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ABSTRACT

FELINE ORAL SQUAMOUS CELL CARCINOMA: A COMPREHENSIVE APPROACH TO

IMPROVE TREATMENT OUTCOME

Feline oral squamous cell carcinoma (SCC) is a devastating disease that responds poorly
to traditional treatment modalities. The tumor location directly impacts the patient’s ability to eat
and drink, and immediate intervention to alleviate clinical signs is important. To design better
treatment strategies it is paramount to understand the underlying biological behavior of this
poorly defined tumor. This research takes a comprehensive approach in attempt to understand
this disease. A number of assays have been developed and applied to elucidate underlying
biology. New imaging modalities have been used to better stage the disease and define tumor
location. Finally, patients were treated with a new radiation therapy modality, stereotactic
radiation therapy (SRT), and outcome was correlated with the biological assays for potential

predictive value. This data should inform the development of future clinical trials.

Imaging is an essential step for cancer staging and radiation therapy planning. Cancer
cells use glucose at a higher rate than most normal tissues, so 2-*®F-fluoro-2-deoxy-D-glucose
positron emission tomography (**F-FDG PET) is routinely performed in human oncology
because it is a highly sensitive method for identifying areas of higher glucose metabolism. This
imaging modality is more frequently used for veterinary oncology staging as well. The goal of
the prospective study described in Chapter 2 was to compare gross tumor volume measurements
using ®F-FDG PET vs. those using computed tomography (CT) for SRT planning in cats with

oral SCC. Twelve cats with confirmed oral SCC underwent pretreatment ®F-FDG PET/CT.



Gross tumor volumes based on contrast-enhanced CT and *®F-FDG PET were measured and
compared between cats. Mean PET gross tumor volume was significantly smaller than mean CT
gross tumor volume in the mandibular/maxillary SCC group (n=8, P=0.002) and for all cats
(n=12, P=0.006), but not for cats with lingual/laryngeal SCC (n=4, P=0.57). Mismatch fraction
analysis revealed that most of the lingual/laryngeal patients had a large region of high-'*F-FDG
activity outside of the CT gross tumor volume. This mismatch fraction was significantly greater
in the lingual/laryngeal group than the mandibular/maxillary group (P=0.028). The effect of poor
spatial resolution of PET imaging was greater when the absolute tumor volume was small.
Findings from this study indicated that *®F-FDG PET warrants further investigation as a
supplemental imaging modality in cats with oral SCC because it detected presumed regions of

primary tumor that were not detected on CT images

For canine and feline patients with tumors in the head region, simultaneous irradiation of
the primary tumor and mandibular and retropharyngeal lymph nodes (LNSs) is often indicated.
The purpose of this study described in Chapter 3 was to assess the reliability of a planning target
volume (PTV) expansion protocol for secondary targets (LNs). Two CT image sets from 44 dogs
and 37 cats that underwent radiation therapy for tumors in the head region were compared to
determine LN repositioning accuracy and precision; planning-CT (for radiation therapy
planning) and cone-beam CT (at the time of actual treatment sessions). Eleven percent of dogs
and 65 % of cats received treatment to their LNs. In dogs, the mandibular LNs were positioned
more caudally (P=0.0002) and the right mandibular and right retropharyngeal LNs were
positioned more to the left side of the patient (P=0.00015 and P=0.003, respectively) during
treatment compared to the planning CT. In cats, the left mandibular LN was positioned higher

(toward roof) than on the planning-CT (P=0.028). In conclusion, when the patient



immobilization devices and bony anatomy matching are used to align the primary head target
and these LNs are treated simultaneously, an asymmetrical PTV expansion that ranges 4-9 mm
(dogs) and 2—4 mm (cats) should be used to ensure that the LNs are within the PTV at least 95%

of the time.

Information about the molecular biology of feline oral SCC is still limited. In Chapter 4,
22 archived tumor samples of feline oral SCC were evaluated to develop immunohistochemical
assays and to determine if there was correlation to clinical parameters. Immunohistochemistry
for Ki67, MVD, and EGFR was performed and scored. Patient survival information was obtained
from the medical records. These molecular markers as well as M1 were correlated with tumor
locations and patient survival time. The 22 tumors showed wide variation in Ki67, MIl, MVD, and
EGFR. Tongue SCC expressed higher MVD than mandibular/maxillary SCC (P=0.088). Tumor
expression of EGFR was inversely proportional to survival time (P=0.097). This study suggests
EGFR expression might be a valuable prognostic factor for treatment outcome in feline oral SCC. It
also identified higher angiogenesis in tongue SCC as compared to mandibular/maxillary SCC which
may account for a different clinical outcome. Further prospective characterization of feline oral SCC
may give us a better understanding of the underlying molecular factors that drive its behavior and
offer the possibility for future patient-specific treatment plans. In Chapter 5, markers established in
Chapter 4 and a number of other potential predictive assays were evaluated in 20 cats prior to
treatment with SRT. Survival time (ST) and progression-free interval (PFI) were correlated with
mitotic index, several histopathological grading schemes, expression of Ki67 and EGFR, tumor
MVD, and tumor oxygen tension (pO2). Median ST and PFI were 106 and 87days, respectively.
Overall response rate evaluated 4 weeks post-SRT was 38.5%. Patients with higher MVD had

significantly shorter ST than patients with lower MVD (P=0.041). Patients with more keratinized



SCC had significantly shorter PFI than patients with less keratinized SCC (P=0.049). Post-SRT
tumor pO2 was significantly lower than pre-SRT tumor pO, (P=0.047). In conclusion, although
SRT alone did not improve ST and PFI compared to historical controls, MVD and degree of
keratinization may be useful prognostic markers and anti-angiogenesis therapy should be

considered as an adjuvant treatment.

Cancer stem cell or tumor initiating cell (TIC) theory and telomere biology are actively
studied fields in human head and neck (H&N) cancer. In feline oral SCC, which has been
advocated as a feline model for human H&N cancer, our knowledge about the TIC and
telomere/telomerase biology is limited. Protein expression levels of putative TIC markers of
human H&N cancer, CD44 and Bmi-1, were immunohistochemically evaluated for their possible
role as prognostic markers in 20 patients with feline oral SCC who underwent SRT. This patient
population was part of a clinical trial and information relevant to PFI and ST was available. A
combined technique of fluorescent in-situ hybridization and immunofluorescent staining was
used to determine telomere length ratio (fractions of very short telomere/average length telomere
in the putative cancer stem cells) in the putative TICs that were positive for CD44 and Bmi-1.
This was also correlated with treatment outcome. And finally, relative telomerase activity was
evaluated by using a novel real-time quantitative polymerase chain reaction assay. Significant
inverse correlations were found between PFI or ST and Bmi-1 protein expression in Log-Rank
and multivariate Cox proportional hazard analyses (PFI: P<0.047, ST: P<0.013). Those results
suggest that Bmi-1 may play important roles in local tumor recurrence and should be used as a
novel therapeutic target. Neither the telomere length ratio nor the relative telomerase activity had

significant correlations with ST or PFI. A large inter-patient variability in the relative telomerase



activity was noted and this may suggest that telomerase inhibition is not beneficial for the

treatment outcome in cats with oral SCC.

In summary, five studies examined different aspects of feline oral squamous cell
carcinoma. This information should be useful to develop future treatment strategies. Treatment
outcome of this cancer might be improved by adding other modalities that target tumor

vasculature and Bmi-1 to SRT.
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CHAPTER 1: INTRODUCTION

Feline oral squamous cell carcinoma is a devastating disease that is poorly responsive to
traditional treatment options. Understanding the underlying biological behavior of this cancer is
critical for the development of more successful treatment options. This research evaluates the
disease from a number of different perspectives. A retrospective evaluation using paraffin
embedded tissues was performed to develop and validate immunohistochemical assays that
provided baseline information (Chapter 4). A clinical trial that included 20 cats (Chapter 5) was
conducted and assays established in Chapter 3 were used to characterize the tumor prior to
treatment were performed. Evaluations included histological and immunohistochemistry
techniques, tumor oxygen levels, and telomere and stem cell marker expression assays (Chapter
5 and 6). ®F-FDG PET was used to determine if it provided an advantage in tumor staging
compared to previous methods (Chapter 2). Because there is no well-defined standard of care for
this disease, patients were treated with a new technology, stereotactic radiation therapy (SRT).
This technique is administered in less than a week, minimizing time away from their home
environment. SRT had never been used in this disease or in any feline head and neck (H&N)
cancer, so this research also focused on optimizing the administration of SRT. Chapter 3
addresses how to most accurately deliver dose to regional lymph nodes while also targeting the
primary tumor. ®F-FDG PET was evaluated and compared to CT alone to determine any
differences in identifying tumor targets and Chapter 2 describes those findings. Finally, in
Chapter 5 and 6, all of the pretreatment information was correlated with clinical outcome to
identify prognostic parameters. This introduction serves as a comprehensive literature review for

the overall body of work (Figure 1.1).



Disease behavior and response to treatment

Squamous cell carcinoma (SCC) is the most common (60-80%) oral malignancy in cats.*
No breed, gender, or hair coat color predispositions have been identified.? Incidence of feline
oral cancer has been reported as 45 cases per 100,000 cats, however this seminal report was
published more than 35 years ago.® Feline oral SCC most commonly affects the mandible,
maxilla, and tongue (Figure 1.2). Because of the location, these tumors often impact the cat’s

ability to eat, drink, and groom, leading to secondary malnutrition and dehydration.

Etiology of this tumor has not been extensively studied. One study reported that the risk
of oral SCC is significantly higher in cats who wear a flea control collar or eat canned food.
Eating canned tuna cat food is associated with a higher risk than non-tuna canned or dry food.*
Cats with oral SCC were exposed to environmental tobacco smoke (ETS) were more likely to
overexpress p53 protein than those not exposed to ETS although the association was not
significant.® The relationship between ETS exposure or p53 protein overexpression and patient
prognosis has not been evaluated. Bony lysis is a commonly observed characteristic of feline oral
SCC,* leading investigators to evaluate the effect of a bisphosphonates, zoledronic acid, on
inhibition of osteolytic activity of the cancer. These studies suggested that the zoledronic acid

may inhibit pathological osteolysis caused by feline oral SCC and slow growth rate.

Treatment outcome of this feline cancer is disappointing. Surgery alone rarely provides
local tumor control. In two reports from the 1970s and early 1980s, 10 cats with oral SCC were
treated surgically.®® All cats were euthanized due to local recurrence within 16 weeks. All recent
studies have reported a median survival time (MST) of 44 days for 54 surgically-treated cats.™ In

this study, cats treated with non-steroidal anti-inflammatory drugs (NSAIDs) had significantly



longer MST than those without NSAIDs treatment, although immunohistochemically-evaluated
cyclooxygenase-2 expression level was not prognostic. Another study reported outcome of 7 cats
with stage 111 oral SCC of the mandible treated by mandibulectomy, feeding tube placement, and
post-surgical radiation therapy.™* A feeding tube was temporarily (3 to 44 days) used to support
food intake post-surgically. Six of the seven cats were euthanized due to local tumor recurrence.
MST after surgery was 14 months with one-year survival rate 57%. In another study, 21 cats
with oral SCC were treated by mandibulectomy with or without additional radiation and/or
chemotherapy.*? In this study, MST for cats with oral SCC was 7 months and one-year survival
was 43%. Minimal improvement has been shown in MST between older studies and more recent
studies. Summarizing these previous reports, surgery with additional chemotherapy/radiation
therapy seems to provide longer post-treatment survival but local tumor recurrence persists as the

primary cause of patient death.

Radiation therapy (XRT) plays a central role in the management of veterinary cancer
patients. Historically, orthovoltage, cobalt machines, and linear accelerators using 3 dimensional
conformal treatment (3D-CRT) were most commonly used. Radiation therapy has been used as a
palliative modality and with curative intent. It has also been combined with surgery and/or
chemotherapy. As a palliative treatment for inoperable feline oral SCC, seven cats were treated
with weekly 8 Gy treatments on days 0, 7, and 21.* MST was 60 days and about 43 % of cases
did not complete treatment due to tumor- or XRT-related reasons. The authors of this study
concluded that the poor response rate and high complication rate outweighed any benefit.
Accelerated XRT consisting of 14 fractions of 3.5 Gy administered twice daily has been
evaluated by several groups.***® Although acute and late toxicities were manageable, accelerated

XRT alone did not improve treatment outcome. The addition of carboplatin to this XRT regimen



showed modest improvement in MST (163 days) with significantly better MST in cats with
complete response (median 379 days).'*** In this study, cats with tonsil/buccal mucosa SCC
survived significantly longer (mean 724 days) than cats with mandible/maxilla/tongue SCC
(median 141 days) but no reason for this difference was addressed in this report.** A recent
report described accelerated XRT in combination with surgery and neoadjuvant chemotherapy.*®
Three of six cats were still alive (759, 458, and 362 days) and in complete remission at the time
of data analysis. The neoadjuvant chemotherapy consisted of bleomycin, piroxicam, and
thalidomide, which are immunomodulatory and anti-angiogenic drugs.!” Although the patient
population was small, this aggressive multi-modality treatment protocol should be further

investigated.

SRT has recently been introduced in veterinary medicine. Traditional XRT with curative
intent is delivered in small doses per fraction, providing greater sparing of normal responding
tissues in the field. Higher total doses can be prescribed with small doses per fraction and it
generally results in better tumor control. In contrast, SRT delivers higher dose per fraction and is
delivered in fewer, usually 1-5, fractions. This is possible because SRT spares normal tissues by
minimizing dose to surrounding normal tissues. SRT requires a steep drop-off in dose from the
tumor to normal tissues. This requires great accuracy in patient positioning so that a margin
added to a primary target (gross tumor volume; GTV)*® can be decreased. This leads to a smaller
final target (planning target volume; PTV) compared to the PTV used in conventional XRT.
Prescribed dose is determined by the balance between the normal tissue dose tolerance of the
surrounding critical structures (such as brain, eyes, and skin) and tumor control probability. The
possibility of radiation-induced late toxicity mainly depends on dose per fraction and total

dose.’® Therefore, a smaller PTV expansion (thus less involvement of surrounding normal tissues



into the PTV) is a benefit resulting in lower dose per fraction and lower total dose to surrounding
tissues. SRT for human H&N SCC was first reported in 1991, for the treatment of
nasopharyngeal SCC.? In this report, a human patient with recurrent oral SCC after surgery and
chemotherapy was treated by a single fraction of 20 Gy using a gamma-knife equipped with
hundreds of small cobalt-60 sources. This patient was doing well at 7 months post SRT, although
the follow-up period was too short to determine treatment durability or toxicity. Several reports
utilized SRT as a primary treatment modality for human tumors in the H&N region. > In these
studies, most patients were treated with a fractionated regimen ranging from 3 to 8 fractions with
the total dose up to 48 Gy. Overall response rates were about 70%. Treatment-related acute
toxicity was absent or manageable and although long-term tumor control did not seem to be
improved compared to other definitive treatment regimens, the authors of these studies
concluded that SRT for the treatment of H&N SCC was a viable and effective option for selected

Cases.

In veterinary medicine, our knowledge of SRT is limited. Reports from a group at the
University of Florida utilized SRT to treat canine appendicular osteosarcoma and brain
tumors;**?® however, no study has evaluated the efficacy and toxicity of SRT in feline
malignancies. We elected to treat 20 cats with feline oral SCC using SRT and to correlate
treatment efficacy with survival time and progression-free interval as endpoints. SRT may have
some inherent advantages for a tumor like feline oral SCC, which is assumed to be hypoxic due
to its characteristically rapid growth. Previous studies suggested that SRT initiates tumor
endothelial cell apoptosis immediately after irradiation and the resulting vascular damage has
been hypothesized to indirectly damage tumor cells.?*** The paucity of information regarding

molecular and cellular characteristics of this disease provides little insight that can predict



response to SRT or other therapy. The main purpose of this body of work is to inform future

treatment design.

Evaluations of cellular and molecular biology

Ki67 is a nuclear protein that is expressed in actively proliferating cells and has a
biological half-life of approximately 90 min.”>*° The protein expression of Ki67 is restricted to
G1, S, G2, and M phases and is not expressed in GO (senescence) phase. During G1, S, and G2
phases, Ki67 is detected within the nucleus, and during M phase it is relocated on the surface of
the chromosomes.”® The functional role of Ki67 protein has not been fully discovered yet.?®
However, several studies have shown that silencing Ki67 cDNA inhibits cell proliferation,
suggesting Ki67 protein possesses a function that regulates cell cycle progression and cell
proliferation.®**? Ki67 labeling index (L) has been suggested to be more sensitive compared to
mitotic index (MI) because Ki67 can detect all proliferating cells whereas MI counts only cells in
M phase.?® Clinically, numerous studies in human H&N SCC have evaluated the role of Ki67 as
a prognostic marker after different treatment interventions.***> Among them, one study showed
that human H&N SCC patients with p53-positive and low Ki67 LI displayed less response to
fractionated XRT compared to those with p53-neagtive and higher Ki67 LI.** Another study
demonstrated that patients with laryngeal/pharyngeal SCC with high Ki67 LI had shorter overall
and disease-free survival time after surgical excision.>* Similarly, a study showed that high Ki67
LI was an independent predictor of local recurrence after total laryngectomy.® Several studies
evaluated Ki67’s role as a prognostic marker in different canine malignancies.**® Among them,

in mast cell tumors and mammary carcinoma where surgical resection was the only treatment



modality, patients with higher tumor expression of Ki67 protein had significantly worse outcome
compared to those with lower expression.*®*” Reports in feline oncology have shown that Ki67
LI is a prognostic indicator.***! In one study that included feline patients with surgically resected
mammary carcinoma, patients with higher Ki67 LI had decreased survival times compared to
those with lower Ki67 LI.** Another study showed that high Ki67 LI was an indicator of poor
outcome in patients with feline oral SCC. However this study evaluated different treatment
modalities including medical palliative treatments.*" In a report that evaluated treatment outcome
in feline patients with nasal/periocular SCC that undergoing fractionated electron beam XRT and
Ki67 LI, a positive correlation was observed between the index and disease-free interval was
established.”® In summary, it is likely that SCC responds more favorably to fractionated XRT
when the tumor has higher Ki67 LI. This could be because these actively proliferating cells have
less time to repair radiation-induced DNA damage. However, actively proliferating cells may
result in earlier tumor recurrence if complete surgical excision could be achieved. The role of
Ki67 as a prognostic marker in patients with feline oral SCC undergoing SRT has not been

evaluated.

