasculature and tumor growth can be 

viewed through the glass coverslip, overlayed on top of the exposed region.  

In this study, the window chamber model was used to quantify the immune 

response at a distant tumor site in mice sorted into one of four treatment groups. The 

imaging would span over 7 days after the treatment. Window chamber degeneration 

from skin dryness and necrosis was reduced by the addition of sterile saline during 

surgery and throughout imaging, if necessary. An example of the final product on a 

nude mouse is displayed in figure 7. 
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Figure 7: Dorsal Skinfold Window Chamber Example.The final product of a dorsal 

skinfold window chamber surgery on a Nu/Nu mouse. This procedure was completed 

on C57BL/6 EGFP transgenic mice with dorsal skinfold shaving having been 

completed the day before surgery. The window chamber was positioned on the 

microscope to acquire fluorescence microscopy images to quantify immune response 

over time for all mice.  

 

2 .5 .2  Windo w C ha m be r S urg e ry 

The window chamber surgery procedure used in this study, with few 

modifications, was developed and published by our lab in 2011 by Palmer et al. in 

Nature Protocols [27].  A few extra surgical considerations need to be addressed. Firstly, 
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mouse hair removal was performed prior to surgery. Hair removal cream can and was 

used for this, but care should be taken in the cleansing as skin burns result in poor 

images, difficult surgeries due to reduced skin elasticity as well as increased 

inflammation to the window chamber site. Sterile technique and thus mouse sterilization 

and sterilized surgical materials was used. Mice should be placed under anesthesia 

either with an intraperitoneal injection of the ketamine/xylazine working solution, 

corresponding to doses ranging from 85–100 mg/kg ketamine and 8.5–10 mg/kg xylazine 

or by isoflurane evaporated in oxygen at a rate of 1-5%. The latter technique was utilized 

here by the Gas Anesthesia System: XGI-8 (Perkin Elmer Inc., Waltham, MA) with an 

oxygen flow rate set to 1-2 L/min which was connected to an anesthesia chamber and 

nose cone. Pain management techniques should also be utilized. Specifically, for this 

study, mice were given Buprenorphine at 0.1 mg/kg subcutaneously prior to surgery 

and Meloxicam at a dose of 4.0mg/kg subcutaneously injected near the window chamber 

area after surgery, specifically once on the day of the procedure and once every day 

thereafter until the end of the study.  
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Figure 8: Lengthwise Spine Markings for Window Chamber Surgery.Once the 

mouse was motionless and the breathing rate had lowered to approximately 70 breaths 

per minute, artificial tear ointment was applied to the mouse’s eyes. Chlorhexidine 

solution was applied to the dorsal region of the mouse’s torso and the entire tail with 

cotton gauze. After thorough application, the chlorhexidine was immediately removed 

with cotton gauze soaked in 70% (vol/vol) ethanol. This sterilization process was 

repeated two more times. The length of the spine was marked with the surgical marker 

as shown in figure 8, to provide a guideline for folding the skin and positioning the 

window centrally on the mouse’s back. The mouse was then transferred to a 

thermostatic blanket set to 37°C, covered by a sterilization wrap atop a plexiglass 

viewing stage, in a sternally recumbent position. As previously mentioned, sterile 
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technique was used and thus surgical gear including a clean lab coat, surgical mask and 

sterile gloves were warn throughout the duration of the surgery. 

Window chamber installation was performed by cutting away skin just smaller 

than the size of the window viewing region and filled with sterile saline and by packing 

the edges of the incision with eye ointment if necessary. This was completed by first 

gently pulling the loose dorsal skin through a slit in the sterilization wrap that 

surrounded the mouse. The skin was secured to the C-holder with at least two stitches 

made along the lengthwise spine marking to ensure the exposed skin presented enough 

working area to accommodate the window chamber. The flat side of one of the window 

chamber pieces was held against the skin fold such that the dot that was drawn on the 

front facing side of the stretched dorsal skin was aligned with the top screw hold of the 

window chamber. It was then pressed firmly for ~30 seconds, leaving an impression of 

the window chamber in the skin. Holes were punched through both sides of the skin at 

each of the screw locations using the hole puncher. The front window chamber piece 

was moved into position by pushing the bolts through the holes to ensure its location 

and adequate skin removal for the bolts. The front window chamber piece was removed, 

and the mosquito forceps were used to pull up the top layer of skin. Iris scissors were 

used to make small snips of the forward-facing portion of skin in the center of the 

window chamber impression, leaving the opposing layer intact. The initial, small circle 

was slowly extended such that the front window chamber piece was repositioned, and 
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the skin was stretched into suturing position to verify the need to increase the diameter. 

This diameter increase ceased once the correctly positioned skin revealed an incision 

circle just smaller than the 12 mm diameter viewing site of the metal window chamber. 

The incision site was dabbed with saline solution and sterile gauze throughout the 

procedure to ensure adequate viewing. The window chamber pieces were put into place 

and nearly completely secured with the nuts. Several drops of saline were placed in the 

exposed region and the seal of the window chamber was checked for leaks. Nuts were 

tightened by one-eighth to one-quarter of a turn when leaks presented, until the issue 

was resolved. The small changes in nut tightness were to ensure adequate blood flow to 

the window chamber as this study is focused on immune response from immune cells 

migrating from vasculature. Next, the exposed region was dried with sterile gauze and 

approximately 20 µL of the Matrigel and DiD stained MB49 cell solution was injected at 

a concentration of ~5,000 cells/µL between the exposed fascial plane and the dermis in 

the approximate center of the chamber. The window was then filled with warm saline 

until a meniscus formed and a clean glass coverslip was placed over the region. 