Mitotic index (M) is also used to evaluate proliferating cells. This is a very practical way
of estimating the proliferating fraction in a given sample population because of the ease in
quantification. The disadvantage is that such as small fraction of cells are in mitosis at any time
point. To date, no study evaluating Ml in feline oral SCC has been published; however, in human
oncology MI has been used for many years as a cell proliferation marker both in vitro and in
vivo.*? For example, a study in human H&N SCC revealed that proliferative activity expressed
with high Ml and G2/M cell fraction was a significant prognostic factor in patients who

underwent chemotherapy, XRT, or a combination of the two.** In human uterine cervical



carcinoma patients, both M1 and Ki67 LI were shown to correlate with a reduction of tumor size
as measured by MRI after platinum-based chemotherapy.** In this study, M1 and Ki67 LI showed
a significant mutual correlation, although this is still controversial.**® In human cervical SCC
patients who underwent fractionated XRT, higher MI was shown to be the strongest indicator of
poor survival, followed by tumor volume and Ki67 LI.*" A report of human cervical carcinoma
patients who underwent fractionated XRT showed that low MI and high keratinization were

statistically significant indicators of poor survival.*®

Volume-corrected MI has been evaluated in human patients with oral SCC who
underwent either XRT or surgery.*** In these studies, the volume-corrected MI was calculated
to account for the neoplastic fraction in a given microscopic field. Patients with lower volume-
corrected MI had a significantly better treatment outcome compared to those with higher
volume-corrected MI. This suggested that in human H&N SCC patients who underwent
fractionated XRT, a reduction of MI after the first 2 Gy irradiation was a favorable indicator of
long-term survival. °? Based on these studies, it is reasonable to suggest that M1 may play a

prognostic role in feline oral SCC.

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase.>* Multiple ligands
can bind to EGFR including epidermal growth factor, transforming growth factor-a, and
amphiregulin.> Ligand binding leads to conformational changes in the receptor’s intracellular
domain and this activated EGFR will undergo dimerization and auto-phosphorylation of tyrosine
residues of the intraceullular domain.’® Downstream events are mediated by many proteins
(secondary messengers) such as Ras/MAPK, JAK/STATSs, and P1-3K/Akt.>® The final events of
EGFR activation depend on the activated downstream messengers and are probably cell type-

dependent. Downstream events include cell cycle progression and proliferation, cell survival,
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angiogenesis, cell adhesion, differentiation, cell migration and invasion, and radio-and chemo-
resistance due to enhanced DNA repair.>*>" In tumor cells, overexpression of EGFR, due to gene
amplification is known to cause self-dimerization/activation in the absence of ligands.>® Other
mutations in the EGFR gene can cause ligand-independent activation of the receptors including a
point mutation in the transmembrane domain and loss of the extracellular domain (truncation).®
In a variety of human malignancies such as non-small cell lung cancer, breast cancer, and H&N
SCC, overexpression of EGFR is recognized at mMRNA and protein levels.”®®! Therefore, EGFR
has been an attractive therapeutic target in human oncology. Monoclonal antibodies such as
cetuximab and tyrosine kinase inhibitors such as gefitinib have been developed and used to treat
a variety of human cancers.®? Clinical studies have revealed that EGFR overexpression is a
negative prognostic factor after XRT.®® A study that treated 155 human H&N patients with
conventionally fractionated XRT showed that patients with higher EGFR protein expression had
significantly shorter overall survival and disease-free survival and higher rate of loco-regional
tumor recurrence.® In feline SCC, EGFR expression has been reported but data is still limited.®®
One in vitro study evaluated the efficacy of a tyrosine kinase inhibitor (gefitinib) and a small
interfering RNA (siRNA) on an oral SCC cell line.?® The authors observed anti-proliferative
activity of gefitinib and found that addition of the siRNA against feline EGFR transcript could
overcome the gefitinib resistance that was induced by exposing the cell line to high doses of
gefitinib. The authors also reported that the SIRNA showed an additive cell-killing effect when it
is used with ionizing radiation up to 3 Gy.%® The efficacy of anti-EGFR monoclonal antibodies

against feline oral SCC has not been reported.

Angiogenesis in normal tissues is maintained by a very finely regulated balance between

pro- and anti-angiogenic activities.®” Pro-angiogenic factors include vascular endothelial growth



factor (VEGF), fibroblast growth factor, epidermal growth factor, and platelet-derived growth
factor whereas anti-angiogenic factors include thrombospondin-1, angiostatin, and endostatin.®’

. . . 68
Tumor angiogenesis has been described as “wounds that never heal”

meaning the effects of
pro-angiogenic factors overcome those of anti-angiogenic factors. Upon angiogenesis activation,
which may be triggered by many factors, tumor endothelial cells lose attachment to pericytes,
which have been shown to suppress proliferative activity of endothelial cells and decrease their
dependence on VEGF.?" p53, a well-known tumor suppressor gene is mutated in up to 50% of
many common human malignancies including human H&N SCC.% Normal p53 forms a tetramer
and has a very short half-life (~20 min) because Mdm2, which is induced by p53 protein,
degrades p53 protein immediately.®® Mutation of the p53 gene results in the loss of its ability to
induce Mdm2 protein, leading to accumulation of p53 protein in the cell. This results in a strong
immunoreactivity in a large fraction of tumor cells evaluated by immunohistochemistry.® p53-
positive immunoreactivity has also been reported in feline oral and conjunctival SCC.>"%™
Because p53 has been shown to downregulate gene expression of VEGF, cyclooxygenase-2, and
hypoxia inducible factor-1 and upregulate that of thrombospondin-1, normal p53 works as an
anti-angiogenic factor and its loss-of-function-mutation exacerbates the tumor’s chaotic
angiogenic activity.®” Unregulated angiogenic activity results in formation of porous, tortuous,
dilated, and sometimes dead-ended vessels.®’ In human cancer patients, anti-angiogenic therapy
has been extensively researched and multiple molecular-targeted drugs have been evaluated.®”"*
" In one study using a human microvascular endothelial cell line, a combination of anti-EGFR,
anti-VEGF, and radiation therapy (up to 10 Gy) showed a marked synergistic effect in cell

killing.” Microvascular density (MVD) has been used to evaluate the degree of angiogenesis in

tumor tissues. Typically, MVD is evaluated by quantifying immunohistochemically stained
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endothelial cells. Several different antibodies are available to stain the endothelial cells including
anti-CD31, anti-CD34, and anti-von Willebrand factor.” Methods for counting endothelial cells
include computer-aided quantification of positively-stained pixels and manual counting of
microvasculature in the tissue.”®”” A study showed large inter-patient variability in MVD even
among the same tumor type.”® A 1992 study reported that high MVD in human breast cancer
patients was a significant indicator of poor overall and relapse-free survival after surgery with or
without chemotherapy.”® A plethora of studies have evaluated a possible role of MVD as a
prognostic indicator. Although there are some technical variations, most studies scanned the
entire field first at lower power field and then chose areas with the highest angiogenesis (hotspot
technique).”® A human H&N SCC study that treated patients by radical chemoradiotherapy has
shown that patients with very low or very high MVD had significantly higher death rates
compared to those with intermediate MVD."® Another study evaluated changes of MVD before
and after 20 Gy of fractionated XRT. Patients who showed >50 % of reduction in MVD
compared to the pre-treatment MVD had significantly better overall survival as well as better
treatment response after completion of XRT (total 60-70 Gy).?° In a study that correlated post-
surgical tumor recurrence and MVD in human H&N SCC, higher MVD was significantly
associated with higher local tumor recurrence.’® MVD has never been evaluated in feline oral
SCC. Considering the importance of local tumor control in feline oral SCC, analyzing MVD
using pre-treatment biopsy samples may show a prognostic significance and provide us a
direction to improve treatment outcome. In Chapter 4 of this dissertation, immunohistochemistry

protocols for those molecular variables (Ki67, EGFR, and MVD) were developed.

Human malignancies contain hypoxic regions due to abnormal tumor vascular function,

structure, and organization.®" Tissue hypoxia affects the biological response of cells to photon
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irradiation.®* Also, hypoxic tumors are known to have less apoptotic potential.**** Tumor
hypoxia can result from two different mechanisms; chronic and acute hypoxia.®* Chronic
hypoxia is also called diffusion-limited hypoxia and is a consequence of distance from nearby
vasculature. A classic experiment with human bronchial carcinoma revealed that oxygen can
diffuse about 100 pm and tumor cells outside this radius are all necrotic.®® Acute hypoxia is
caused by transient closing and re-opening of tumor blood vessels due to their abnormal structure.
Increased intra-tumoral pressure due to increased permeability in the tumor vasculature can
cause collapse of tumor blood vessels and leads to hypoxia.?? Multiple methods to measure tissue
oxygen tension (pO,) have been evaluated including oxygen probes, 2-nitroimidazole markers,
endogenous hypoxia markers, and hypoxia imaging.®? Oxygen probes must be inserted into the
tissue or tumor. Polarographic needle probes are the most commonly used probe and this system
enables multiple points to be measured due to its quick reading time. A major disadvantage of
this system is that the probe consumes oxygen due to electrochemical reduction and this leads to
underestimation of the tissue pO,.%® Another disadvantage is that the measurements from this
type of probe become inaccurate when the tissue pO, is very low. A luminescence-based fiber-
optic system has also been developed. A ruthenium luminophor is incorporated at the probe tip
and lifetime of pulsatile fluorescence of the luminophor caused by a diode source is inversely
proportional to the tissue pO; at the probe tip.2® The major advantages of this system are that it
does not consume local oxygen and the readout is very accurate when the pO, is very low,
making this system more preferable for tumor oxygen tension measurement over the
polarographic system. It has been shown that human H&N cancers are more hypoxic than nearby
normal subcutaneous tissues.®’ In human H&N SCC and cervix carcinoma, tumor hypoxia has

been shown to be a prognostic factor for outcomes after fractionated XRT.#" In these studies,
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the definition of tumor hypoxia somewhat varies although it is typically defined as median or
mean pO,< 5-10 mm Hg. To date, no study has evaluated tumor pO, in feline oral SCC.
Although the polarographic probes were used in these studies, several studies have shown that
the luminescence system can produce comparable results to the polarographic system.?%
Tumor oxygen levels following fractionated XRT have shown an improvement in oxygen
status.’® Radiation biological consequences associated with SRT may be different from that
following conventional fractionated XRT. Post-SRT in vivo oxygen measurement in spontaneous
cancer patients has not been reported in human or veterinary medicine. In Chapter 5 of this

dissertation, pre-SRT tumor pO, as well as histopathological grading and immunohistochemiral

variables were correlated with treatment outcome in cats with oral SCC after SRT.

For many years tumors have been thought to arise from a single cell as a result of a series
of random mutations. In this “clonal expansion model”, mutational events occur in many
different types of cells, including stem cells, differentiating cells, and somatic cells.'®* Because
of the natural selection pressure, cells with more aggressive phenotypes such as those having
more effective proliferation or less oxygen or nutrient dependence survive and create larger
clonal populations than other mutated cells with less advantageous phenotypes. Because cells
with several different phenotypes can survive and expand their population, a heterogeneous
tumor cell population will be created after repeating this mutation-expansion cycle. It has been
suggested that these multiple mutations occur infrequently in a specific single cell due to their
random nature and that there must be a significant time gap between mutations.’* In contrast, in
the last decade, a novel model called the cancer stem cell or tumor initiating cell (TI1C) theory
has been proposed based on experimental findings in human leukemia.? In these experiments,

leukemia cells were sorted based on cell-surface marker expression, and a small fraction of cells
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with a specific marker had highly effective capability to form a phenotypically heterogeneous
tumor population in immunocompromised animals. In this model, multiple mutations occur in a
normal stem cell which is thought to have a longer lifespan permiting the accumulation of
multiple random mutations over a long time period of time, whereas more differentiated cells are
thought not to live long enough.*® The mutated normal stem cell, which is now called cancer
stem cell or TIC, gives rise to its descendant cells (these cells will differentiate) and self-renews
to maintain its own population. This results in a heterogeneous cancer cell population which has
a similar phenotypic diversity to the original tumor sample harvested from a patient. Since the
discovery of TIC in human leukemia, the research related to TIC in many different types of
human malignancies expanded. Of clinical importance is the relative resistance of TICs to
chemotherapy and XRT compared to non-TICs. Research indicates that TICs may create fewer
reactive oxygen species after irradiation and have more efficient DNA damage-repair
mechanisms.'®'% Recently published studies investigated characteristics of TICs isolated from
feline oral SCC and feline mammary carcinoma and revealed that these cells are also more
resistant to exposure to radiation and chemotherapy.'***° The accumulating evidence supporting
the TIC in human H&N SCC makes this potentially important in the biology of feline oral SCC.
In human H&N SCC, CD44 has been shown to be a TIC marker and CD44-positive TICs
expressed mMRNA and protein of Bmi-1 significantly more than CD44-negative cancer cells (non-

TICs).M

CD44 is a transmembrane receptor that is involved in cell-cell and cell-matrix
interactions.™? In human CD44, at least 11 isoforms (standard form and v1-v10) have been
discovered but all isoforms are created from a single gene by alternative splicing and post-

translational modifications.****** Ligands for CD44 include hyaluronic acid (HA), osteopontin,
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serglycin, collagens, fibronectin, and laminin. Many are involved in maintenance of tissue
structure. CD44 has three different structural sections; intracellular, transmembrane, and
extracellular domains. The intracellular and transmembrane domains are highly conserved
between mammalian species.'*? Although the extracellular domain contains variable sections
(due to alternative splicing), the receptor region for HA is thought to be highly conserved.™*? It
has been observed that many CD44 isoforms are expressed in a variety of normal human organs
such as skin, gastrointestinal mucosa, thyroid, lymphocytes, prostate, and cervix.'*> CD44 has
been proposed as a CSC marker in human H&N SCC and cancers of the pancreas, colorectum,

prostate, cervix, and breast.™

Activation of CD44 by HA binding causes signaling cascades
mediated by Nanog and Stat-3, which result in multi-drug resistance (MDR) gene expression and
protein expression of P-glycoprotein, with an ultimate consequence of multi-drug resistance in
multiple human cancers.**"**® Furthermore, activation of CD44 also causes anti-apoptotic signals
and tumor proliferation in human breast and ovarian cancers.*® Interestingly, CD44 has been
shown to “team-up” with EGFR to enhance downstream events leading to cellular invasion,
proliferation, and escape from apoptosis in human H&N SCC.**° The clinical role of CD44 as a
prognostic indicator has been studied extensively with variable results. In a microarray and
immunohistochemical study of 52 human patients with H&N SCC who underwent fractionated
XRT, higher CD44 expression at the mRNA and protein levels was a significant indicator for
local recurrence.'?® Recently, a small study evaluated the frequency of successful xenograft
implantation, which is one of the default characteristics of TICs, using CD44-positive human
H&N SCC.** A higher frequency of CD44-positive SCC, as quantified by flow cytometry, was

a significant indicator of shorter post-surgical disease control. Patients with successful xenograft

implantation had significantly shorter post-surgical loco-regional disease control time compared
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to patients without successful implantation. Another study with 135 patients with H&N SCC
(located on the tongue, oro/hypopharynx, larynx, and other oral cavity) revealed that patients
with higher CD44 protein expression had significantly shorter 5-year survival times than those
with lower CD44 expression.*? When outcome was analyzed after sorting patients into different
groups based on tumor location, oro/hypopharyngeal and laryngeal SCC still had shorter survival
times. The negative impact of high CD44 expression has also been reported by a Japanese group.
This study also indicated that human patients with hypopharyngeal SCC with higher CD44
protein expression developed distant metastasis more frequently than those with lower CD44
expression.'?® These two studies had poorly documented or controlled treatment regimens. In
contrast, a study from Spain evaluated CD44 expression immunohistochemically in 54 human
patients with surgically excised H&N SCC and reported that loss of CD44 expression had a
significantly negative impact on patient survival.* Interestingly, CD44 isoforms seem to play
different roles in human ovarian cancers.'?® One hundred and forty two patients with surgically
resected primary ovarian cancers and 265 patients with metastatic lesions were
immunohistochemically evaluated for protein expression of CD44s (standard isoform), CD44-
variant (v) 4, -v5, -v6, -v9, and -v10. CD44-v10 protein expression in the primary ovarian cancer
was a significant indicator of improved survival whereas its expression in the metastatic lesion
was a statistically significant indicator of poor survival.** However, additional treatment
modalities such as postoperative chemotherapy were not clearly specified. In cats, two studies
used CD44 and CD133 as a CSC marker in mammary carcinoma and oral SCC, respectively.
Those studies showed that cancer cells positive for the marker had a higher capability of tumor
sphere formation compared to cancer cells negative for the marker.*°*?° Compared to human

H&N SCC, research of CSC in feline oral SCC is significantly limited and there is no standard
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CSC marker for feline oral SCC. Based on the accumulating reports of CD44 as a CSC marker in
human H&N SCC and the similarity between that human cancer and feline oral SCC, CD44

protein expression was evaluated for prognostic significance in patients with feline oral SCC.