Additional saline was injected under the glass until no bubbles were present, if 

necessary. The cover slip was secured with the retaining ring and the window chamber 

was sutured to the skin using the small holes along the edge of the frame. The sutures 

attaching the skin to the C-holder were removed with scissors and buprenorphine 

solution was subcutaneously injected at 0.10 mg kg−1 for pain management. The mouse 
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was placed on a separate heating blanket to regain consciousness before being replaced 

in the housing unit. All mice were given supportive care food as well as pellet food in 

plastic cups after recovery as well as handmade houses made from the same plastic 

cups. 

In some instances, the window chamber was still leaking saline after complete 

tightening of the bolts. This is due to the spacers being of inadequate sizing for the 

mouse. So, it was at this point that the decision was made to first inject the stained 

tumor cell solution into the window chamber, then apply a small amount of eye 

ointment onto the edges of the window chamber to ensure a leak resistant barrier, and 

finally fill the window chamber with saline and cover with a glass coverslip following 

the same protocols as described above. This procedure occurred for all mice in the third 

round of treatments.   

2.6 Laser Photothermal Therapy with 808 nm 

Laser photothermal therapy with the 808 nm laser was performed on all mice 

that received GNS injections (the GNS+808 nm treatment group as well as the 

SYMPHONY treatment group). The mice were anesthetized with ~2% isoflurane and 1-2 

L/min of oxygen delivered by the nose cone during treatment delivery. The mice were 

individually placed in the beam path and the primary tumor was irradiated with a 

power of 0.6 W/cm² for 10 minutes with periodic checks to ensure mouse positioning. 



 

29 

2.7 Mouse Sacrifice and Dissection 

Mice were sacrificed on the seventh day after treatment immediately following 

imaging. To complete this, first a clean field was established with absorbent pads 

positioned firmly on Styrofoam bases. Gloves and lab coats were worn by all during 

sacrifice and dissection. Mice were administered Euthasol via IP injection at appropriate 

doses for each mouse's weight and allowed adequate time for circulation. Once the 

mouse became laterally recumbent, the window chamber materials were removed from 

the mouse. Once unresponsive to toe pinch, the window chamber region of the mouse's 

dorsal skin fold was removed and covered in optimal cutting temperature gel used for 

freezing tissue and flash frozen in liquid nitrogen. Next, the mouse was repositioned in 

a supine position and at least four 16-gauge needles were used to position the arms and 

legs to allow for adequate viewing of the thoracic region. Finally, the torso was 

investigated and the liver, heart, spleen, kidneys, and the primary flank tumor were 

removed and flash frozen. Clean up of the dissection region included disposal of the 

absorbent pads into biohazard containers, thorough cleansing of the dissection tools and 

window chamber pieces, and cleaning and sterilization of the countertops used. 

2.8 Data Acquisition and Analysis 

2.8.1 Apparatus 

As previously mentioned, the Gas Anesthesia System: XGI-8 (Perkin Elmer Inc., 

Waltham, MA) with an oxygen flow rate set to 1-2 L/min, connected to an anesthesia 
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chamber, was used for surgery and to anesthetize mice prior to window chamber 

imaging, anti-PDL1 injections and meloxicam injections. In addition to this apparatus, 

the Zeiss Axio Observer Z.1 (Carl Zeiss Microscopy LLC, Thornwood, NY) in vivo 

inverted optical microscope, henceforth called IOM, was used for daily window 

chamber imaging.  

The IOM is the optimal imaging device for this study because it is capable of 

imaging multiple fluorophores at once. By using the Cy5 channel and the GFP channel 

during the same image acquisition session, we were able to differentiate between red-

fluorescing tumor cells and green fluorescing immune cells. 

The fluorescence process works by molecular absorption of light energy and a 

subsequent emission of a different light energy. As with GNS absorption, DiD stained 

MB49 cells and EGFP macrophages are able to absorb light at specific frequencies, but 

unlike the GNS, they also emit light at a different frequency. The process occurs through 

energy transfer to outer shell electrons upon irradiation of light that closely matches that 

of the energy gap between the two electron energy states. This results in electrons being 

promoted to unstable excited states, and a light photon is emitted upon relaxation back 

to the lower energy state. This emission of a photon is called fluorescence. Fluorescent 

imaging occurs when excitation light of proper energy is used to produce fluorescent 

light from a molecule of interest. This general process is described below in figure 9. The 

emitted fluorescent light is captured in the camera by filtering out all other light. That 
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light is used to create an image for that so called channel, and it is stored within the 

software. This can then be repeated for different excitation and filter pairs to target 

different molecules in the same viewing window within one imaging session. Thus, this 

process was performed for with the GFP molecule on the macrophages as well as the 

stained tumor cells. The fusion of all channels results in an overlay of each image’s 

bright points so that one may view relative locations of clusters of molecules. The 

analysis of individual channels allows for viewing longitudinal changes. 
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Figure 9: Optical Fluorescence Diagram. A filter is applied to a white light 

source and positioned onto the sample. This incident excitation light promotes the 

electrons of the sample to higher energy states following the atomic absorption of 

energy, in the form of a photon. Upon relaxation of that electron, a lower energy 

photon is emitted, and additional energy is converted into internal conversion and 

atomic vibrations. The emitted fluorescent photon is collected and used to create the 
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images shown on the bottom. Multiple images can be merged into a single image for 

relative location identification.  

Because the microscope emission filters have a bandpass of approximately +/-

50nm around the target wavelength, the tissue autofluorescence and scatter can cause 

significant background signal. To minimize this, an apotome provided structured 

illumination microscopy. In microcopy, the resolution and contrast is significantly 

affected by light originating out of the focal plane as is the case with autofluorescence 

from surrounding tissue, collagen, blood and other molecules. To avoid this noise, a 

series of grids are placed within the fluorescence beam path and is superimposed upon 

the tissue of interest. This results in the grid being resolved only on the focal plane; the 

blurred background shows no grid. This provides a basis for an imaging algorithm that 

can differentiate between signals originating in the focal plane and the background. 

Multiple images were taken with a different placement of the grid, then the image was 

reconstructed using a patented algorithm in the Zen Pro software. The resulting images 

provide a high-resolution image of the object-of-interest. These high-resolution imaging 

processes were taken for all mice used in the analysis. After the images from the first six 

mice (from round 1) had proven unusable, the acquisition preferences were adjusted. All 

apotome images were reconstructed using the optical sectioning algorithm then 

analyzed in MATLAB in the same manner as the conventional fluorescence images [32]. 
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2.8.2 Software 

ZEN pro SP2012 (Carl Zeiss Microscopy LLC, Thornwood, NY) was used to 

control the beam paths, excitation light intensity, exposure time and stage migration for 

each image acquisition process. The images created from each of the different collected 

fluorescence photons were stored in different channels within the same image. So, when 

the GFP labeled immune cells were excited and the fluorescence photons were collected 

for that molecule, the resulting image was stored as the GFP channel, correlating to the 

filter used to produce that image. The same process was used for the tumor cells and the 

Cy5 filter. The image analysis was completed using MATLAB 2019 and statistical 

significance was determined with GraphPad Prism (Version 9.0.2). Online random word 

generators were used to blind the images prior to analysis. 

2.8.3 Window Chamber and Mouse Positioning 

Mice were anesthetized prior to each image acquisition using the Gas Anesthesia 

System and isoflurane, then transferred to a heating pad set to ~68% voltage with a 

corresponding nose cone for continued anesthesia. This voltage was chosen because 

when a thermometer was placed on the heating pad for enough time to come to thermal 

equilibrium, the heating pad was determined to be ~41°C, an optimal temperature for a 

situation where the mouse is losing significant heat and the blanket is only covering a 

portion of its. The window chamber was first cleaned with 70% ethanol to remove debris 

from the imaging area. Next, it was secured to a plexiglass stage mount as shown in 
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figure 10. The mouse was carefully positioned onto the microscope and placed on a 

hammock-like bed made from tape, to ensure that the animal did not slip off the stage 

and onto the objective lens during imaging. The mouse and the corresponding nose cone 

were secured to the stage using the stage mount, tape, and an unopened hydrogel bag. 

An example of the setup without an animal is displayed in figure 11. The heating pad 

was then replaced on top of the animal, like a blanket. Finally, the images were acquired 

while the mouse was monitored. 

 

Figure 10: Window Chamber Secured to Stage Mount Used for Imaging. The 

top image shows the front facing portion of the window chamber, meaning the 

portion of the window chamber that would show exposed vasculature and the distant 

tumor. This is the side that would be faced toward the objective lens on the 
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microscope. The bottom image shows the back side of the window and how it was 

secured to the plexiglass stage mount. The body of the animal would rest on this side 

of the mount, hence the label reading ‘Toward Animal’.   

 

Figure 11: Example of Stage Setup with Stage Mount and Nose Cone in Place. 

Note that the animal would rest on the red and white tape with its head placed into 

the nose cone. With the orientation of the surgery, this would allow for full viewing 

access of the window chamber region with the microscope and easy movement of the 

stage. The hydrogel bag would be positioned over the nose cone, in place of the duct 

tape shown here, to secure the nose cone tube. 

2 .8 .4  Ana lys is  P ro c e s s  

 

Figure 12: Image Analysis Workflow. 
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Image analysis took several steps including shade correction, blinding, 

Phansalkar thresholding and unblinding. A simple cartoon illustration of this workflow 

is displayed above. First, each channel of each image was shade-corrected using the Zen 

Pro algorithm for creating a flatfield image from a tiled image. With this flatfield image, 

each channel was normalized to decrease significant camera and imaging artifacts. 

Figure 13 shows an example of a before and after flatfield correction where notable 

camera defects and image heterogeneity is corrected. 

  

 

Figure 13: Example of the Flat Field Correction Results.The left image shows 

an example image collected from the IOM. The right image shows the resulting flat 

field corrected image. 

Next, the images were blinded by a second researcher. The blinding process was 

done by generating random words and associating them with an image (e.g. 
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‘excitement’ would be used in place of the file identifier for m47 day 1). These 

anonymized files were then read into MATLAB.  

The raw data was first analyzed. The raw data tumor images from the Cy5 

channel (henceforth called tumor images) as well as the immune cell images from the 

GFP channel (henceforth called GFP images) were both corrected for dark current and 

exposure time. First, dark current correction occurred by subtracting the median value 

within the image collected when all light sources were turned off, called the dark image. 

The original dark images for each channel are displayed in figure 14, with a false color 

added to exaggerate the differences. These dark current corrected images were then 

corrected for exposure time by dividing all pixel values in the image by the exposure 

time used to collect that image. Essentially, the final images were produced using the 

following equation: 

 

All GFP images were collected with an exposure time of 1200 ms and tumor 

images were collected with either 500 ms or 150 ms exposure times and were corrected 

appropriately.  
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Figure 14: Dark Field Images Collected. These artificially colored images are 

the dark field images collected from each channel. The GFP channel image is on the 

left, the bright field image in the middle and the Cy5 channel is on the right. Since 

they are obviously irregular across the image, the median value within the GFP and 

the Cy5 images were used to determine the background value from the dark current 

within the camera and appropriately subtracted from all images.  