Bmi-1, another CSC marker, was also evaluated. Bmi-1 is a member of the polycomb
group of proteins that have essential roles in gene silencing during embryonic development and
in DNA damage response.**” While H2AX is a well-known DNA damage-sensing protein,
another pathway that requires Bmi-1 but not H2AX to recognize DNA double-strand damage
(DSD) exists.*?"?® It seems likely that Bmi-1 recognizes the DNA DSD earlier than H2AX and
starts ubiquitinizing histones close to the DSD site. This eventually leads to cell cycle arrest at
check points and allows cells to repair DNA damage.**"** If the damage is too serious to repai,
the cell undergoes apoptosis or senescence to prevent possible mutagenesis. This mechanism has
been thought to be, at least partially, a cause of resistance to XRT in cancer cells with Bmi-1

expression.'?® One of the key features of stem cells is the ability to undergo self-renewal.*?

INK4 ARF
6 4

Tumor suppressor proteins P1 and pl , as well as the hedgehog pathway have been
shown to be involved in the self-renewal activation.****** Bmi-1 has also been reported to play
multiple roles in tumorigenesis and progression. These include, but are not limited to, causing
epithelial-mesenchymal transition, silencing tumor suppressors such as PTEN, blocking p53-
mediated apoptosis, activating telomerase, and reducing intracellular reactive oxygen
species.*?®%*2 Bmi-1 is found in many normal tissues such as lymphocytes, hair follicles,
intestinal crypt, and skin basal cells.***% As research focused on the role of CSCs, Bmi-1 also
gained attention due to its participation in DNA repair and self-renewal. Bmi-1 has been tested as

a therapeutic target for small interfering RNA, broad spectrum histone deacetylase inhibitors,

and artemisinin.X%128:137139 g ccessful delivery of these drugs might be the next challenge to
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overcome.'? The clinical role of Bmi-1 as a prognostic indicator has also been studied. In human
non-small cell lung carcinoma, immunohistochemically evaluated Bmi-1 expression was
significantly higher in patients with advanced stages compared to those with lower stages.** In a
study of 62 human patients with oligodendroglial tumors, high Bmi-1 protein expression was an
indicator of poor prognosis.*** Another study with 46 human patients with nasopharyngeal
carcinoma, tumors negative for Bmi-1 had significantly higher 5-year survival rate than those
with positive Bmi-1 protein expression.*** Conversely, the same authors reported that high Bmi-
1 protein expression in human tongue SCC was an indicator of better local tumor control after
surgery (n=73)."* The authors attributed the inconsistent results between studies to the different
types of tumors.™** In cats, a study showed that the Bmi-1 gene coding region and its protein
sequence are 97% and 99% homologous to human gene and protein of Bmi-1, respectively.***
Although Bmi-1 has been studied in relation to feline leukemia virus-induced malignancies, its

role as a stem cell marker and a prognostic indicator in feline SCC has not been evaluated.**>**’

Eukaryotic chromosomes are coiled to be stored efficiently in a nucleus by interacting
with many proteins such as histone. DNA damage such as DSB is usually repaired quickly by
appropriate repairing mechanisms; however, defective repair pathways can lead to many
different types of chromosome and chromatid aberrations. The aberration is lethal when certain
structures such as dicentrics and rings are formed. If the cell can survive or the aberration is not a
lethal type, genetic information is often misplaced. The broken chromosome is often referred as
‘sticky end’ as this is easily inappropriately re-joined. In normal cells, however, the end of the
chromosome is protected by a ‘cap’ that consists of many different types of proteins as well as
special hexonuclear DNA sequences (5’-TTAGGG-3’ in humans) called telomeres. The

telomeric DNA sequence is about 10-15 kb in length in humans and has a 3’ overhang.
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Structurally, this 3° overhang loops back to the double-strand telomeric DNA with the help of
telomere binding proteins such as TRF1 and TRF2 complexes.**®'* In each cell division, cells
lose up to 100 base pairs of telomeric DNA because the 5° end cannot be replicated efficiently by
DNA polymerases during S phase of the cell cycle due to the end-replication problem.
When the telomere length becomes too short, normal cells lose proliferative ability and the cell
goes into replicative senescence (Hayflick limit).**! If the cell escapes senescence and continues
proliferating, the telomere length becomes critically short and its protective cap is lost. This leads
to inappropriate joining of chromosome ends and genetic instability.** In a normal cell, a DNA
damage-sensing pathway is activated at this point to prevent further cell division and the cell
undergoes apoptosis. However, there are at least two methods to maintain the telomere length so
that the cell can continue proliferating. The first method is to activate a reverse transcriptase to
elongate the telomeric sequence. This enzyme is called telomerase and consists of mainly two
components; telomerase reverse transcriptase (TERT) and telomerase RNA component that acts
as a template for telomere elongation.**® Many normal tissues possess very weak or undetectable
telomerase activity that may reside in normal stem cells.*** The other method, called alternative
lengthening of telomeres (ALT), utilizes recombination-based inter-chromosomal exchanges of
telomere sequences.”**> It is not clear if these two methods are mutually exclusive, but
approximately 90% of human cancers have been shown to express telomerase.™ Specifically in
human H&N SCC, telomerase activity was detected in 90-100% of clinical tumor samples
whereas it was not detected in adjacent normal tissues.'** Therefore, anti-telomerase therapy
such as telomerase enzyme inhibitors and telomerase-targeted immunotherapy is a potential new
therapeutic modality and many agents are currently under experimental and clinical

investigation.™ Knowledge about telomerase and telomere biology in feline malignancies is
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scarce.™®®™" A previous study showed that cats also have telomere sequences at the end of their
chromosomes.™® Although a study evaluated telomere length in feline peripheral blood
mononuclear cells, telomere length in feline cancer has not been investigated.* In feline oral
SCC, one study reported that the only sample of feline oral SCC they evaluated was telomerase-
positive.”® We investigated the telomerase-activation status in our feline samples of oral SCC to
obtain better knowledge in a larger cohort. In this evaluation, we utilized a new, improved
method compared to more classical type of telomerase activity analysis which is called telomeric
repeat-amplification protocol (TRAP) and involves polymerase chain reaction (PCR) and gel
electrophoresis. On the other hand, our method utilized real-time quantitative PCR that allows us
more accurate quantification.'®® Because the telomere is often referred to a biological clock,
telomere length has been evaluated for its clinical role as a prognostic indicator, with ambiguous
conclusions.’® This has been evaluated using both tumor tissues and peripheral blood.****% The
most commonly used technique is a southern-blot based technique called terminal restriction
fragments (TRF). Other methods include a flow cytometry-based technique (Flow-FISH) and
slot-blot.*®* Evaluation of telomere length specifically in CSCs is of great importance if the CSC
is the key cancer cell phenotype that has the greatest impact on treatment outcome. When a
clinically obtained sample is used for TRF assay, different types of cells in the tumor sample
such as tumor cells, inflammatory cells, and stromal cells are all homogenized together and then
the DNA fragment samples are sorted by size via electrophoresis. The data obtained from this
technique represents average telomere length among various cell types, since the ability to
discriminate cell types via cell morphology is lost during homogenization. In 2002, Meeker et al.
166

reported a novel method to evaluate telomere length only in the target cells (TELI-FISH).

With this method, target cells were labeled using immunofluorescence techniques and telomere
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DNA was viewed by hybridizing telomere sequence-specific peptide nucleic acid. The study
reported that telomere length obtained by TELI-FISH and TRF using cell lines (which did not
include non-tumor cells) showed significant mutual correlation.'®® Since CD44 and Bmi-1 have
been suggested as a CSC marker for human H&N SCC as described above, these two proteins
are candidates for evaluation of prognostic significance as a putative CSC marker for feline oral
SCC. In Chapter 6, the roles of CD44 and Bmi-1 protein expression levels and telomere length in

the putative CSCs as a prognostic marker are evaluated.

E_FDG PET for delineation of possible tumoral regions.

CT is an essential imaging modality for the computerized XRT planning. CT images
include not only information about disease extent, but also information about heterogeneous
tissue proton density.'® For example, bones have higher proton density, which attenuates more
radiation whereas fat has lower proton density. This information is used to calculate attenuation
of radiation dose. This might be particularly important for patients with feline oral SCC because
this disease often involves bones such as the mandible and maxilla.'®” Sophisticated planning
software and stereotactic verification provides the tools for selective radiation delivery. However
this makes accurate identification of the target much more important. Identification of the tumor
and surrounding normal tissue structures is dependent on the image interpretation by the
attending radiation oncologists and radiologists. The gross tumor volume (GTV) is defined as
volume where gross tumor can be identified.*® This structure is then used as a template for
additional tumor related structures. Of particular importance for SRT is the planning target

volume (PTV). This takes into account any potential variation in position accuracy.*® CT is the
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most commonly used imaging modality to identify the GTV and this process relies on
interpretation of changes such as mass-effect, contrast enhancement, and bone lysis. Magnetic
resonance (MR) imaging is often used to help define intracranial tumors. MR does not provide
tissue density information or distinct visualization of bony landmarks required for patient setup

so the MR images are generally fused with a CT scan of the patient in the same position.'®®

Recently, a novel imaging modality, PET, has been introduced to veterinary medicine.
Various compounds, depending on the intent of the study, are conjugated with a radioactive
isotope and evaluated using emission tomography. During the same study the patients also are
imaged with computed tomography and the images are fused. PET and CT image fusion allows
for far better identification of the specific anatomic regions that are enhancing from positron
emission. **F-FDG is the most commonly used compound in human and veterinary oncology.*®°
BF_FDG is a glucose analog that enters into cells by cell-surface glucose transporters (GLUTS)
and then undergoes phosphorylation by hexokinase.®*"* The resultant compound, **F-FDG-6-
phosphate, is a substrate of neither further glycolytic reactions nor glucose-6-phosphatase that
removes the phosphate group. Therefore, ®F-FDG-6-phosphate is metabolically trapped in the
cell. While this compound stays in the cell, *3F undergoes positron decay.'’* Emitted positrons
undergo annihilation reactions, producing two 511 keV photons which travel in opposite
directions. These annihilation photons collide with PET detectors and the data is processed to
create a PET image. Therefore, "®F-FDG PET provides a “map” of levels of glucose metabolism.
This functional imaging is often interpreted alongside a CT image because the anatomical
imaging from CT aids in localization of the *F-FDG-avid region. These two imaging modalities
can be even fused and overlaid. However, there are some limitations of *®F-FDG PET imaging.

First, ®F-FDG is not a cancer-specific tracer. This radioisotope compound is known to be taken
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up not only by malignant cells, but also by inflammatory cells and various normal tissues with
high glucose consumption such as brain, salivary gland, and cardiac muscle.*”* Second, in
addition to the non-specificity of '®F-FDG, there are multiple factors that affect FDG uptake in
malignant cells. These include hypoxia, tumor perfusion, density of cancer cells, blood glucose
and insulin concentrations, and hexokinase activity.'’? Third, the resolution of PET imaging is
not as fine as CT or magnetic resonance imaging (MRI) images. While the resolution of CT and
MRI images are known to be at millimeter (mm) or even sub-mm level, the current resolution of

PET images is reported to be about 5 mm.*®

Nevertheless, **F-FDG PET imaging has become an important tool for patient
management in human oncology. The value of *®F-FDG PET for tumor delineation for XRT

planning has been evaluated,* "

and although conclusions from these studies are not consistent,
¥F_FDG PET imaging has impacted tumor delineation in patients with human H&N cancer.!”>
7% second, *®F-FDG PET has improved staging of patients with human H&N cancer because of
higher sensitivity for detection of cervical nodal status compared to CT/MRI.**° Finally, *®F-
FDG PET imaging is now being used to evaluate treatment response.*®**®" A number of studies
have concluded that **F-FDG PET combined with conventional imaging modalities such as CT
or MRI can detect residual primary or nodal disease more accurately with higher sensitivity and
specificity compared to CT or MRI alone. #8287 |n veterinary medicine, there are few reports
utilizing ®F-FDG PET, probably due to its lack of availability. No studies have evaluated its role

in feline oral SCC. One goal of the work described here (Chapter 2) was to evaluate the impact

of ®F-FDG PET for delineation of GTV.
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Accurate delivery of SRT to regional lymph nodes

Stereotactic radiation therapy is a novel technique that can spare normal surrounding
tissues by avoidance. To do so, this technique requires higher accuracy in patient positioning
and radiation delivery compared to fractionated XRT, where normal tissues are spared by
delivering small doses per fraction. Intensity-modulation is also a major advancement in medical
physics that allows us to create heterogeneous dose distribution and steep dose drop-off.
Utilizing these technologies, SRT with intensity modulation is capable of treating tumors with
higher dose while exposing surrounding normal tissues to lower dose. This allows the dose to be
delivered in far fewer fractions (1-5) than conventional treatment, and acute radiation effects are

minimized.

Prior to SRT, patients must first undergo imaging examination so a treatment plan can be
created. CT imaging is often used because of the density information, although images can be
fused with MR or PET studies to provide different information. When the patients then undergo
SRT, they must be positioned as closely to the planning imaging as possible. For cyberknife
treatment, fiducial markers are placed into the tumor before imaging, and these markers are used
for stereotactic verification during treatment. For linear accelerator based systems, on-board
imaging systems (OBI) are used so the tumor position can be verified using orthogonal kV x-
rays or cone beam computed tomography (CBCT). Two different types of margins must be
added to the GTV to account for inaccuracy in treatment administration.'® The first margin,
internal margin (IM), is to take into account errors caused by internal physiological movements
and variation in shape, size, and position. Chest wall motion due to respiration is a good example
of this type of error. Clinically, this type of error may be difficult to eliminate completely but can

be minimized by using appropriate techniques such as suspending respiration. The other margin,
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set-up margin (SM), is to take into account errors related to patient repositioning. For SRT, this
particular type of margin has to be minimized by using any techniques to decrease the amount of
surrounding non-tumoral regions that are included in PTV, which is the final target structure.
These techniques include patient immaobilization devices such as thermoplastic face mask and
bite block and Vac-Lok type cushions. IM and SM will be added to the GTV to create the PTV.
These two margins can be reduced further by utilizing imaging verification systems such as kV-
imaging and cone-beam CT (CBCT). The kV-imaging is mainly used to align bony landmarks.
In our institution, two orthogonal kV-images are obtained to align PTVs that are relatively
immobile in respect to the bony anatomy, such as PTVs within the brain, nasal cavity,
extremities, and vertebrae. CBCT is particularly useful for patients with more mobile tumors
such as those in the thoracic or abdominal cavities. SRT requires one of these imaging modalities

to verify patient positioning.

Tumors in the head region are good candidates for SRT because this region is accurately
repositionable with appropriate devices and there are fewer organs undergoing physiological
movement. Gamma knife, the very first SRT equipment, was specially designed for intracranial
diseases.*® Previous studies in human XRT have revealed that a PTV expansion of less than 2
mm is required by using a thermoplastic face mask and bite block and Vac-Lok vacuum bag for
patients with tumors in the head region.*®¥¥*% In veterinary XRT, previous studies utilizing bite-
block type immobilization and have shown that accuracy of 2-3 mm can be achieved for
repositioning patients with tumors in the head region.****? Another study has shown that their
immobilization device can reduce the PTV margin to 6-7 mm that has to be otherwise up to 10
mm with their system.*®® A different device was evaluated and 2 mm of PTV expansion for the

treatment of the head region would be sufficient.**
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As with the human tumors, malignancies in dogs and cats are known to spread loco-
regionally and/or systemically. In the head region, canine oral melanoma, canine mast cell tumor,
and canine tonsilar/sublingual squamous cell carcinoma are the most common diseases that
spread through regional lymph nodes (LN).**" In the head region, there are three main lymph
centers; mandibular LNs, retropharyngeal LNs, and parotid LNs.** Among them, mandibular
and retropharyngeal LNs are frequently considered as a “checkpoint” and evaluated due to their
accessibility and drainage pattern. Radiation therapy is often used to treat these LNs
prophylactically or when there is evidence of tumor metastasis. With fractionated XRT, an
extensive PTV expansion is used to make sure these secondary targets are included in the field.
In this treatment regimen, more normal tissue structures are included and this can result in
increase of acute effects. However late effects, which are dose limiting, are minimized because
of the sparing effects of fractionation. When using SRT, expansion of radiation field into normal
tissues must be minimized. If these regional LNs are treated at the same time as the primary
disease, accuracy of target positioning becomes an issue because the primary disease is
geographically separated from these LNs. OBI allows for primary tumor verification using small
PTV expansions. Re-positioning multiple targets at the same time is more difficult than re-
positioning only a single target, and this is confounded by the fact that unlike the primary tumor,
the regional nodes are not secured to bony anatomy and may require greater SM. The proximity
of critical normal structures around these LNs such as esophagus, trachea, and skin prevent
unlimited expansion of the SM. These normal structures can be a dose-limiting and overdosing
leads to severe radiation-induced late toxicity. Therefore, knowing the variation in positioning of
these LNs for a specific set of immobilization devices is critical so that these LNs can be

included with minimal PTV expansions. The purpose of Chapter 3 was to evaluate accuracy and
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precision of immobilization devices and to elucidate appropriate set-up PTV margins for

secondary targets such as regional lymph nodes.
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Figure 1.1: Overview and relationship of each study conducted in
this comprehensive approach to feline oral SCC.