Next these corrected images were reduced to an area near the center of the 

image, where the tumor would be expected to be. That reduced field of view image was 

passed through a Phansalkar local thresholding function. An example of this process is 

displayed in figure 15. The reason for reducing the image to around the tumor is to 

eliminate noise outside of the window (generally from light reflecting off the titanium 

frame) from passing the thresholding requirements. An example of the resulting masks 

with and without using this reduction of image technique, referred to as “circle ROI” in 

the images, is displayed in Appendix A for support. 

The Phansalkar thresholding function was written in MATLAB following the 

process outlined by Phansalkar et. al in their original work and the work of Charles 

Nzakimuena on MATLAB file exchange [30, 31]. This function takes the normalized 

image, converts it to a double format, averages each pixel with the pixels in a 3x3 
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window neighborhood and computes the threshold from this mean using the threshold 

equation described in equation 1. The output is then determined by creating a logical 

matrix accepting only pixel values greater than the threshold (henceforth called the 

tumor mask).  

Equation 1: Threshold value determined by Phansalkar et al. 

 

 In this equation, the local threshold, T(x,y), is determined from the mean, m(x,y), 

and standard deviation, s(x,y), of the pixel intensities in a circular local window centered 

around the pixel (x, y). The coefficient R represents the dynamic range of standard 

deviation and was determined by taking the maximum value of the standard deviation. 

A normal distribution would produce an R of 0.5, for reference. The constants k, p and q 

are determined by trial and error until a reasonable tumor mask is produced. The 

definition of ‘reasonable’ in this work meant that we would receive tumor masks that 

were similar in morphology to those produced with the same analysis in ImageJ. In this 

case, k = 0.25, p = 3 and q = 10 (per Phansalkar recommendations) [30].  
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Figure 15: Example Process for Determining Each Tumor Mask.The process 

begins by shade correcting the image and dark current correcting the image. This 

results in the ‘original’ image located on the left. The region of interest is reduced to 

eliminate false identifications of tumor presence. Then that image is passed to the 

thresholding function and the output is the tumor mask located on the right. 

The tumor mask was dilated and extruded using the function imclose() in 

MATLAB to close any holes within the tumor. The mask was then overlayed on the 

associated GFP image. The mean and standard deviations within the masks were 

calculated and stored. Two additional regions of interest (ROIs) were created, a 

nontumor circle and a ring. The nontumor ROI was defined within the window 

chamber, but outside of the tumor location. The ring ROI was an extension of the tumor 

edge. It was created by dilating the tumor mask by 100 pixels and subtracting a second 

tumor mask dilated by 5 pixels, thus resulting in a ring 95 pixels wide that surrounds 

the tumor. An example of the three ROIs overlayed on a sample image is displayed in 

figure 16. 
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Figure 16: Example of ROIs on GFP image. The main tumor is in the center. 

Five pixels outline the tumor followed by the ring ROI. The circular ROI in the corner 

is the nontumor ROI. 

The images were then unblinded using the key associated with the blinding 

process. The image indices were aligned in chronological order for the appropriate 

mouse. The digitalized mice were sorted into their appropriate treatment groups and the 

mean and standard deviations could be determined for each of the treatment groups. In 
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this study, day -1 refers to the day in which the GNS were injected and day 0 is therefore 

the treatment day. 

 The total flank tumor volumes for each mouse were calculated using the 

following equation: 

 

In this equation, V refers to the estimated flank tumor volume, L represents the 

longer dimension of the tumor and W represents the shorter dimension of the tumor 

measurements. The dimesnions L and W were measured daily with the same set of 

cailpers while the mouse was anesthasized. An example of a ficticious tumor with 

appropriate L and W designations is provided in Appendix A. 

The mean flank tumor volumes and mean window chamber tumor areas were 

plotted over time for each treatment group. The mean window chamber tumor signals 

within the tumor masks were compared. The variation in window chamber tumor size 

informed the need to assess treatment effectiveness on the same size of tumor. The 

rationale is that larger tumor masks will be used to quantify a larger portion of the 

background signal within the window chamber. There are many ways to account for 

this, but the method chosen here is area normalization of the immune signal. This results 

in an analysis of immune signal per unit surface area of a distant tumor. The 

unnormalized data as well as unnormalized immune signal ratios (within different 

ROIS) is also presented in Appendix A for reference.  
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Next the tumor and ring ROIs were used to determine immune response within 

and around the distant tumor. Next the immune response within and around the tumor 

mask was plotted over time. To compare the induced immune response with the same 

distant tumor area, the immune response was normalized to the size of the window 

chamber tumor, then the mean for each day of each treatment group was plotted. The 

immune signal within the tumor was compared to the background signal within the 

window chamber, but outside of the tumor.  Finally, the relationship between the 

immune signal and the tumor signal was considered. 

Statistical significance was determined using a two-way analysis of variance 

(ANOVA) analyzing the variables of treatment group and the days after treatment. A 

one-way repeated-measures ANOVA or a mixed effects model was used to consider that 

each mouse had multiple measurements over the course of several days. A p-value of 

less than 0.05 was considered significant. Tukey’s post-hoc test was used to confirm 

significance between specific groups. The purpose of this analysis is 1) to be able to 

predict which day after treatment will result in the greatest immune response in each 

treatment group and 2) to predict which treatment will result in the best overall tumor 

growth reduction and immune response. 
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3. Results 

As with the treatment methods listed in table 1, the treatment types are color 

coded accordingly – green for SYMPHONY, blue for anti-PDL1, gold for GNS + 808 nm 

laser and pink for control. All mice, but the six in round 1, were used in this analysis. 

3 .1  T u m o r S iz e  a n d  V o lu m e  O v e r T im e  

First, the effectiveness of each treatment type was considered based on the tumor 

size. The volume of the flank tumor was measured with calipers and the area of the 

tumor within the window chamber was determined using the mask from the Phansalkar 

thresholding function. Figure 17 shows the mean flank volume over time for each 

treatment group, the mean distant tumor area over time for each treatment group, the 

mean tumor signal over time and an example montage of window chamber images for 

one mouse. When a one-way ANOVA was performed on the flank tumor data, no 

significance of treatment group was found for the flank tumor (p = 0.27). After a Tukey’s 

comparison test on the window chamber tumor, no significance was determined for any 

treatment group nor time point. There was significant difference in the mean of the GNS 

and anti-PD-L1 groups (p = 0.03) and between time and the treatment group (p<0.0001) 

when analyzing the tumor signal over time with a mixed effects model.  

To ensure treatment group randomization but median consistency between 

groups was preserved, the window chamber tumor areas and flank tumor volumes on 
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the day of treatment were compared against all mice used in analysis. This data is 

shown in figure 18. 

Finally, an example of a mask overlayed on the image of a mouse each day from 

each treatment group is displayed below in figure 19. 

 

Figure 17: Mean Flank Tumor Volumes, Mean Window Chamber Tumor 

Areas, Mean Tumor Signal and Window Chamber Images Over Time. The mean and 

standard deviations of the primary tumor volumes are plotted in A; the distant tumor 

sizes per treatment group are plotted in B; the tumor signals within the tumor ROIs 

are plotted in C; and a fused image montage is displayed in D. 
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Figure 18: Comparison of Tumor Sizes on Treatment Day. To ensure that the 

treatment group assignment process was fair and accurate, the means of the window 

chamber tumor area and flank tumor volumes across treatment groups on the day of 

treatment were compared.  



 

48 

 

Figure 19: Example of Distant Tumor Mask Over Time for Each Treatment 

Group. Example masks are shown over time for four mice – one in each treatment 

group. The day label is listed at the top of the image and the treatment groups are 

color coded appropriately.  

3 .2  Im m u n e  S ig n a l O v e r Tim e  

To test efficacy of treatment at inducing a change in the immune signal across 

varying tumor volumes, the immune signal was normalized to the tumor ROI area by 

counting the number of pixels that make up a tumor mask for nearly all data shown here 

and to the pre-treatment signal value. Additional data is shown in the appendix to 

support this decision as a basis for comparison. 

First, the GFP signal within and around the tumor mask was determined and 

plotted individually in figure 20. A Tukey’s multiple comparisons revealed a statistical 

significance between SYMPHONY and GNS (p = 0.0075) as well as between 
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SYMPHONY and Control (p = 0.0418) on the day of treatment. No statistical significance 

was determined for the surrounding ring data.  

 

Figure 20: Mean GFP Signal Within and Around the Tumor Over Time. Figure 

A shows the mean GFP signal within the tumor area, normalized to the tumor area at 

each time point and to the pre-treatment signal. Figure B shows the mean GFP signal 

from within the ring area that just surrounds the tumor. The black bars indicate 

statistical significance.  

To better understand the signal comparison and perhaps identify a time point for 

further studies, the unnormalized immune signal within the tumor and within the 

surrounding ring were plotted on the same axis for each treatment group. No statistical 

tests were performed.  
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Figure 21: Comparison of the GFP Signal in the Tumor and the GFP Signal in 

the Ring ROIs. The solid line in each plot represents the mean GFP signal within the 

tumor mask while the dashed line represents the mean GFP signal within the ring. 

The data for SYMPHONY are displayed in the top left figure, the GNS data are 

displayed in the top right figure, the Anti-PD-L1 data are displayed in the bottom left 

figure and the control data are displayed in the bottom right figure. Note that these 

are unnormalized data. 

To understand and attempt to eliminate the artificial signal from cells outside of 

the plane of focus, the apotome was used and specifically the optical sectioning images. 

The mean signal within the previously established tumor masks from the Phansalkar 

thresholding was determined from the GFP channel of the optical sectioning images. 
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The signal was area normalized and pre-treatment normalized as before and plotted 

over time in figure 22. No statistical significance was determined for these data.  

 

Figure 22: Raw Fluorescence Compared to Optical Sectioning Using GFP 

Signal in the Tumor and in the Ring. The area normalized GFP signals from the 

conventional fluorescence images and the high-resolution optical sectioning images 

are plotted. The left column (figures A and C) shows the GFP signal within the tumor. 

The right column (figures B and D) shows the GFP signal in the ring, around the 

tumor. The top row (figures A and B) shows the optical sectioning data while the 

bottom row (figures C and D) shows the raw data. Note that the right y axis in the 

optical sectioning images is only for the control data. Additionally, an example optical 

sectioning and conventional fluorescence image is shown on the right for clarity. 