Figure 1.2: Feline oral suamous
cell carcinoma in the ventral
aspect of the tongue.
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CHAPTER 2: COMPARISON BETWEEN **F-FLUORO-2-DEOXY-D-GLUCOSE
POSITRON EMISSION TOMOGRAPHY AND CONTRAST-ENHANCED COMPUTED
TOMOGRAPHY FOR MEASURING GROSS TUMOR VOLUME IN CATS WITH ORAL

SQUAMOUS CELL CARCINOMA
Brief summary

Feline oral squamous cell carcinoma (SCC) is a very invasive cancer and local recurrence
of the tumor is the most common reason of treatment failure. ‘®F-fluoro-2-deoxy-D-glucose
positron emission tomography (**F-FDG PET) is increasingly being used for veterinary oncology
staging as it highlights areas with higher glucose metabolism. The goal of the current prospective
study was to compare gross tumor volume (GTV) measurements using *F-FDG PET (GTVper)
versus those using computed tomography (CT) (GTVcr) for stereotactic radiation therapy
planning in cats with oral SCC. Twelve cats with confirmed oral SCC underwent pre-treatment
F_FDG PET/CT. GTV based on contrast-enhanced CT and **F-FDG PET were measured and
compared among cats. Mean GTVpet was significantly smaller than mean GTVcr in the
mandibular/maxillary SCC group (n=8, P=0.002) and for the total number of patients (n=12,
P=0.006), but not in the lingual/laryngeal group (n=4, P=0.57). Mismatch fraction analysis
revealed that most of the lingual/laryngeal patients had a large region of high-'®F-FDG activity
outside of the GTVcr. This mismatch fraction was significantly greater in the lingual/laryngeal
group than the mandibular/maxillary group (P=0.028). The effect of poor spatial resolution of
PET imaging was greater when the absolute tumor volume was small. Findings from this study
indicated that ®F-FDG PET warrants further investigation as a supplemental imaging modality
in cats with oral SCC because it detected regions of possible primary tumor that were not

detected on CT images.
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Introduction

Accurate measurement of GTV is important for successful radiation therapy (XRT) in
cats with oral squamous cell carcinoma (SCC) because geographically missed tumor cells could
lead to a failure in local tumor control. Computer-based three-dimensional planning tools
typically use electron density maps to calculate radiation attenuation associated with tissue
heterogeneity and to date, computed tomography (CT) has been the only imaging modality that
could provide this information. However, CT has some limitations when it is used for delineation
of gross tumor volume in that it does not always allow discrimination of infiltrative tumors from
surrounding non-tumor reactive regions or normal adjacent tissues. To address the limitations of
CT for oncologic staging and XRT planning, imaging modalities that are metabolically or
functionally based are the current standard in human medicine and are increasingly being used
for veterinary patients. ** Positron emission tomography (PET) is one of the most commonly
used functional imaging studies and 2-[*®F]-fluoro-2-deoxy-D-glucose (**F-FDG) is one of the
most commonly used radioisotopes. This glucose-analog radiotracer accumulates in areas with
high glucose uptake and high cellular metabolism.>® Increased glucose metabolism can be seen
in tumor tissues as well as areas of inflammation or infection. Some normal organs such as the

brain and the cardiac muscle also have high glucose metabolism.

Recent technological advances allow co-registration of PET images with CT images
(PET/CT) so that functional and anatomical images can be viewed simultaneously (Figure 2.1).
Several human studies have concluded that metabolic gross tumor volume based solely on *°F-
FDG PET is generally smaller than gross tumor volume derived from CT or magnetic resonance
imaging (MRI). ®** However, *®F-FDG PET often detects disease outside the gross tumor

volume that is based on CT/MRI and thereby reduces the likelihood of geographic miss of the
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primary tumor in XRT planning. In one study, **F-FDG PET was found to be superior to
CT/MRI in detecting cervical nodal status.'? In other human studies, **F-FDG PET was found to
yield a high negative predictive value for detecting nodal metastases and primary disease, and
F_FDG PET combined with CT/MRI was described as the most reliable imaging modality for

evaluating treatment response. ™

Feline oral SCC has been proposed to be the feline counterpart of human head and neck
SCC.** This tumor is the most common malignancy seen in the feline oral cavity, accounting
for approximately 65% of all oral tumors.*® Risk factors such as environmental tobacco smoke,
high intake of canned food, and the use of flea collars have been previously identified.'®*°
Treatment outcome for cats with oral SCC is often disappointing and most patients die or are
euthanized due to failure in local tumor control even after multimodal treatment.*®*® Some
veterinary reports have described the use of *®F-FDG PET for dogs and cats in the fields of
oncology, physiology, and behavioral medicine. 2>*® No veterinary studies were found that
described the use of this new imaging modality for XRT planning. The objective of this
prospective study was to compare PET and CT gross tumor volume measurements for
stereotactic radiation therapy (SRT) planning in a cohort of feline patients with oral SCC. Based
on previous studies in humans, we hypothesized that *®F-FDG PET would allow detection of
additional possible tumor regions and that gross tumor volumes based solely on PET imaging

would not completely overlap with gross tumor volumes based on CT imaging.

46



Materials and Methods

Cats: Client-owned feline patients with histopathologically-confirmed oral SCC were
prospectively recruited during the period of January 2010 to July 2011. All cats were presented
for treatment at the Flint Animal Cancer Center, Colorado State University. The study protocol
was approved by and conducted in accordance with requirements of the CSU Institutional
Animal Care and Use Committee. Each cat was assigned to a mandibular/maxillary or a

lingual/laryngeal group based on the location of the grossly visible tumor.

PET-CT Scanning Procedures: All patients were fasted at least 12 hours. The anesthetic
protocol was tailored to individual patients” medical and physical conditions so as to maintain
the best standard of care. An identical standardized drug scheme was not used for all patients in
the study. Pre-anesthetic drugs included atropine and either methadone or hydromorphone, and
anesthetic induction agents included ketamine or propofol, with or without midazolam or
diazepam. Upon anesthetic induction, patients were instrumented with two intravenous catheters,
an intra-arterial catheter for blood pressure monitoring and a urinary catheter with a urine
collection bag. One intravenous catheter was dedicated exclusively for injection of the
radioactive isotope. Anesthesia was maintained with isoflurane or sevoflurane inhalation,
typically with 1-2 % of admixture rate. Normal body temperature was maintained by appropriate
warming devices (Baer hugger, Arizant Healthcare, Eden Prairie, MN) as needed. Patient
positioning for PET/CT scanning was done to provide concurrent immobilization and CT
simulation for XRT using a thermoplastic bite block (Patterson Medical, Cedarburg, WI) and
mask system (Civco Systems, Orange City, IA) as previously reported.?”? Dorsal or ventral
positioning was chosen for the best exposure and access to the tumor and regional lymph nodes

for modulated teletherapy beams and modifiers. Extended urinary catheter tubing was placed
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through the two bores of the PET/CT gantries and the urinary bag was placed in a lead container
behind the PET camera. Whole body PET/CT imaging was performed using the same scanner
for all cats (Philips Gemini TF Big Bore 16-slice scanner, Philips Medical Systems, Andover,
MA). Orthogonal pilot views were obtained to prescribe the CT and PET series. Immediately
after positioning and planning, the cats were injected intravenously with 0.17 mCi per kg +/-

10% BF-FDG.

After injection of the radioisotope, a volumetric (helical) low-dose CT scan was obtained
pre-contrast through the body and reconstructed at 5.0 mm contiguous intervals at 600 mm field
of view for the PET acquisition and 2.0 mm contiguous intervals at 350 mm field of view for
improved resolution and radiation therapy planning. The following CT acquisition parameters
were used: 120 KV, 100 mAs/slice, 0.75 second rotation time, 0.813 pitch and 0.75 mm X 16
detector width. A second whole-body helical low dose CT pass after injection with 0.7 g/kg of
iohexol (Omnipaque ™ 350, GE Healthcare, Princeton, NJ, USA) contrast media was acquired

using the scan parameters and reconstruction protocol above.

The animal was maintained under anesthesia and in position until one hour post- **F-
FDG injection, at which time the PET data collection was initiated. The PET acquisition
consisted of 8 to 9 frames (beds), each 18.0 cm in cranial-caudal length. Acquisition time was
1.5 minutes per bed. The range of times for the collection of the PET series was 12 to 13.5
minutes. Non-attenuation corrected PET images were reconstructed using the 3D-row action
maximum likelihood algorithm (RAMLA) method. CT attenuation-corrected images of the PET
data were reconstructed using the line-of-response TruFlight (LOR-TF) RAMLA method

(identified as BLOB-OS-TF for this scanner) and the pre-contrast CT dataset. After image

48



acquisition, all patients were recovered from anesthesia and isolated until their radiation level

reached the institutional safety requirement.

Measurement of gross tumor volumes: For each cat, post-contrast CT and PET image datasets
were exported to the PET/CT scanner’s image viewing workstation (Extended brilliance
workspace, EBW, version 4.5.3, Philips Healthcare Nederland B.V., Veenpluis, the Netherlands)
and loaded into the XRT planning software (Eclipse treatment planning system, TPS, version
8.6.0, Varian Medical Systems, Palo Alto, CA). Using a freehand contouring tool, gross tumor
volume based exclusively on post-contrast CT images (GTVct) was contoured by one of the
authors who had expertise in XRT planning. A board-certified veterinary radiologist interpreted
the CT images independently and modified the contours as needed for final determination of
GTVcr for each cat. The GTVper was then calculated based solely on the *F-FDG PET images,
using a modified thresholding technique and the workstation’s image analysis software.’
Thresholding was done by two board certified veterinary radiologists and was based on selection
of the standardized uptake value (SUV) % that completely surrounded the entire tumor and best
delineated the FDG avidity. This was done while reviewing the ®F-FDG PET uptake pattern on
images using a standard window level setting. Once the SUV threshold was determined, the
workstation’s software was used to automatically draw a volume of interest (VOI) around the
tumor and calculate GTVper. Modifications in the VOI were made as needed to eliminate regions
outside of the patient body (such as the oral cavity and endotracheal tube) that exhibited
artifactual hypermetabolic activity. After the GTVper was finalized for each cat, the first author
copied the VOI onto the post-contrast CT image in the treatment planning system and used this

for subsequent comparisons.
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Comparisons between CT and PET gross tumor volumes: All statistical tests were selected
and performed by a statistical consultant, using commercially available software (SigmaPlot ver
12, Systat Software, San Jose, CA and GraphPad Prism ver 5.03, GraphPad Software, La Jolla,
CA). A P-value < 0.05 was considered statistically significant for all tests. Once the CT and
PET VOI’s for each cat were imported into the treatment planning system, GTV based on each
VOI were calculated using the “measure volume” tool in the treatment planning system. A two-
tailed paired t-test was used to compare mean values for GTVcr versus GTVper. Comparisons
were performed for all cats and for cats assigned to mandibular/maxillary (M/M) and

lingual/laryngeal (L/L) groups.

The degree of GTVcr and GTVper overlapping was calculated using a mismatch fraction
as described in a previous study.’” By using the “Boolean operators™ tool in the treatment
planning system, a structure defined as “only in GTVper but not in GTVcr” was created. Then a
mismatch fraction defined as “mismatch GTVpet to GTVcr” was calculated using the following

formula:
(volume of GTVeer that is not overlapped by GTVcr) / (entire GTVc1)*100

The Mann-Whitney rank sum test was then used to compare mismatch fractions for cats assigned

to mandibular/maxillary and lingual/laryngeal groups.

Results

Cats: Twelve feline patients with oral SCC were included in this study. All patients had no

history of previous treatment except for one (patient #11 had tumor recurrence after surgical
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debulking). Breeds represented were domestic short hair (8), domestic longhair (3), and Siamese
(1). Eight cats were neutered males and four were neutered females. Average patient age and
body weight at the time of diagnosis were 12 years old and 4.8 kg, respectively. Clinical stages
for tumors were stage 11 (n=6), stage 11l (n=3), and stage 1V (n=3), based on a previously
published feline oral SCC staging scheme. Eight cats were assigned to the M/M group and four

were assigned to the L/L group.

Comparisons of gross tumor volumes: GTVs measured for each patient using PET are

summarized in Figure 2.2A.

The average of the mean SUV for GTVper Was 5.5 (standard deviation (SD)=1.7) and the
median of the mean SUVs was 5.2. The average of the maximum SUVs was 10.1 (SD=5.03) and
the median of the maximum SUVs was 8.95. The selected SUV threshold that best encompassed
the GTVper ranged from 2.4 to 3.8 (median value 3.2). Mean GTVcr (14.7, SD=9.6) was
significantly larger than mean GTVper (11.0, SD=7.5) (P=0.006) when all 12 cats were analyzed.
For the 8 cats in the M/M group, mean GTVcr (18.0, SD=7.9) was significantly larger than
GTVper (13.2, SD=7.7) (P=0.002). For the 4 cats in the L/L group, no statistically significant
difference was found between mean GTVcy (8.1, SD=10.3) and mean GTVper (6.5, SD=5.5)
(P=0.57). Mismatch fractions defined as “mismatch GTVper to GTV 1™ for each patient are
summarized in Figure 2.2A. Cats in the L/L group (median=41.6, mean=53.9, SD=52.0) had a
significantly higher mismatch fraction than cats in the M/M group (median=4.2, mean=8.3,

SD=11.5) (P=0.028, Figure 2.2B).
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Discussion

In this study, we incorporated **F-FDG PET into the XRT plans for 12 feline patients
with oral SCC with the ultimate goal of improving targeted delivery. Our protocols were based
on those previously described for humans with head and neck SCC.%"**** The use of FDG-
PET/CT yielded GTVs that, in some feline patients, were asymmetrically or only partially
overlapping with the GTVc¢r. This finding supported our hypothesis that the information
provided by *®F-FDG PET would lead to the detection of additional possible tumor areas outside
of the volumes indicated by CT alone. The use of metabolic **F-FDG PET imaging to better
detect all potential tumor regions may be particularly critical for SRT planning in order to avoid
geographical miss because failure in local tumor control is the most common reason for
death/euthanasia in feline patients with oral SCC. Affected cats in this study were to be treated
with SRT, which employs a high dose per fraction to tumor and has a very sharp drop-off at
tumor margins to spare surrounding tissues. Target tumor volumes in SRT do not employ an
additional microscopic tumor margin, which is called clinical target volume and is used in
conventional XRT.*

Our finding that GT V¢t was significantly larger than GTVper Was consistent with some
reports describing XRT planning for humans with head and neck SCC." In one of those studies,
it was concluded that ®F-FDG-PET/CT was the more accurate imaging tool compared to
CT/MRI, even though GTVs derived from PET were significantly larger than surgically excised
tumor volumes.” In our feline study, a reference standard such as a surgically or microscopically-
determined tumor volume was not available as all cats were treated with radiation alone. We also
did not measure GTVs more than one time using more than one observer. Therefore possible

effects of outside factors such as thresholding methods, resolution of the imaging device, size of
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the patient, and degree of contrast enhancement on calculated gross tumor volumes remain
unknown. Both GTVct and GTVper in the L/L group of cats tended to be smaller than GTVs in
the M/M group. While not statistically significant, this difference between two tumor groups
may warrant further investigation in terms of the usefulness of this imaging modality for XRT
planning of small anatomic regions. It is possible that *®F-FDG PET could overestimate the
metabolic volume more when a tumor is small due to PET imaging’s relatively poor spatial
resolution compared to CT and MRI.*?%*233 The in-plane and longitudinal resolution at best was
5 mm with our system. The effect of resolution could be especially exaggerated when
determining tumor volumes for anatomic structures of the feline head that differ greatly in size
(ie. maxilla/mandible compared to the smaller tongue). Also, a hypermetabolic region
reconstructed by the PET system could extend into the air cavity adjacent to an oral mass due to
the increased range of positrons in air and could require modification of contours drawn for oral
tumors (Figure 2.3).% The current resolution limits of PET as well as the presence of
hypermetabolic peritumor reactions could therefore preclude its use for determining accurate
margins for small tumors and small patients. In spite of this limitation, we propose that PET’s
greatest advantage may be in providing increased conspicuity of hypermetabolic regions outside
of the primary tumor. In our study, the mismatch fraction between PET and CT gross tumor
volumes was significantly larger for the lingual/laryngeal group of cats. Patients with L/L SCC
had *®F-FDG avid regions that were not overtly abnormal on post-contrast CT images (Figure

2.4).