3 .3  Im m u n e  a n d  Tu m o r S ig n a ls  

The immune signal and corresponding tumor signal for each mouse in each 

treatment group is plotted below. A simple linear regression was performed, and 
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corresponding residuals are displayed. The linear regression test determined the slopes 

of the fitted lines are significantly different than zero for all treatment groups. 
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Figure 23: Immune Signal as a Function of Tumor Signal.4. Discussion 

4.1 Data 

The primary tumor volume trends suggest that all the treatments tested here 

have similar control of the primary tumor growth relative to no treatment, yet no 

statistical significance was determined. Interestingly, the tumor signal tends to trend 

downward over time for the SYMPHONY and anti-PD-L1 group while the GNS and 

control tumor signals trend upward. One suggested explanation of the increase in tumor 
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size and signal is pseudoprogression which is a phenomenon in which tumors appear 

larger after therapies due to inflammation. Three potential explanations for the decline 

in the tumors exist. The first, is that the tumors are growing outward in a horizontal 

plane. This could be the case because the DiD cell dye attaches to the cell membrane of 

the tumor cells; as they divide, each cell loses some of its fluorescence, but the tumor 

increases its size. A second suggested explanation for the phenomenon is that the 

SYMPHONY group is retaining GNS at the distant tumor site over time, which absorbs 

some of the emitted fluorescent light. A third explanation could be that the SYMPHONY 

combination therapy is working and is destroying some of the tumor cells. It is 

important to note that there was no significance found in these data, nor were further 

studies run to confirm any of these suggested explanations, so more investigation is 

required.  

From the immune response data, it is recommended that further studies be 

conducted on the day of treatment as well as on day 4 after treatment. The SYMPHONY 

treatment group displayed a peak change in the immune response per unit area on the 

day of treatment (day 0), and it remained elevated relative to the pre-treatment signal 

for the duration of the study with the only exception being on day 5. This decline 

suggests a change in the immune cell profile could be occurring on day 4. Additionally, 

the unnormalized data in appendix A shows the most robust immune signal occurring 

on day 4 for the anti-PD-L1 group. This coupled with the display of the greatest 
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variation in the immune response in the unnormalized data further suggest that day 4 

may be a time point of interest for further study. I recommend that further laser ablation 

fractionation be explored on day 4, specifically. Finally, since the SYMPHONY group 

did induce the greatest change in the immune signals within 48 hours and it was greater 

than that of the anti-PD-L1 group, I accept my hypothesis. 

The general trends of the immune response within the tumor are very closely 

mimicked in the surrounding ring. Though the hope of this analysis was to use the ring 

data to identify or predict an immune cell infiltration based on intensity of the immune 

signal, the time points used for this study were not close enough to complete this goal. If 

this is of interest in the future, imaging more often than every 24 hours is recommended. 

In fact, approximating the macrophage tissue velocity of 1 µm/min would result in 

macrophages traveling distances reaching 14.4 mm in a 24-hour period. Thus, to observe 

an appreciable change in signal one would need to image after macrophage migration of 

the width of the ring which would require imaging every 1.5- 2 hours.  

The comparison of the raw image signals to the optical sectioning image signals 

shed light on the difficulty of the task of imaging immune cells. When analyzing the 

optical sectioning images, we must recognize that although we may have successfully 

focused the camera on the visible tumor, we may not be highly focused on the location 

within the tumor that has a robust population of immune cells (supporting image and 

explanation is shown in appendix A for clarity). So, while the noise from the 
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background signals and autofluorescence is removed from the reported signal, so may 

be legitimate signal. It is recommended that optical sectioning images be collected for 

further studies, but the user should take images at multiple focal plane depths.  

 The linear regression test performed here was done so in the hopes of being able 

to model and predict an immune response given a known distant tumor size. 

Interestingly, the linear regression test determined a better fit for groups receiving less 

complex treatment. From these results we can conclude that there is a correlation 

between immune signal and tumor signal for this model, but to identify causation, more 

research is required. There are studies currently being planned to address this need. 

4.2 Limitations and Future Study Considerations 

Firstly, as with all preclinical models, the greatest limitation of this study is the 

use of mouse cell lines and mice as surrogates for understanding complex systems and 

predicting complex responses in humans. Rodent immune systems are imperfect, at 

best, at modeling how a human immune response may be affected. Many studies have 

shown that laboratory mice are insufficient at predicting the results of clinical trials 

which is one reason pre-clinical treatments often fail. One suggested remedy that has 

been studied is the uses of ‘wildlings’. ‘Wildlings’ are lab-strain embryos that have been 

implanted into wild mice. These mice better mimic ‘wild’ immune when compared to 

their completely lab-grown counterparts [38]. This could be a consideration for the 

future. Additionally, the next steps in understanding the efficacy of this treatment 
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would be the application of this therapy in canine patients with metastatic bladder 

cancer. This would not only allow for understanding of the efficacy of the immune 

response induced from SYMPHONY, but it would also allow for practice of 

implementing catheter-based laser ablation, which is not currently being performed on 

mice. 

Secondly, the number of mice used here is insufficient at gaining statistical 

significance. From a simple resource equation calculation achieving an E of 20, I would 

suggest using 24 mice in total for the next study – 6 mice per treatment group [39]. This 

is the most conservative estimate I have calculated and was considered because some 

statistical significance was found with the small number of mice used in this study. 

Thirdly, when considering the importance of hyperthermia induced cell death, a 

note of caution is that rodent lines have lower breaking point temperatures than human 

lines, meaning more time is needed to kill human cells than rodent cells at a given 

temperature [40]. There are currently suggestions of exploring fractionated laser 

treatments in the future as recent, unpublished data from our collaborators (not shown 

in this document) showed that the immune response in SYMPHONY mice exhibiting 

MB49 bladder cancer cell line immunity was correlated to the number of dead tumor 

cells within the primary tumor. 