In cats, as in people, there is high vascularity in the lingual/sublingual area. This high
vascularity can make accurate differentiation of contrast enhanced abnormal regions challenging.

A recent study describing the usefulness of CT for characterizing feline oral SCC reported that
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this tumor showed varying types of contrast enhancement patterns, mass effect and a high
frequency of adjacent osteolysis and that CT examination more accurately identify mass
extension than radiographs.® Our findings were discordant with this previous study in that we
encountered feline oral SCC patients without direct bone involvement, with minimal contrast
enhancement and with minimal mass effect. It is therefore possible that, depending on the
location, CT examination alone may have accurately detected tumoral changes in one area but
missed changes in other parts of the same tumor. It is also possible that, because **F-FDG tracers
are not cancer-specific, some of the hypermetabolic regions detected in PET scans of our cats
could have contained a mixture of tumor cells and reactive tissues. Full volume histopathology
was not performed in any of our cats. However, even in a terminal study, it would be difficult to
perfectly correlate imaging and histopathological findings on a millimeter or sub-millimeter level

and to exactly confirm the cell composition of a given area seen on images.

The lower specificity of *®F-FDG can also make interpretation of SUV challenging. In
human oncology studies, SUV has been reported to be a valuable tool for certain tumor types to
distinguish tumor grades, benign from metabolic tumors, and to quantitatively assess treatment
response.>**3% Many reports have attempted to find an optimum protocol for SUV thresholding
and delineating XRT target volumes for human cancer patients, but currently there are no
widely-accepted, standardized methods.**® For that reason, we chose to define the volumes
subjectively using a consensus of two observers and to determine SUV threshold levels
individually for each patient instead of using an arbitrary, fixed, universal SUV threshold. This
was more time consuming, but the goal was to use a technique that could still be simply

implemented in a clinical setting.
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Clinically, PET imaging has other drawbacks that may limit its widespread use in feline
oral SCC patients. First, the protocol for PET/CT imaging requires a prolonged period of
anesthesia. This is an important consideration given that many feline SCC patients are debilitated,
geriatric and may have concurrent medical issues such as renal failure. Second, radioisotopes and
imaging equipment are not widely available. Third, the cost of examination is high and may be

prohibitive for some owners.

In conclusion, although there are some important limitations of *F-FDG PET for SRT
planning in cats with oral SCC, this imaging modality allowed us to detect potential tumoral
regions that were not detected using contrast-enhanced CT, especially in the patients with L/L
SCC. Until a cancer-specific tracer is developed and spatial resolution is improved, we
recommend combining results of post-contrast CT and *®F-FDG PET imaging with results of
clinical examination for SRT planning in order to include all potential tumor regions within the
treatment volume. Future, controlled prospective studies are needed to determine whether XRT
based on *8F-FDG PET imaging yield increased survival times and success rates of local tumor

control in feline oral SCC patients.
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Figure 2.1: Transverse images acquired of a patient with feline oral squamous
cell carcinoma. (A) post-contrast CT, (B) *F-FDG PET, and (C) **F-FDG
PET/CT. Note the **F-FDG avid and osteolytic lesion involving the left
maxilla.
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Figure 2.2: (A) Graph summarizing GTVcr and GTVper for each feline patient (orange
and green bars, respectively, left Y axis, cm3) as well as the mismatch fractions for
GTVper to GTVcr (White bar, right Y axis, %). (B) Means of mismatch fractions for
mandibular/maxillary and lingual/laryngeal tumors. Bar: Standard deviation of the mean.
M/M=mandibular/maxillary tumor, L/L=lingual/laryngeal tumor. Asterisk: P=0.028.
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Figure 2.3: (A) 18F-FDG PET/CT and (B) post-
contrast CT images of a cat with lingual squamous
cell carcinoma (patient #12). Note the **F-FDG
avid region (blue) is extending outside of the
tongue into the oral cavity. The GTVper (green)
was created by modifying the **F-FDG avid
region (blue) to exclude the non-tissue area in the
air of the oral cavity.

Figure 2.4: Images of a minimally contrast-enhancing CT tissue region
(A) that is *®F-FDG avid on the PET/CT image (B) in a cat with lingual
SCC (patient #11). The green line in (B) represents GTVper. (C) Lateral
view of GTVcrand GTVeer. Note the larger GTVpet (green) compared
to the GTVcr (orange) especially at the cranial portion of the lesion. Cr;
cranial, Ca; caudal, Dor; dorsal, Ven; ventral.
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CHAPTER 3: REPEATABILITY OF A PLANNING TARGET VOLUME EXPANTION
PROTOCOL FOR RADIATION THERAPY OF REGIONAL LYMPH NODES IN CANINE

AND FELINE PATIENTS WITH HEAD TUMORS

Brief Summary

For canine and feline patients with head tumors, simultaneous irradiation of the primary
tumor and mandibular and retropharyngeal lymph nodes (LNSs) is often indicated. The purpose
of this study was to assess the repeatability of a planned target volume (PTV) expansion protocol
for these LNs. Two CT image sets from 44 dogs and 37 cats that underwent radiation therapy
(XRT) for head tumors were compared to determine LN repositioning accuracy and precision;
planning CT (for XRT planning) and cone-beam CT (at the time of actual treatment sessions).
Eleven percent of dogs and 65% of cats received treatment to their LNs. In dogs, the mandibular
LNs were positioned more caudally (P=0.0002) and the right mandibular and right
retropharyngeal LNs were positioned more to the left side of the patient (P=0.00015 and
P=0.003, respectively). In cats, the left mandibular LN was positioned higher (towards roof) than
on the planning CT (P=0.028). In conclusion, when patient immobilization devices and bony
anatomy matching are used to align the primary head target and these LNs are treated
simultaneously, an asymmetrical PTV expansion that ranges 4 to 9 mm (dogs) and 2 to 4 mm
(cats), depending on the directions of couch movement, should be used to include the LNs within

the PTV at least 95% of the time.
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Introduction

The radiation dose that can be prescribed to malignant structures is determined by the
balance between therapeutic benefit and possible damage to surrounding normal tissues.
Intensity modulated radiation therapy (IMRT) can administer precise dose to targets and
decrease dose to regional normal tissue structures. Since the dose distribution to the tissues in
the radiation field is not uniform, the ability to accurately position the patient for treatment is an
important factor in the successful administration of IMRT. Many positioning apparatuses are
commercially available and are used at the initial imaging acquisition, typically computed
tomography (CT) that is utilized for computer-based radiation planning. This initial patient setup
must be replicated as accurately as possible for each of the actual treatments, but there are
inevitable errors in patient repositioning which need to be addressed. The International
Commission on Radiation Units and Measurement suggests to use two margins to take this
uncertainty into account: internal margin and setup margin.! Whereas the former is to
compensate for physiological variations of the organ such as internal movement, size, and shape,
the latter is to take into account setup inaccuracy and patient movement during the treatment
session. The two margins are added to clinical target volume (CTV) to create planning target
volume (PTV). Because smaller CTV-to-PTV expansion decreases the volume of normal tissues
that receive a clinically relevant dose, extensive efforts have been made in human and veterinary
medicine to immobilize radiation therapy (XRT) patients with higher repositioning accuracy,
thereby decreasing setup margins.>™* In our institution, patients treated with IMRT are set up
with a custom-made bite block (made from thermoplastic pellets, Civco model MT-APS 3A,
Civco Medical Solutions, Kalona, 1A), a modified thermoplastic face mask (Civco model MT-

APU), an indexed carbon fiber treatment table, a custom-made carbon fiber bridge to hold the
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bite block, a carbon fiber base plate (Civco model MT-20100CF), and a Styrofoam bead style

cushion (Civco model MT-VL-37) (Figure 3.1-A).

A previous study from our institution, using two orthogonal kilovoltage (kV) images
(kV-kV matching) taken by on-board imaging device, confirmed that a 2 mm PTV margin for
the primary cranial target was appropriate to take into account inter-fractional patient setup

inaccuracy.

When treating tumors in the head region, it is sometimes necessary to also treat regional
lymph nodes (LN), most commonly the mandibular and retropharyngeal LNs. These LNs are
readily identifiable on the planning CT scan.*? However, unlike the primary tumor, which is
generally in a fixed position relative to bony landmarks, these LNs may not be repositioned as
consistently as the primary tumor. Thus, a2 mm PTV margin may not be adequate to
consistently include the LN targets. An inadequate PTV margin may result in a geographic miss
of these LNs (decreasing the probability of tumor control) and in an unacceptably increased dose
to the surrounding normal tissues leading to unexpected treatment complications. To avoid these
possible problems, better understanding regarding patient positioning reproducibility is essential
for each setup device combination and the structures of interest. We hypothesized that with the
setup devices mentioned above, a PTV margin greater than 2 mm is needed for these LNs. The
current study was conducted to test this hypothesis by retrospectively evaluating LN position
variability using kV cone-beam CT images captured immediately after each daily patient setup

with kV-kV imaging.
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Materials and Methods

Forty-four dogs and 37 cats with primary tumors of the head that underwent XRT at the
Colorado State University Flint Animal Cancer Center between March 2010 and December 2011
and had cone-beam CT images acquired at the time of XRT were included. After inducing
general anesthesia, all patients were positioned on an indexed CT and XRT couch-top with a
custom-made thermoplastic face mask and bite block, a carbon fiber baseplate, a carbon fiber
support bridge, and a Styrofoam bead style cushion (Figure 3.1-B and C). The rest of the patient
body was positioned either on a U-shaped foam cushion, a large Styrofoam bead style cushion,

or a folded towel. All patient setups were performed by experienced radiation therapists.

XRT planning was performed as described before.? Briefly, post contrast planning CT
images with 2 mm thickness were imported into the XRT planning software (Eclipse treatment
planning system, version 8.6.0, Varian Medical Systems, Palo Alto, CA). Digitally reconstructed
radiographs and the treatment isocenter were created during the planning process. Simulation
isocenter was identified using 1.5 mm metal bead markers (Spee-D-Mark model SDM-BB15,

Civco), typically placed on the thermoplastic facemask.

To compare and match the patient positioning with digitally reconstructed radiographs,
two orthogonal kV images were taken using on-board imaging devices (kV-kV matching)
equipped on a linear accelerator (Varian Trilogy). In this study, dorsal and lateral kV images
were taken for all patients. We used a “spyglass” image comparison tool which allows us to
evaluate and align anatomical structures from two different CT image sets by overlaying them on
a computer screen. With this tool, appropriate couch shifts (X, Y, and Z directions, as well as

couch rotation) were applied. This correction was performed as part of regular patient
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positioning procedure. After any required patient position correction was made, a cone-beam CT
was taken for later evaluation of variability in LN positions using the “high quality head” setting
with 2 mm slice thickness, 512 x 512 pixel field of view, and a full-fan bowtie filter. Typically,
the cone-beam CT was taken immediately after the treatment session or before the treatment
session but after the kV-kV matching. No positioning correction was performed after cone-beam
CT acquisition. Each cone-beam CT image set was saved and imported into the Eclipse TPS
where it was fused with the planning CT based on CT pixel data. Subjective evaluation regarding
fusion quality, especially focusing on bony anatomy was performed. Both sides of mandibular
and medial retropharyngeal LNs were contoured on the original planning CT and on each
treatment session cone-beam CT. Structures for these LNs from cone-beam CTs were then
copied and pasted on to the planning CT so that all contoured LNs from the same patient but

from the different timeframes could be visualized on the planning CT (Figure 3.2).

In order to obtain the coordinates of the center of the LNs, a mock-treatment beam was
placed and the beam was aligned to the center of mass of each LN using the “align field to
structure tool”. The coordinates of the center of each LN, as X (horizontal), Y (vertical), and Z
(longitudinal), as well as the volume of each LN at the time of planning CT (LN Vol), were
recorded. A set up error for each cone-beam CT series was calculated by subtracting coordinates
of center of mass of each LN in each cone-beam CT from coordinates of center of mass of the
corresponding LN in the planning CT. To evaluate the possible correlation between the
magnitude of setup errors and patient body weight (BW), medical records were reviewed to
collect patient body weight at the time of the planning CT. Also, to evaluate the possible
correlation between the magnitude of set up errors and the distance (Dist) from the caudal edge

of the carbon fiber bridge to the each LN, Z coordinate of the most caudal CT image of the
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carbon fiber bridge in the planning CT was subtracted from the Z coordinates of the center of the

each LN from the planning CT.

All statistical analyses were conducted using commercially available software (SigmaPlot
version 12, Systat Sowtware, San Jose, CA). For all analyses, a p value < 0.05 was considered to
be significant. Accuracy was defined as an average of set up errors of each axis and is used to
estimate systematic LN positioning errors relative to the planning CT baseline. The standard
deviation of set up errors x 2 (2SD) was used to estimate precision (variability). A two-tailed,
one-sample t-test was used to evaluate whether there was any tendency of the LN to shift in a
particular direction (ie. + or -) in each axis. Patient BW, LN Vol, and Dist were correlated with
precision errors of each dog. Dogs and cats with multiple cone-beam CTs were used in this
correlation analysis. A Pearson product moment correlation analysis or Spearman rank order

correlation analysis was performed depending on normality of data distribution.

Suggested PTV expansions were determined for each axis (+ and -) as a sum of the
average error and the 2SD if the average error was proved to be significant by the t-test. If the
average error was not significant, 2SD was used as a suggested PTV expansion to ensure the LN

would be included within the PTV margin 95% of the time.

Results

Among the 44 dogs and 37 cats with head and neck tumors, tumor locations included 20
nasal/maxillary, 21 skull/intracranial, two neck, and one mandible region in dogs; and nine
mandible, seven each nasal, pituitary, and lingual/sublingual, five maxilla, one laryngeal, and
one dorsal neck in cats. All dogs and 28 of 37 cats (76 %) were positioned in ventral recumbency
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and the remaining nine cats (24 %) were positioned in dorsal recumbency with their mandible

secured in the bite block.

XRT protocols ranged from one to 20 fractions in dogs and from one to three fractions in
cats. Among the 44 dogs and 37 cats, five dogs (11 %) and 24 cats (65 %) had their mandibular

and retropharyngeal LNs treated at the same time as the primary head and neck tumors.

An example of the overlaid CT image is shown in Figure 3.2 demonstrating the locations
of the LNs from daily cone-beam CTs relative to the original LN locations on the planning CT.
Setup accuracy and precision of each LN of the dogs and cats is summarized in Table 3.1 and
Table 3.2, respectively. Facing the CT/radiation machine from the foot of the couch, directions
of X, Y, and Z are positive to the right (lateral), down (vertical), and towards the CT/radiation
machine (longitudinal), respectively. A two-sided, one-sample t-test revealed minor but
statistically significant systematic errors in dogs in the Z axis of the left mandibular LN
(P=0.0002), the X and Z axes of the right mandibular LN (P=0.0002 and 0.00002, respectively),
and all 3 axes of the right retropharyngeal LN (P=0.0033, 0.0001, and 0.0004, respectively). In
cats, statistically significant systematic error was found only in the Y axis of left mandibular LN

(P=0.0278).

In dogs and cats, the total numbers of patients, the median of analyzed cone-beam CT per
animal, and the median and range of LN Vol, Dist for each LN, and patient BW used in the
correlation analysis are summarized in Table 3.3 and Table 3.4, respectively. Correlation
analysis between 2SD of mean of setup errors and BW, LN Vol, and Dist revealed no

statistically significant correlations in dogs. In cats, a significant inverse correlation was found
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between the 2SD of mean of right RP LN Z axis and LN Vol (P=0.0162, correlation coefficient;

-0.731).

Discussion

XRT plays an important role in controlling canine and feline head and neck malignancies
and at our institution, we have been treating them using a highly accurate and precise linear
accelerator that is capable of delivering radiation doses stereotactically. A previous study from
our institution concluded that a 2-4 mm PTV expansion is appropriate to take into account inter-
fractional setup variability for the primary tumor in the head region when the custom-made
immobilization devices described previously are used.®* We currently use a 2 mm expansion for
the primary tumor because we can confirm bony anatomic accuracy using kV-kV matching.
However, sometimes regional LNs must also be treated. Generally, LNs are soft tissue structures
that are not firmly adhered to bony structures and may move relative to surrounding bone,
somewhat like prostate and bladder tumors.**% Because we were concerned that a 2 mm of
CTV-to-PTV expansion for the draining LNs of the head area was inadequate, this study was
conducted to elucidate optimal PTV expansion for them, specifically for the simultaneous

treatment of the primary tumor and these LNSs.

By retrospectively evaluating the location of each LN using CT and daily treatment
session cone-beam CTs, we found that more than 2 mm of PTV expansion is needed for these
LNs. In dogs and cats, for the mandibular LNs, our study showed that larger PTV expansion is
needed for the X (lateral) and Z (longitudinal) directions, compared to the Y (vertical) direction.

Considering all dogs and about 75% of the cats in the current study were positioned in ventral
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recumbency, the mandibular LNs resting against the neck-supporting cushion, creating less
variation in the Y direction in comparison to the X and Z direction. Our study also showed that
both mandibular LNs in dogs were located more caudally during positioning for treatment than
in the planning CT. This could be due to differences in the positioning technique used by CT
compared to the XRT technicians. However, because of the retrospective nature of this study, we
were unable to sort patients by person who performed CT and radiation setup. Although a
controlled prospective study with a single person performing these setups may help to clarify the
influence of inter-technician variability, we would speculate that the situation in this current
study can be found in many of the veterinary radiation oncology facilities. More caudal
positioning of mandibular LNs at the time of treatment was not observed in cats. A plausible
reason for this difference between dogs and cats may be the difference of head and body size
between dogs and cats. Smaller feline heads may have smaller positioning variability. This
speculation is supported by the smaller PTV expansion in cats in comparison to dogs

summarized in Table 3.2 and 3.1, respectively.

In dogs, the exact reason why only the right mandibular LN showed a statistically
significant tendency to be positioned more to the left side of the patient is unclear, but the same
tendency was found in the right retropharyngeal LN. Also, not only the right mandibular LN, but
also the right retropharyngeal LN showed a statistically significant tendency to be positioned
more caudally. In cats, our study revealed that the left mandibular LN was repositioned higher in
the treatment session than the planning CT. The exact reason of these statistically significant
tendencies is unclear but the clinical routine specific to our institution might be a reason. In this
current study, no correlation was found between the setup precision errors in dogs and patient

BW, volume of the LNSs, or the distance between the edge of the teeth-supporting bridge and
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each LN. Even though there was a wide variation in the patient BW and in the distance (Table
3.3), finding no correlation was not surprising because there were also many different breeds in
this study. This suggests that the wide variety of shape of their head and neck might have
complicated the correlation analysis. In cats, we found an inverse relationship between the setup
precision error of the right retropharyngeal LN Z axis and the volume of LN. Considering the
fact that feline heads have less variability in size and shape between individual cats than canines,
this relationship in the current study was an interesting finding. We need to verify this finding in
a future study with a larger patient population of cats because of the limited number of cases in

this correlation analysis (10 cats).

Overall, when the patient immobilization devices and bony anatomy matching are used to
align the primary target in the head region and treat the mandibular and retropharyngeal LNs
simultaneously, we demonstrated that larger PTV expansions are needed for these LNs. We
suggest applying an asymmetrical PTV expansion that ranges 6 to 9 mm, 5to 8 mm, and 5 to 8
mm for dogs and 2 to 4 mm, 2 to 3 mm, and 2 to 4 mm for cats (both X, Y, and Z, direction,
respectively) (Table 3.1 and Table 3.2). Developing devices that can help repositioning caudal
head and cranial neck area more accurately might reduce this larger (compared to the 2 mm for

the primary tumor) PTV expansion.
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Table 3.1: Repositioning accuracy and precision for inclusion of regional lymph nodes in dogs
receiving radiation therapy for head tumors. Numbers in parenthesis indicate the total numbers of
cone-beam CTs evaluated. In the suggested expansion, facing the CT/radiation machine from the
foot of the couch, + for X, Y, and Z axes indicate right, down, and towards the CT/radiation

machine, respectively.

Suggested PTV expansion

Lymph node Axis Average error (accuracy) {-test (P-value) 28D (precision) (cm)
(m (cm) (cm) .

L Man LN X 0.06 0.076 0.69 0.7 0.7
(107) Y -0.01 0.539 05 05 0.5
zZ -0.13 0.00024 0.68 0.6 08

R Man LN X -0.14 0.00015 0.72 0.6 09
(106) Y 0.02 0416 05 05 0.5

Z -0.14 0.00002 0.63 05 08

LRPLN X -0.04 0217 0.55 0.6 06
(89) Y 0.02 0.244 04 04 04

zZ -0.03 0.202 0.45 0.5 0.5

RRPLN X -0.08 0.0033 0.5 0.6 06
(83) Y 015 0.00011 0.66 0.8 0.5

zZ -0.12 0.00045 0.62 0.5 0.7

LN, lymph node; Man, mandibular; PTV, planning target volume; RP, retropharyngeal; SD, standard deviation

71



Table 3.2: Repositioning accuracy and precision for inclusion of regional lymph nodes in cats
receiving radiation therapy for head tumors. Numbers in parenthesis indicate the total numbers of
cone-beam CTs evaluated. In the suggested expansion, facing the CT/radiation machine from the
foot of the couch, + for X, Y, and Z axes indicate right, down, and towards the CT/radiation

machine, respectively.

Suggested PTV expansion

Lymph node Average error (accuracy) 28D (precision) (cm)

() AXIis (cm) t-test (P-value) (cm) X
L Man LN X -0.01 0.63 0.29 03 0.3
(62) Y -0.03 0.028 0.22 02 0.2
Z -0.03 02 0.33 03 0.3
R Man LN X 0.04 0.15 0.38 04 0.4
(37 Y 0.03 0.06 0.23 0.2 0.2
z -0.02 049 0.37 04 0.4
LRPLN X 0.01 045 0.28 03 0.3
(52) Y -0.01 0.79 0.32 0.3 0.3
z -0.01 0.6 0.18 0.2 0.2
RRPLN X 0 0.96 0.23 02 0.2
(46) Y 0.01 0.71 0.23 02 0.2
Z 0 0.89 0.21 02 0.2

LN, lymph node; Man, mandibular, PTV, planning target volume; RP, retropharyngeal; 5D, standard deviation
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Table 3.3: Volume of lymph nodes, distance from the edge of the teeth-supporting bridge to the

center of each lymph node, and body weight for dogs receiving radiation therapy for head tumors.

Lymph node median # of LN Vol (cm®) Dist (cm) BW (kg)
(number) CBCTs/dog  Median (Range)  Median (Range) Median (Range)
L Man LN (33) 2 1.21(0.19-3.34)  9.19(0.19-3.34) 24.7(5.3-45.1)
RMan LN (32) 3 1.23(0.23-4.43) 9.3 (4.23-14.0) 243(5.3-45.1)
LRPLN (29 2 1.02(0.16-3.35)  12.2(5.89-18.5) 23.8(5.3-43.7)
RRPLN (26) 2.5 1.09(0.11-3.45)  12.3(6.48-19.1) 22.7(5.3-437)

BW, Body weight, CBCT, Cone-beam CT; Dist, Distance; LN, Lymph node; Man, Mandibular; RP, Retropharyngeal; Vol, Volume

Table 3.4: Volume of lymph nodes, distance from the edge of the teeth-supporting bridge to the

center of each lymph node, and body weight for cats receiving radiation therapy for head tumors.

Lymph node median # of LN Vol (em®) Dist (cm) BW (kg)
(number) CBCTs/cat  Median (Range) Median (Range) Median (Range)
L Man LN (15) 3 0.17 (0.05-0.47)  5.02(3.35-6.71) 5.1(2.4-8.6)
RManLN (14) 3 0.21 (0.05-0.66) 4.85(3.25-5.99) 4.8(2.4-8.6)
LRPLN((12) 3 0.19(0.1-046)  6.76(5.52-8.92) 4.8 (2.4-8.6)
RRPLN (10) 3 0.21 (0.09-0.44)  6.66 (5.45-7.84) 5.35(2.4-8.6)

BW, Body weight, CBCT, Cone-beam CT; Dist, Distance;, LN, Lymph node; Man, Mandibular; RP, Retropharyngeal; Vol, Volume
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Figure 3.1: (A) Components of the cranial immobilization device. (B and C) An
example of the setup of a canine patient on the radiation therapy couch top.

Figure 3.2: An example of the planning CT and cone-beam CT images used for the setup
error evaluation. (A) A planning CT image with the mandibular LNs contoured in the red.
(B) A cone-beam CT image with the mandibular LNs contoured in brown. (C) A fused
image of the A and B. Note the well-aligned bony structures and some positioning
differences of the LNs and the skin.

74



10.

11.

12.

BIBLIOGRAPHY

ICRU. Prescribing, recording, and reporting photon beam therapy (supplement to ICRU
Report 50). ICRU report 62. Bethesda, Maryland. International Commission on Radiation
Units and Measurements, 1999.

Charney SC, Lutz WR, Klein MK, Jones PD. Evaluation of a head-repositioner and Z-
plate system for improved accuracy of dose delivery. Vet Radiol Ultrasound
2009;50:323-329.

Harmon JF, Ufflen DV, LaRue SM. Assesment of a radiotherapy patient cranial
immobilization device using daily on-board kilovoltage imaging. Vet Radiol Ultrasound
2009;50:230-234.

Kent MS, Gordon IK, Benavides I, Primas P, Young J. Assessment of the accuracy and
precision of a patient immobilization device for radiation therapy in canine head and neck
tumors. Vet Radiol Ultrasound 2009;50:550-554.

Mayer MN, Waldner CL, Elliot KM, Sidhu N. Comparison of interfractional variation in
canine head position using palpation and a head-repositioning device. Vet Radiol
Ultrasound 2010;51:472-476.

Devereux C, Grundy G, Littman P. Plastic molds for patient immobilization. Int J Radiat
Oncol Biol Phys 1976;1:553-557.

Gilbeau L, Octave-Prignot M, Loncol T, Renard L, Scalliet P, Grégoire V. Comparison
of setup accuracy of three different thermoplastic masks for the treatment of brain and
head and neck tumors. Radiother Oncol 2001;58:155-162.

Houweling AC, van der Meer S, van der Wal E, Terhaard CH, Raaijmakers CP.
Improved immobilization using an individual head support in head and neck cancer
patients. Radiother Oncol 2010;96:100-103.

Jones D, Hafermann MD. A radiolucent bite-block apparatus. Int J Radiat Oncol Biol
Phys 1987;13:129-132.

Tryggestad E, Christian M, Ford E, Kut C, Le Y, Sanguineti G, Song DY, Kleinberg L.
Inter- and intrafraction patient positioning uncertainties for intracranial radiotherapy: a
study of four frameless, thermoplastic mask-based immobilization strategies using daily
cone-beam CT. Int J Radiat Oncol Biol Phys 2011;80:281-290.

Verhey LJ, Goitein M, McNulty P, Munzenrider JE, Suit HD. Precise positioning of
patients for radiation therapy. Int J Radiat Oncol Biol Phys 1982;8:289-294.

Kneissl S, Probst A. Comparison of computed tomographic images of normal cranial and
upper cervical lymph nodes with corresponding E12 plastinated-embedded sections in the
dog. Vet J 2007;174:435-438.

75


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Charney%20SC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lutz%20WR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Klein%20MK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20PD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19507401
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kent%20MS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gordon%20IK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benavides%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Primas%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Young%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21699616
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mayer%20MN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Waldner%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elliot%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sidhu%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20806883
http://www.ncbi.nlm.nih.gov/pubmed/20806883
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Devereux%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grundy%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Littman%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=plastic%20molds%20for%20patient%20immobilization%201976
http://www.ncbi.nlm.nih.gov/pubmed?term=plastic%20molds%20for%20patient%20immobilization%201976
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gilbeau%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Octave-Prignot%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Loncol%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Renard%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scalliet%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gr%C3%A9goire%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Gilbeau%20comparison%20of%20setup%20accuracy%20brain%20head%20and%20neck
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Houweling%20AC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Meer%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Wal%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Terhaard%20CH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raaijmakers%20CP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20430462
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hafermann%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=radiolucent%20bite-block%20Jones
http://www.ncbi.nlm.nih.gov/pubmed?term=radiolucent%20bite-block%20Jones
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tryggestad%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Christian%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ford%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kut%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Le%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanguineti%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Song%20DY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kleinberg%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20951506
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Verhey%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goitein%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McNulty%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Munzenrider%20JE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Suit%20HD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/6282792
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kneissl%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Probst%20A%22%5BAuthor%5D

13.

14.

15.

16.

17.

18.

19.

20.

Bezuidenhout AJ. The lymphatic system. In: Evans HE editor. Miller’s anatomy of the
dog. 3" ed. Philadelphia, W.B.Saunders. p. 717-757.

Byrne TE. A review of prostate motion with considerations for the treatment of prostate
cancer. Med Dosim 2005;30:155-161.

Greer PB, Dahl K, Ebert MA, Wratten C, White M, Denham JW. Comparison of prostate
set-up accuracy and margins with off-line bony anatomy corrections and online
implanted fiducial-based corrections. J Med Imaging Radiat Oncol 2008;52:511-516.

Lattanzi J, McNeely S, Hanlon A, Das I, Schultheiss TE, Hanks GE. Daily CT
localization for correcting portal errors in the treatment of prostate cancer 1998;41:1079-
1086.

Lerma FA, Liu B, Wang Z, Yi B, Amin P, Liu S, Feng Y, Yu CX. Role of image-guided
patient repositioning and online planning in localized prostate cancer IMRT. Radiother
Oncol 2009;93:18-24.

Nieset JR, Harmon JF, Larue SM. Use of cone-beam computed tomography to
characterize daily urinary bladder variations during fractionated radiotherapy for canine
bladder cancer. Vet Radiol Ultrasound. 2011;52:580-588.

Rosenthal SA, Roach M 3rd, Goldsmith BJ, Doggett EC, Pickett B, Yuo HS, Soffen EM,
Stern RL, Ryu JK. Immobilization improves the reproducibility of patient positioning
during six-field conformal radiation therapy for prostate carcinoma. Int J Radiat Oncol
Biol Phys 1993;27:921-926.

Sripadam R, Stratford J, Henry AM, Jackson A, Moore CJ, Price P. Rectal motion can

reduce CTV coverage and increase rectal dose during prostate radiotherapy: A daily
cone-beam CT study. Radiother Oncol 2009;90:312-317.

76


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Byrne%20TE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=byrne%20a%20review%20of%20prostate%20motion
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Greer%20PB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dahl%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ebert%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wratten%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22White%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Denham%20JW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lattanzi%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McNeely%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hanlon%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Das%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schultheiss%20TE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hanks%20GE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lerma%20FA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yi%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amin%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Feng%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yu%20CX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=lerma%20liu%20image-guided%20patient%20repositiioning
http://www.ncbi.nlm.nih.gov/pubmed?term=lerma%20liu%20image-guided%20patient%20repositiioning
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nieset%20JR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harmon%20JF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Larue%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21699616
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sripadam%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stratford%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Henry%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jackson%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Price%20P%22%5BAuthor%5D

CHAPTER 4: Immunohistochemical characterization of feline oral squamous cell carcinoma

Brief Summary

This study was performed to evaluate the expression of Ki67 and epidermal growth factor
receptor (EGFR), mitotic index (MI), and microvascular density (MVD) in feline oral squamous
cell carcinoma (SCC) using immunohistochemistry on archival tumor tissues and to seek a
correlation between these markers and clinical parameters. Twenty-two archived tumor samples
of feline oral SCC were evaluated. Immunohistochemistry for Ki67, MVD, and EGFR was
performed and scored. Patient survival information was obtained from the medical records.
These molecular markers as well as M1 were correlated with tumor locations and patient survival
time. The 22 tumors showed wide variation in Ki67, MI, MVD, and EGFR. Tongue SCC
expressed higher MVD than mandibular/maxillary SCC (P=0.088). Tumor expression of EGFR
was inversely proportional to survival time (P=0.097). This study suggests EGFR expression
might be a valuable prognostic factor for treatment outcome in feline oral SCC. It also identified
higher angiogenesis in tongue SCC as compared to mandibular/maxillary SCC which may
account for a different clinical outcome. Further prospective characterization of feline oral SCC
may give us a better understanding of the underlying molecular factors that drive its behavior

and offer the possibility for future patient-specific treatment plans.

Introduction

Squamous cell carcinoma (SCC) is the most common feline oral malignancy.® It arises
from the mucosal epithelial cells in the oral cavity and can invade nearby bone.? Although
regional lymph node involvement and distant metastasis are relatively rare, local disease

progression interferes with food and water consumption and reduces patient quality of life.
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Historically, treatment outcomes from surgery, chemotherapy, radiation therapy (XRT) or
combinations of these treatments have been discouraging enough to deter owners from pursuing
treatment.>® Two studies which employed surgical resection of the feline oral SCC reported poor
local control and survival time.>® Another two studies which treated feline oral SCC with XRT
showed no obvious improvement in either survival time or quality of life.* To improve
treatment outcome of this devastating disease, further understanding of the biology of this tumor
is essential. To date, most of the underlying biology of this tumor still remains a mystery. It is
our opinion that cellular and molecular characterization involving measurable tumor parameters
like mitotic index (MI), Ki67, microvascular density (MVD), and epidermal growth factor
receptor (EGFR) may help elucidate aspects of feline oral SCC biological and clinical behavior.

Determination of tumor Ml is a simple and quick way to estimate the proportion of
proliferating cells. Mitotic index has been studied extensively in human oncology.***! For
example, studies have shown that a higher Ml value is predictive for local tumor recurrence,
patient survival, and treatment response in humans with cervical SCC.**™ In another study it was
reported that human patients with head and neck (H&N) SCC who had reduction of Ml after the
first fraction of XRT tended to a have longer survival time than patients who had increased MI.™
Due to the similarities between human and feline oral SCC,* Ml could be of prognostic
significance in feline cases of oral SCC.