Fourthly, the immune response between mice varies, just as it does in humans. In 

fact, there is evidence to suggest that the immune response, and specifically the function 
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of monocytes, differs between male and females where females have been shown to 

have greater monocyte expression relative to their male counterparts in the same study 

[33, 34]. Since mice were sorted into treatment groups primarily based on size and sex, 

but with considerations of window chamber quality, male mice were more likely to be 

sorted into the SYMPHONY or GNS treatment groups simply because it is easier to 

perform tail vein injections of the GNS on them. This could, however, lead to falsely 

high immune signals in the anti-PD-L1 and control groups. Instead, it is suggested to 

use older mice, from 15 – 20 weeks of age for future studies to alleviate this potential 

bias. Furthermore, it is recommended to implement a double blinded treatment group 

approach where a researcher can randomly assign mice into treatment groups or 

perform an semi-random assignment to keep the mean flank tumor volume consistent 

between treatment groups as well as perform the necessary tail vein injections and 

prepare anti-PD-L1 injections accordingly, a second researcher can perform the imaging 

and IP injections of either anti-PD-L1 or saline and a third researcher can blind the 

images prior to analysis. A final researcher can do the thresholding of the images and 

analysis. An illustration of this is shown below in figure 23. 
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Figure 24: Proposed Methodology Illustration. 

Fifthly, mice were stored at ~ 22 °C based on the National Research Council’s 8th 

edition of their Guide for the Care and Use of Laboratory Animals that Duke follows. 

Their cited reasoning for this storage temperature is to establish a macroenvironment 

that is below that of the animals’ lower critical temperature to avoid heat stress. They 

explain that rodents can maintain adequate thermoregulation to avoid cold stress by 

building nests and using shelters [35]. However, it has been shown that the immune 

system of mice is greatly suppressed when the host is not at optimal storage 

temperatures, which typically occurs around 30°C [36]. In fact, it has been shown that 
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the efficacy of the antitumor and adaptive immune response differs significantly 

depending on the housing temperature suggesting that trying to study the efficacy of an 

immune dependent anticancer therapy is problematic [36]. This issue can be easily 

solved in the next study since Duke has elevated storage room temperatures available at 

no additional cost to research groups.   

Sixthly, the quantification of immune response with EGFP signal is difficult and 

problematic. For starters, the immune signal comes from one of three types of cells: 

monocytes, natural killer cells and/or dendritic cells. All of which are ‘clean-up’ immune 

cells, not those associated with long term immunity. As previously mentioned, the 

immune response is characterized by many different types of cells with many different 

functions and these functions vary even within a single cell type. For example, one type 

of macrophage, M1 cells, produce proinflammatory cytokines. This, among other factors, 

has been deemed responsible for pathogen and tumor eradication. The other main type 

of macrophage, M2 cells, moderate the inflammatory response, eliminate cell wastes, 

and promote angiogenesis and tissue remodeling. Since monocytes are labeled with the 

EGFP reporter, both types of macrophages are quantified in this model [37]. 

Additionally, signal depletion over time from differentiation is difficult to overcome. As 

monocytes differentiate into macrophages, some downregulate their EGFP expression 

while others retain their expression upon differentiation [37]. We are limited to 

quantifying the latter. 
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Finally, this window chamber model used the same cell line for the primary 

tumor and the distant tumor. Since the goal of this project is to develop and provide an 

alternative treatment option for metastatic bladder cancer patients, the differences in 

metastatic tumor site from the primary need be considered.  For example, metastatic 

cells gain new functions relative to the primary tumor that they were shed from [16].  

4.3 Future Work  

Immunohistochemistry studies are currently being planned on the collected 

organs. It is the intent to use these studies to further confirm and identify the types of 

macrophages present in the distant tumors as well as quantify the GNS uptake.  

The optical sectioning images can be used in the meantime to identify the 

morphology and orientation of the present macrophages. This is currently in progress by 

using the Phansalkar thresholding function on the GFP channel optical sectioning 

images.  

Some hemoglobin oxygen saturation images were collected over the course of 

this study. Analysis of these images could reveal areas of hypoxia within the window 

chamber and shed more light on the tumor microenvironment in general.  

New GNS have been synthesized for optimal absorption of a 1064 nm laser. 

Repeating this study using these updated GNS would be very beneficial. Additional 
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changes to the experimental design would include taking extra care with treatment 

group randomization, increasing the mouse housing storage temperature and using a 

pulsed laser rather than a continuous laser. This final suggestion comes from more 

unpublished evidence (shown below in Appendix B) from our collaborators showing 

that by using a pulsed laser, rather than a continuous laser, the tumor temperatures 

remain elevated while the skin surface can cool between pulses. While this does require 

longer treatment sessions, this would be most appropriate for further clinical 

application. I would also suggest the consideration of multiple fractionation schemes 

within the SYMPHONY treatment group. 

During these studies, it would be helpful to generate a predictive model of 

heating within the tumor due to the laser ablation. Such a model is currently under 

development using Monte Carlo simulations and multi-tumoral depth temperature data.
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Appendix A – Additional Supportive Figures Not Shown 

In this section, additional figures supporting claims made and actions taken 

throughout the analysis process will be presented. This will include additional data that 

I have collected but was not show above. 

First, to assist in the identification of length and width measurements of a 

subcutaneous flank tumor, an example image is displayed with an imitation tumor. 

Length (L) and width (W) dimensions are drawn on the tumor diagram and labeled for 

reference. 