Ki67 is a nuclear antigen with expression restricted to actively proliferating cells."” While
the role of Ki67 in cell cycle control is unclear, its expression is widely used as a measure of the
growth fraction within a cell population.” Cats with nasal and periocular SCC treated with
electron beam XRT and that presented with fewer Ki67-positive-cells had a shorter median

disease free survival time compared to cats with the same tumors and with higher Ki67
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reactivity.'® Conversely, it was shown that human patients with H&N SCC who had high protein
expression of Ki67 and an absence of p53 protein expression showed excellent outcome after
XRT even if disease was advanced.'® These studies suggest that SCC with more proliferating
cells, identified by high Ki67 expression, responds better to XRT. Human laryngeal and
hypopharyngeal SCC, treated with surgery alone, had an inverse relationship between disease

free survival time and Ki67 expression, 24

implying that SCCs with high Ki67 expression are
more likely to recur without ancillary perisurgical treatment.

The importance of tumor angiogenesis has been extensively studied in human oncology.
Microvascular density is an indicator of angiogenesis in the tissue microenvironment, and can be
assessed by using the endothelial marker von Willebrand factor (vWf).?*** In human SCC, MVD
correlates with histopathological grade, nodal metastasis, and patient outcome.?*?>*” MVD has
not been studied in feline oral SCC.

Epidermal growth factor receptor is a transmembrane receptor tyrosine kinase that
controls downstream pathways such as cell cycle regulation, apoptosis, and differentiation.? In
human H&N carcinoma, EGFR expression is a strong independent prognostic indicator for
overall and disease free survival time and is a good predictor for locoregional relapse.?® As a
result, EGFR is a good therapeutic target in human oncology and some anti-EGFR drugs have
been approved as anti-cancer drugs.?® In cats, EGFR was shown to be a prognostic indicator in
feline cutaneous SCC and EGFR was expressed in feline oral SCC,**% however, its clinical
significance is not well studied and only a few reports suggested that clinically-obtained feline
oral SCC and cultured feline oral SCC cell lines express EGFR.3%%

The goal of this study was to deepen our understanding about feline oral SCC by

retrospectively evaluating some cellular and molecular characteristics in archival paraffin
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embedded feline oral SCC tissues, and by correlating the obtained data with the clinical outcome

as well as the tumor location.

Materials and methods

Patient selection: Archived paraffin embedded feline oral SCC tissues from 42 cats collected
over an eleven year period (1997-2008) were obtained from the Diagnostic Laboratory at
Colorado State University. All tumors were confirmed as feline oral SCC by a boarded
pathologist. Twenty-two of 42 blocks were not decalcified and 20 of 42 blocks were considered
decalcified based on the presence or absence of bony tissue in the H&E stained slides. These 20
blocks were excluded due to the impact of the decalcification process on immunohistochemistry
(IHC) staining.*** The remaining 22 blocks consisted of tissues from 13 neutered males, one
intact male, and eight spayed female cats. Breeds included ten domestic short hair, nine domestic
long hair, one Siamese, one Ragdoll, and one Persian. The median age of the cats was 10.5 years
(range, 5 to 19 years). Tumor locations included six maxillary, three mandibular, two buccal
mucosa, two laryngeal, and nine tongue/sublingual. Corresponding patient records were
reviewed. If needed, additional information was obtained through a questionnaire distributed to
the referring veterinarians to verify information regarding date of diagnosis and death/euthanasia,
as well as reason of death/euthanasia.

MI: Mitotic index was determined by counting mitotic cells in ten random high power fields
(HPFs) (400x magnification) of hematoxylin and eosin (H&E) stained slides. The slides were
read twice by a single author without knowledge of patient survival time. Then the total numbers

of cells in mitosis were divided by the numbers of HPFs counted to obtain an average Ml
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(Mlave). The maximum number of mitotic cells in these HPFs for each patient was also recorded
as MImax and used for analysis. These results were confirmed by a boarded pathologist.
Western analysis: Briefly, the SCCF1 cell line (Cell line supplied by Dr. Thomas Rosol, the
Ohio State University, Columbus, OH) was maintained as published previously.'® The cells were
lysed using a commercial lysis buffer (Lysis buffer contains M-PER mammalian protein
extraction reagent; Thermo Fisher Scientific, Fremont CA, SDS, protease inhibitor; Roche,
Indianapolis, IN, sodium orthovanadate, and phenylmethanesulfonyl fluoride). Lysate
supernatant was stored at -80 °C until analyzed. Protein concentration in the lysate was measured
using a commercially available kit (BCA protein assay reagent, Thermo Fisher Scientific,
Fremont CA). The cell lysate was electrophoresed with a protein molecular weight ladder
(Precision plus protein kaleidoscope standards, Bio-Rad Laboratories, Hercules, CA) and
horizontally blotted onto a polyvinylidene difluoride membrane (PVVDF membrane, Bio-Rad
Laboratories, Hercules, CA). The membrane was incubated with blocking buffer (Superblock,
Thermo Fisher Scientific, Fremont CA) for 1 hour, then the membrane was incubated with
mouse anti-human monoclonal EGFR antibody (ab-10, Thermo Fisher Scientific, Fremont CA)
(diluted in the blocking buffer 1:50) overnight at 4 °C followed by incubation with a goat anti-
mouse secondary antibody conjugated with horseradish peroxidase (1:10,000 diluted in TBST,
Millipore, Billerica, MA) for two hours at room temperature. The band was visualized with a
chemiluminescent enzyme substrate (SuperSignal West Pico, Thermo Fisher Scientific, Fremont
CA). A CCD camera equipped chemiluminescent imager (ChemiDoc XRS system, Bio-Rad
Laboratories, Hercules, CA) was used to capture images.

Sample preparation for IHC: Tumor samples were sectioned to 5 pum thickness and mounted

on positively-charged glass slides.
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IHC: The IHC protocols used are described in detail elsewhere.* Briefly, the slides were
deparaffinized and rehydrated through graded xylene and alcohol. Antigen retrieval was
conducted with citrate buffer (Dako target retrieval solution, Dako, Carpinteria, CA) for Ki67
and VWHT (the latter used as an endothelial marker for MVD analysis) and with protease (Dako
cytomation proteolytic enzyme, Dako, Carpinteria, CA) for EGFR. This was followed by
incubation with a blocking reagent (Background sniper, Biocare medical, Concord, CA) for ten
minutes. The primary antibody {mouse anti-human Ki67 monoclonal 1:50 dilution (MIB-1,
Dako, Carpinteria, CA); rabbit anti-human polyclonal vW{ 1:300 dilution (A0082, Dako,
Carpinteria, CA); EGFR 1:50 dilution}was applied and incubated overnight at 4 °C. Slides were
then incubated with 3% hydrogen peroxide for 10 minutes, followed by incubation with a
universal secondary antibody {(Dako Envision+ Dual link, Dako, Carpinteria, CA) for Ki67 and
VWHI, (Dako Envision+, Dako, Carpinteria, CA) for EGFR} for 20 min at room temperature. A
diaminobenzidine substrate kit (DAB substrate kit for peroxidase, Vector Laboratories,
Burlingame, CA) was utilized to detect immunoreactive complexes. The slides were
counterstained with Mayer’s hematoxylin and permanently mounted. Appropriate positive
control slides were used for each batch and for all antibodies (feline lymph nodes for Ki67 and
feline urinary bladder for vWf and EGFR). Negative controls were stained exactly the same as
tumor slides except for omission of the primary antibody.

Grading of IHC stains: The evaluation of Ki67 and EGFR was completed by two readers who
graded all slides independently based on criteria described below. Discrepancies were reviewed
together at a multihead microscope and consensus was reached. Grading was confirmed by a

boarded pathologist. If no consensus was obtained, the reading was repeated.
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Scoring of the protein expression of Ki67: Ki67 staining was evaluated using our own scoring
system. The system is based on the percent of positively-stained tumor cells (0; 0%, 1; 1-5%, 2;
6-20%, 3; 21-50%, 4; >51%)(Ki67%) and the average intensity of positively stained tumor cells
(0; negative, 1; weak, 2; moderate, 3; strong, 4; very strong)(Ki67int). The percentage of positive
cells and intensity were multiplied to obtain a total score of 0 - 16 (Ki67total).

Scoring of the protein expression of EGFR: EGFR was evaluated based on a previously
published method.*® The percent of positively stained tumor cells was graded as 0; 0%, 1; <10%,
2; 11-30%, 3; 31-60%, and 4; >61% (EGFR%). The intensity of positively stained tumor cells
was graded as 0; negative, 1; weak, 2; moderate, 3; strong (EGFRint). The percent of positive
cells and intensity were multiplied to obtain a total score (EGFRtotal).

MVD analysis: Microvascular density analysis was done by evaluating blood vessels positive
for vWT. Image analysis was performed using a microscope (Carl Zeiss Axioplan 2 imaging
scope, Carl Zeiss, Thornwood, New York) equipped with a CCD camera (AxioCam HRc Carl
Zeiss camera, Carl Zeiss, Thornwood, New York) and image analysis software (Axio Vision 4.3
system software, Carl Zeiss, Thornwood, New York). Briefly, the entire tumor section was
scanned under low power (40x magnification) to determine the highest microvascular density
area (hot spot) close to tumor cells.?® Then, at 200x magnification, two distinct hot spots were
picked from each slide and captured. MVD was expressed as the ratio of positively-stained
pixels of representative endothelium over the total amount of image pixels (MVD%). The actual
numbers of pixels of positively stained endothelial cells (MVD#) was also determined.

Tumor locations and molecular markers: Analysis was performed to evaluate if there was any
relationship between tumor location and expression of these molecular markers. Locations

included mandible, maxilla, and tongue/sublingual. Mandible and maxilla were combined into a
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single group to increase statistical power. Because of the smaller sample population, laryngeal
and buccal mucosa were excluded from this analysis. A two-sample t-test was used to evaluate
differences in molecular marker expression between tumor locations. The normality assumption
was verified using normal-probability plots.

Overall survival time (OST) and correlation analysis between OST and tumor
locations/markers: OST was defined as the time from diagnosis to either death or last follow-up
evaluation. Data from patients with an unknown date of death were censored at the time of the
last known follow-up.

Statistical Analysis: All statistical tests were two-sided, and P-values <0.05 were considered
significant. For each case, Mlave and MImax were correlated with Ki67 scores. The association
between Ki67 scores and M1 scores was evaluated by performing a non-parametric Spearman’s
rank correlation analysis. The Kaplan—Meier methodology was used to estimate the median OST.
The comparison of OST between tumor location groups was performed using the log-rank test.
Multivariate Cox proportional hazard analysis was performed to determine the prognostic
significance of the molecular markers for predicting OST. The proportional hazard assumption
was verified using plots of the log (-log) survival curves and Schoenfeld residuals. Statistical
data analyses were performed using commercially available software (SAS, version 9.2, SAS

Institute Inc, Cary, NC).

Results
Western analysis: We confirmed cross-reactivity of the EGFR antibody by performing western
analysis even though this antibody was previously reported to cross react with feline tissue.*

Human EGFR was reported to be 170 kDa in size** and feline EGFR protein has a similar
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molecular weight.* Only a single intense band was observed at approximately 170 kDa (Figure
4.1), suggesting that this antibody cross-reacts and is specific for feline EGFR protein.

IHC: Ki67 exhibited nuclear, vWf cytoplasmic, and EGFR membranous and cytoplasmic
localization respectively (Figure 4.2). The median and range of scores for each marker in all
patients (22 cats) is summarized in Table 4.1.

M1 and Ki67 grades: There were significant correlations between MImax and Ki67int (P=0.05,
95%Cl; 0.01, 0.73), MImax and Ki67 total (P=0.004, 95%ClI; 0.23, 0.82), and Mlave and
Ki67total (P=0.04, 95%CI; 0.05, 0.75).

Tumor location and molecular markers: P-values of the t-test were summarized in Table 4.1,
Although not significant, the tongue tumor group tended to have higher MVVD% compared to
mandible/maxilla group (P=0.088). Other markers showed no difference based on tumor location.
OST and correlation analysis between OST and tumor location/marker: Among 22 cats,
there were 14 death events in this cohort. The median survival time of the 14 cats was 10.5 days.
Although not statistically significant, Cox proportional hazard analysis revealed an inverse
relationship between EGFRtotal and OST (P=0.097, hazard ratio= 1.91, 95% confidence
interval: 0.97 -1.47) (Figure 4.3). A cutoff value of 2 for EGFRtotal was determined based on the
median of the patient population. All other markers showed no significant correlations. There
was no statistically significant difference in OST between the maxilla/mandible group and the

tongue/sublingual group.

Discussions
Feline oral SCC is resistant to conventional treatments,>*’® but the mechanism of

resistance is still unknown. The main purposes of this retrospective study was to analyze Ml,
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1830 in order to

Ki67, MVD, and EGFR within a larger patient population than previous studies
understand and characterize the biology of feline oral SCC better, as well as to seek a correlation
between these markers and clinical outcome.

We found significant positive correlations between some Ki67 scores and Ml scores. To
our knowledge, this is the first report that showed a significant correlation between Ml and Ki67
scores in feline oral SCC. Ki67 is expressed in all cell cycle phases of actively proliferating cells
but not in quiescent cells (G0).*" In contrast, mitotic index takes into account cells in mitosis but
not cells in other cell cycle phases or GO. Melzer et al. reported that there was a correlation
between Ki67 reactivity and disease free intervals in feline nasal and periocular SCC.*® In dogs
with cutaneous mast cell tumors, Ki67 was shown to be a prognostic factor.*® Both Ki67 and Ml
are known to be related to patient outcomes in human breast cancer and lung SCC.3" Thus,
observing correlations between the two indices in this study was not surprising. However, the
correlations we found may imply that many feline oral SCC cells positive for Ki67 are able to
pass cell cycle checkpoints and continue proliferating rather than undergoing senescence or
apoptosis which are both Ki67 negative processes.*’” Given the role of Ki67 and Ml in human
and veterinary oncology as a prognostic factor in multiple tumor types, we expected to see
significant correlations between these two markers and patient OST. Our study did not find a
statistically significant correlation with patient OST, possibly due to the smaller sample size in
the current study.

EGFR is a transmembrane growth hormone receptor and activation of its receptor-
coupled tyrosine kinase leads to activation of signaling cascades such as cell cycle regulation and
cytoskeleton reorganization.?® In humans, EGFR is known to be a prognostic indicator in many

malignancies including H&N SCC.* Although not statistically significant, we found a negative
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correlation between EGFRtotal and OST. Considering that EGFR activation leads to cell cycle
progression, invasion, and inhibition of apoptosis and accumulating data that suggest similarities
between human H&N SCC and feline oral SCC, this trend suggests that EGFR may be useful as
a prognostic indicator for OST in cats with oral SCC.'**° Because of the retrospective nature of
our current study, treatments that patients received varied widely from no treatment to more
aggressive treatments such as multiple radical surgical excisions or XRT (data not shown). As
demonstrated in Figure 4.3, there was an initial drop of patient survival in both EGFR low and
EGFR high groups. This drop was attributed to euthanasia elected by owners immediately
following diagnosis. We performed a secondary survival analysis including only patients who
lived more than 7 days. In this secondary analysis, EGFRtotal was not prognostic for patient
survival but showed a similar trend (P=0.14) as in the original analysis (P=0.097), supporting the
negative trend that we found in the primary analysis. Despite some limitations (small patient
population, wide treatment variety), the negative trend we showed in this study was an
interesting finding. If a well-controlled prospective study can verify this correlation, drugs
targeting the EGFR pathway may be beneficial to cats with oral SCC.

Tumor vascularization is an important factor for tumor oxygen and nutrient supply as
well as for tumor metastasis.** Tumors tend to create less organized and less dense vascular
networks compared to normal vasculature.*? This structural difference might result in ineffective
oxygen delivery to tumor cells creating hypoxic areas. VWT has been used to identify endothelial
cells to evaluate MVD.?® A so called “hot spot” technique has been widely used to quantify
MVD and correlations between MVD and outcome in several human tumors have been
reported.? In the current study, neither MVVD% nor MVD# correlated with patient survival time.

However, MVD% in tongue SCC tended to be higher than MVD% in mandibular and maxillary
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SCC. This result may indicate higher vascularity in feline oral SCC of the tongue although the
tongue may normally have higher MVD thus this comparison is of uncertain significance. We
quantified MVD within the tumor tissue (“hot spot” technique), not within the normal tongue,
but it is unclear whether the vascularity of the normal tissue had an influence on the MVD in the
tumor. Based on our clinical experience, we feel that feline oral SCC in the tongue is more
difficult to treat but this may be due to its location and higher impact on a patient’s ability to eat.
At this point, we can not fully explain this contradiction between our clinical impression about
the treatment response of the tongue SCC and higher MVD% in the tongue. However we believe
that this trend might be more clearly identified by evaluating more patients and prospectively
measuring tissue oxygen tension directly.