 

Figure 25: Example of Flank Tumor Volume L and W measurements. 
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Second, to support the need to use a reduced region of interest before passing the 

image through the thresholding function, an example resulting mask is displayed with 

and without the use of the reduced region, circle ROI. By reducing the field of view, 

reflection from the titanium ring and debris residing in the cracks and crevasses of the 

window chamber edges. 

 

Figure 26: Comparison of Tumor Mask With and Without Reducing the Field 

of View Before Thresholding. 

The primary and distant tumor areas were compared prior to assessing immune 

response. Importantly, the distant tumor within the window chamber varied day by day 

as well as mouse by mouse despite carefully calculated injections. The individual mouse 

tumor areas are displayed on the left in the figure below and the overall variation 

among all mice over the course of the study is displayed on the right. 
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Figure 27: The Variation in Distant Tumor Area Across All Days and 

Treatment Groups. The distribution of the tumor size over the course of the study is 

plotted for all mice. The individual mouse data is displayed on the left and the overall 

variation is displayed on the right. 

In addition to individual variation, treatment group variation was assessed by 

plotting the mean distant tumor size for each group over time on the left and the 

variation within each treatment group on the right in the figure below. 
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Figure 28: Mean Tumor Size Variation. The mean tumor size over the course of 

the study is plotted for each treatment group on the left. The box and whisker plot of 

each treatment groups distribution is displayed on the right. 

Since distant tumor size varied so widely and a fear of observing false 

background signal for large tumors, despite a lack of concentrated immune response, 

the analysis largely proceeded by assessing immune signal on a per area basis. 

The immune signal over time for each treatment group, without area 

normalization is displayed below for reference. As one can easily see, the anti-PD-L1 

group displayed the greatest immune response with the highest signal occurring on day 

4. Additionally, the greatest spread in the data occurs on this day. However, no 

statistical significance was determined. 
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Figure 29: Mean Tumor GFP Signals Over Time for Each Treatment Group. 

The GFP images were accessed just within the tumor region for each mouse on each 

day. The mean and standard deviation of the GFP values for each treatment group 

was determined. The green, solid line is the data for SYMPHONY; the gold, dashed 

line is the data for GNS+808 nm laser; the blue, dot dashed line is the data for anti-

PD-L1; the pink, dotted line is the data for Control. 

An additional view of the immune response per unit pixel is displayed for 

additional viewing. These data exclude no data points. The spread of the immune signal 

on day 4 is particularly emphasized in this figure. With no statistical significance 

determined, this suggests there is no difference in immune response relative to 

treatment type when comparing across the same tumor size. 
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Figure 30: Mean Immune Signal in the Tumor Mask per unit Pixel for Each 

Treatment Group. The individual immune signals were normalized to the size of the 

tumor in pixels for each mouse on each day. The mean of these values is plotted 

above. The left image shows the entire range of the immune signal. The right figure 

shows a closer view of the treatment group variation over time. 

Next, the immune response within the tumor was compared to the background 

immune response within the window chamber, but outside of the tumor by plotting the 

tumor immune signal to nontumor immune signal ratio. There is a clear elevation of 

immune response within the tumor for all groups, again with the widest range occurring 

on day 4. However, no statistical tests were run to confirm these suggestions.  
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Figure 31: Ratio of Mean Immune Signal in the Tumor to Mean Immune 

Signal in the Nontumor ROI. The mean for each day in each treatment group is 

plotted with corresponding color and line style as before. The dotted line at y = 1 is to 

reference the point in which there is no elevation in GFP signal within the tumor 

compared to the background. 

A supportive figure to describe the optical sectioning imaging difficulties 

presented in the discussion is shown below. This is a schematic of the window chamber, 

looking down from the z direction posterior of the mouse – between the metal 

components of the window chamber. The green markers are meant to demonstrate 

macrophages, the central blob is meant to demonstrate the tumor which may be growing 

more vertically than horizontally, the top and bottom are the locations of the glass 

coverslip and exposed tissue within the window chamber, respectively. In this diagram, 

the camera is pointing from the top of the image to the bottom and the in-focus imaging 

plane is described by the dotted line. 
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Figure 32: A Schematic of the Window Chamber Imaging Using Optical 

Sectioning. 
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Appendix B – Supportive Figures from Collaborators 

Discussion topics and figures collected from the literature as well as unpublished 

preliminary figures are displayed here for reference. Firstly, to motivate the use of GNS 

instead of simpler nanoparticle structures like rods, spheres or shells, data from a 

collaborator, namely Lui et. al., is shown below [41].  

Firstly, the temperature surrounding the nanoparticle is displayed as well as the 

photothermal conversion efficiency. In short, GNS have the optical properties desired 

for the laser used in this study and they have superior heat conversion characteristics. 

Secondly the relative distribution within a maximum projection CT image is displayed 

for these same three particles, from the same paper. This shows that the smaller GNS 

distribute more uniformly than the large GNS and better than the nanoshells. Finally, 

the nanostar distribution within the body of mice is preferential compared to the 

nanoshells. The figure below shows this. 

 

 

Figure 33: Heat Conversion Comparison of GNS and Nanoshells. 
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Figure 34: GNS vs Nanosphere Distribution Example. 
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Figure 35: Comparison of the Biodistribution of GNS and Nanoshells. 

The suggestion of using a pulsed laser over a continuous laser was made in the 

discussion section. Below is the unpublished, preliminary data from a collaborator 

showing the temperature on the surface and within the tumor from both situations.  
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Figure 36: Comparison of Heating on top of and Within A Tumor using a 

Pulsed Laser and Continuous Laser. 
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