In conclusion, in this preliminary study, we saw large inter-tumoral heterogeneity in Ki67,
MI, MVD, and EGFR in feline oral SCC. The negative trend between EGFRtotal and OST
suggests a similarity between feline oral SCC and human H&N SCC. The current study
identifies the role of EGFR as a potential prognostic indicator for patient survival and suggests
that therapeutic interference of the EGFR pathway might be a novel means to control this
aggressive cancer. A prospective characterization study may help identify further prognostic

factors and enhance understanding of the biology of this devastating tumor.
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Table 4.1: Summary of mitotic index (MI), Ki67, microvascular density (MVD), and epidermal growth factor receptor (EGFR) in

feline oral SCC; median (range)

MI Ki67 MVD EGFR
Ave | Max % Int | Total % | # % | Int | Total
Total (22) 23(0.1-64) | 6(1-10) | 4(24) | 3(24) [ 12(6-16) | 2.8 (0.9-4.4) | 208 (107-532) | 2 (0-4) 2(0:3) | 2(0-12)
Mandible/maxilla (9) | 1.4(0.1-6.4) | 3(1-9) | 42-4) | 302-4) | 12(6-16) | 1.4(0.9-4.1) | 181(128-325) | 1(0-4) 1(0-3) 2(0-8)
Tongue/sublingual (9) | 3.6(0.2-5.5) | 6(1-10) | 3(2-4) | 3(3-4) | 12(6-16) | 3.01(1.1-4.4) | 212(107-532) | 2(1-4) 2(1-3) 4(1-12)
0.600 0.350 0.890 0.088 0.410 0.280 0.520 0.250

0.380 0.420

P-value
Ave, Average of total MI in up to 10 high power fields (HPF);, Max, Maximum number of mitotic cells in these HPF; %, Percent of positively stained tumor

cells; Int, intensity of each marker; Total, product of % and Int
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Figure 4.1: Western blot assay to verify cross-reactivity of
an epidermal growth factor receptor antibody against a
feline squamous cell carcinoma cell line. Note the single
intense band seen in the left lane. Molecular weight
marker was run in the right lane.
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Figure 4.2: Representative images of biological markers evaluated
with hematoxylin and eosin (A) and immunohistochemical staining
(B-D) in feline oral squamous cell carcinoma [Mitotic index (A),
Ki67 (B), Microvascular density (C), epidermal growth factor (D)].
Bar=20pm.
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Figure 4.3: Kaplan—Meier graph showing overall survival time of
cats with low (<=2) EGFRtotal and high (>2) EGFRtotal.
Although not statistically significant, patients with EGFRtotal >2
tended to have a shorter survival times than patients with
EGFRtotal<=2. (P=0.097, hazard ratio=1.91, 95% confidence
interval: 0.97-1.47).
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CHAPTER 5: ASSESSMENT OF PREDICTIVE MOLECULAR VARIABLES IN FELINE
ORAL SQUAMOUS CELL CARCINOMA TREATED WITH STEREOTACTIC RADIATION

THERAPY
Brief Summary

This study evaluated molecular characteristics that are potentially prognostic in cats with
oral squamous cell carcinoma (SCC) that underwent stereotactic radiation therapy (SRT).
Survival time (ST) and progression-free interval (PFI) were correlated with mitotic index,
histopathological grades, Ki67 and epidermal growth factor receptor expressions, tumor
microvascular density (MVD), and tumor oxygen tension (pO,). Median ST and PFI were 106
and 87 days, respectively. Overall response rate was 38.5% with rapid improvement of clinical
symptoms in many cases. Patients with higher MVD or more keratinized SCC had significantly
shorter ST or PFI than patients with lower MVD or less keratinized SCC (P=0.041 and 0.049,
respectively). Females had significantly longer PFI and ST than males (P<0.016). Acute
toxicities were minimal. However, treatment-related complications such as fractured mandible
impacted quality of life. In conclusion, SRT alone should be considered as a palliative treatment.

MVD and degree of keratinization may be useful prognostic markers.

Introduction

Feline oral squamous cell carcinoma (SCC) is one of the most devastating veterinary
cancers due to its high rate of treatment failure. Although traditional and novel treatment
modalities have been evaluated, there has been no major improvement in tumor control or
survival time.® Given that almost all patients with oral SCC that undergo any treatment type
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eventually succumb to local tumor recurrence or tumor progression, primary tumor control is the
most critical treatment goal. However, lack of our knowledge about the biology of SCC limits

development of more effective treatment modalities.

In human SCC and feline SCC, possible prognostic markers have been evaluated and
those include histopathological grading, Ki67, epidermal growth factor receptor (EGFR), and
microvascular density (MVD). Histopathological grading has been used to evaluate and
prognosticate human oral SCC and parameters include degree of keratinization, mitotic index,
and stage of invasion.’®™® Ki67 is a protein specifically expressed in the nucleus of actively
proliferating cells.** One study evaluated the correlation between immunohistochemically-
evaluated Ki67 expression and treatment outcome after electron radiation therapy (XRT) in
feline cutaneous SCC."™ In this study, patients with higher Ki67 expression had better treatment
outcome compared to patients with lower Ki67 expression. EGFR is a transmembrane receptor
coupled with tyrosine kinase. This receptor has been shown to play key roles in multiple cellular
events including cell proliferation, apoptosis, and migration in human tumors.*® '’ High EGFR
immunoreactivity has been shown to be prognostic for shorter survival and local control after
fractionated radiation therapy in human H&N SCC.*8 Our previous study revealed that EGFR
expression may be a prognostic factor in feline oral SCC.® MVD is a technique to evaluate
tumor angiogenesis that has been identified as a prognostic factor in some human malignancies

including breast carcinoma, ovarian carcinoma, and head and neck (H&N) SCC.?>%®

XRT plays an important role in management of human and veterinary cancer patients.
Stereotactic XRT (SRT) is a novel technique recently introduced in veterinary medicine. This
new technique allows increasing dose to the target yet spares adjacent normal structures because

of the steep dose drop-off outside the treatment target and higher delivery accuracy. It has been
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suggested that the biological responses/events occur in the human tumor and its
microenvironment after SRT is different from those after conventional fractionated XRT.?* %
Previous studies with xenograft models have shown that significant number of tumor vasculature
endothelial cells undergo apoptosis when tumors are treated with a larger dose/fraction such as
>10 Gy/fraction.” In addition, tumors irradiated with a larger dose/fraction (8-10 Gy) have been
shown to undergo mitotic death following G2 phase-arrest and those receiving an extremely
large dose/fraction (>15-20 Gy) have been shown to undergo interphase death regardless of the
cell cycle phase.? Clinically, SRT has been evaluated as a primary treatment modality for human
H&N SCC.?*? In these studies, most patients showed clinical responses and the authors
concluded that SRT is a useful treatment option for human patients with H&N SCC although its
long-term treatment outcome was not as favorable as that of more aggressive combination
treatment of surgery, XRT, and chemotherapy. However, because SRT is a completely new XRT

technique in veterinary medicine, knowledge about its efficacy for a variety of veterinary

malignancies including feline oral SCC is scarce.

Oxygen status in tissue is a well-known factor that affects the biological response of cells
to photon irradiation.?® Human cancer contains hypoxic regions due to abnormal tumor vascular
function, structure, and organization.*® Also, hypoxic tumors are known to have less apoptotic
potential.** 32 In human H&N SCC and cervical carcinoma, tumor hypoxia, which is typically
defined as median or mean oxygen tension (pO;) < 5-10 mm Hg, predicts tumor control and
survival time after fractionated XRT.% 30 Fractionated XRT has been advocated to increase
post-treatment tumor pO- theoretically.?® One study has shown an improvement in tumor pO, in

human patients with cervical SCC after treatments including fractionated XRT although results
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of clinical studies are not consistent.>* *"*? Post-SRT in vivo oxygen measurement in

spontaneous cancer patients has not been reported in human or veterinary medicine.

The main purpose of the current study was to prospectively evaluate the prognostic
significance of variety of different markers (histopathological grades, Ki67, EGFR, MVD, tumor

pO, and patient parameters) for the patients with feline oral SCC treated by SRT.

Materials and methods

Patient population: Twenty feline oral SCC patients who were referred to the Flint Animal
Cancer Center, Colorado State University (CSU-ACC) between January 2010 and July 2011
were enrolled into the study at owner’s consent. All patients underwent diagnostic evaluations
including chest radiographs, complete blood count, serum chemistry profile, and urinalysis. All
patients were clinically staged using an established WHO clinical staging scheme (Table5.1).®
This study protocol was approved by institutional animal care and use committee (IACUC). All

biopsy samples were confirmed to be SCC by a boarded pathologist.

CT or PET/CT examination and stereotactic radiation Therapy: All patients underwent
either CT or PET/CT examination for radiation therapy planning, using an integrated PET/CT
scanner (Philips Gemini TF Big Bore 16-slice scanner, Philips Medical Systems, Andover, MA).
After inducing general anesthesia (typically with atropine, methadone or hydromorphone, and
ketamine or propofol induction, followed by maintenance with oxygen/isoflurane or sevoflurane
admixture), patients were positioned on the CT couch in either ventral or dorsal recumbency
using custom-made immobilization devices reported in our previous study.** * Patients who
underwent PET/CT examination were injected intravenously (IV) with 0.17 mCi per kg +/- 10%
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F_FDG and the time recorded. A detailed PET/CT protocol is described in our previous
report.*® For the patients who did not undergo PET/CT, regular pre- and post-contrast CT studies

were performed with the same patient setup apparatus.

Post-contrast simulation CT images were imported into the Eclipse treatment planning
workstation (version 8.6.0, Varian Medical Systems, Palo Alto, CA). Normal organs at risk
(OAR) such as eyes, lenses, brain, skin, oral mucosa, bones, trachea, esophagus, mandibular
salivary glands, spinal cord, optic chiasm, and tongue were identified and contoured. Mandibular
and retropharyngeal lymph nodes were also contoured. Grossly identifiable tumor was delineated
as the gross tumor volume (GTV) based on contrast enhancement and PET avidity. No
expansion for potential subclinical diseases {GTV-to-clinical target volume (CTV) margin} was
used. This is because SRT delivers a higher dose per fraction to the target and irradiating the
surrounding normal tissues (that could be included in the CTV) with high dose per fraction
increases the risk of late radiation toxicities. A uniform planning target volume (PTV) expansion
(2 mm) was added to the GTV, lymph nodes, and all OARs. Computerized, three-dimensional
image-based treatment planning using an inverse planning algorithm, tissue heterogeneity
correction, and intensity modulation (sliding leaf technique with multi-leaf collimator) was used
for all patients. 6 MV and/or 10 MV photon energies were used for all patients and typical plans
consisted of equally-spaced 6-10 co-planar beams. Isocentric (100 cm) technique was used for all
patients. Tissue-equivalent bolus was used when required. Plans were evaluated by visual
inspection of dose color-wash and dose volume histograms and approved by an American
College of Veterinary Radiology board-certified veterinary radiation oncologist. The regional
lymph nodes were irradiated either prophylactically or with curative intent depending on the

result of physical examination, CT or PET/CT images, and cytological examination. Quality
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assurance of the plan and dose delivery was performed for each case by an American Board of

Radiology certified therapeutic medical physicist.

On the day of treatment, patients were anesthetized and positioned on the treatment couch
with the immobilization devices made at the time of CT/PET-CT examination. A Varian Trilogy
linear accelerator (Varian Medical Systems, Palo Alto, CA) was used to administer SRT.
Alignment of patient positioning was done by comparing digitally reconstructed radiographs that
are created in the Eclipse workstation and/or original planning CT to two orthogonal KV images
and/or cone-beam CT that were obtained with on-board imaging device.* Using an image
comparison tool, appropriate couch shifts (X, Y, and Z directions, as well as couch rotation)

were applied.

In this study, the proposed SRT protocol was 10 Gy x 3 fx (3 consecutive days) to the
PTV but this was modified to 20 Gy x 1 fx because many patients had concurrent medical issues

that precluded repeated anesthesia. This change was also approved by the IACUC.

Patient follow-up and evaluation of treatment response, outcome and toxicities: Patients
were checked two weeks after the SRT either at the CSU-ACC or at the referring animal
hospitals. All patients were followed-up every 2-3 months thereafter until their death or as
needed. A follow-up CT or **FDG-PET/CT examination was performed to evaluate treatment
response four weeks after SRT. Only contrast-enhanced CT images were used for this purpose to
maintain consistency between patients. Complete remission (CR), partial response (PR),
progressing disease (PD), and stable disease (SD) were defined as follows; CR = disappearance
of detectable diseases, PR > 30% reduction in the largest tumor dimension, PD > 20 % increase

in the largest tumor dimension, SD = between PR and PD. The severity of SRT-related acute and
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late toxicities was evaluated at the time of recheck appointments and scored based on the
published scoring schemes from the Veterinary Radiation Therapy Oncology Group (VRTOG).*
Progression free interval (PFI) was defined as the time from the start of SRT to the clinically
noticeable tumor recurrence or patient death, whichever comes first. Survival time (ST) was
defined as the time from the start of the SRT to the patient death. Patients who died of disease-

unrelated to the tumor/treatment were censored from PFI and ST analyses. Kaplan-Meier

analysis was performed to estimate median PFI and median ST.

Histophathological grading: Grading system used was modified from a published system for
human H&N tumors.*’ This system consisted of histological grading of malignancy of tumor cell
population (degree of keratinization, nuclear polymorphism, and number of mitosis) and tumor-
host relationship (pattern of invasion, stage of invasion, and lympho-plasmacytic infiltraion).
Modifications were determined by the primary author and a boarded veterinary pathologist (EJE)
(Table 5.2). This system was applied to the feline oral SCC of this study by the primary author

with all grading overseen by this pathologist (EJE).

Mitotic index: M1 was evaluated as described in our previously published study.'® Briefly, MI
was determined by counting mitotic cells in ten random HPFs (400x magnification) of H&E
stained slides. The slides were read twice by a single author in a blind manner and the total
numbers of cells in mitosis were divided by the numbers of HPFs counted to obtain an average
MI (Mlave). The maximum number of mitotic cells in these HPFs for each patient was also
recorded as MImax and used as one of the variables. These results were confirmed by a boarded

veterinary pathologist.
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Immunohitochemistry for Ki67, Von-Willebrand factor (VWTf, for MVD), and EGFR: The
IHC protocol for Ki67, vWf, and EGFR are described in our previously published study.*
Briefly, After antigen retrieval [citrate buffer (Dako target retrieval solution, Dako, Carpinteria,
CA) for Ki67 and vWT, and with protease (Dako cytomation proteolytic enzyme, Dako,
Carpinteria, CA) for EGFR for 1 min at 125 °C] and blocking (Background sniper, Biocare
medical, Concord, CA) for non-specific binding (10 minutes at room temperature), primary
antibody [mouse anti-human Ki67 monoclonal (MIB-1, Dako, Carpinteria, CA) 1:50 dilution;
rabbit anti-human vWf (A0082, Dako, Carpinteria, CA) polyclonal 1:300 dilution; mouse anti-
human EGFR monoclonal (ab-10, Thermo Fisher Scientific, Fremont CA)1:50 dilution] was
applied and incubated overnight at 4 °C. After blocking endogenous peroxidase (3% hydrogen
peroxide for 10 minutes), the slides were incubated with a universal secondary antibody (Dako
Envision+ Dual link, Dako, Carpinteria, CA) for 20 min at room temperature. A
diaminobenzidine substrate kit (DAB substrate kit for peroxidase, Vector Laboratories,
Burlingame, CA) was utilized to detect immunoreactive complexes. The slides were
counterstained with Mayer’s hematoxylin and permanently mounted. Appropriate positive
control slides were used for each batch and for all antibodies (feline lymph nodes for Ki67 and
feline urinary bladder for vWf and EGFR). Negative controls were stained exactly the same as

the tumor slides except for omission of the primary antibody.

Grading of IHC stains: The evaluation of Ki67 and EGFR was completed as our previously
reported study.'® Briefly, two readers graded all slides independently based on criteria described
below. Grading was performed in a blind manner. Discrepancies were reviewed together at a
multi-head microscope and consensus was reached. Grading was confirmed by a boarded

veterinary pathologist. If no consensus was obtained, the reading was repeated.
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Scoring of the protein expression of Ki67 and EGFR: Ki67 and EGFR staining was evaluated
as previously reported by our group.®® Briefly, the percent of positively-stained tumor cells (O;
0%, 1; 1-5%, 2; 6-20%, 3; 21-50%, 4; >51%)(Ki67%) and the average intensity of positively
stained tumor cells (0; negative, 1; weak, 2; moderate, 3; strong, 4; very strong)(Ki67int) were
recorded and these were multiplied to obtain a total score of 0 - 16 (Ki67total) for Ki67. For the
EGFR, the percent of positively stained tumor cells (0; 0%, 1; <10%, 2; 11-30%, 3; 31-60%, and
4;>61%) (EGFR%) and the average intensity of positively stained tumor cells (0; negative, 1;
weak, 2; moderate, 3; strong) (EGFRint) were scored and these were multiplied to obtain a total

score (EGFRtotal).

Microvascular density analysis: MVD was evaluated as described in our previous study.*®
Briefly, blood vessels positive for vWT was quantified using a microscope equipped with a CCD
camera (Carl Zeiss Axioplan 2 imaging scope, Carl Zeiss, Thornwood, New York) and image
analysis software (Axio Vision 4.3 system software, Carl Zeiss, Thornwood, New York). After
scanning the entire field under low power field (40x magnification), the highest microvascular
density area (hot spot) close to tumor cells was determined subjectively.*® Then, at 200x
magnification, two distinct hot spots were picked from each slide and captured. MVD was
expressed as the ratio of positively-stained pixels of representative endothelium over the total
amount of image pixels and the results from these two slides were averaged (Auto%Ave). Higher
percentile among these two images was also recorded as Auto%Max. We also counted the
number of microvessels manually as a previous study and averaged them to obtain ManualAve

and the maximum count among the two hot-spot images was also recorded as ManualMax.*®

pO, measurement: pO; in the tumor was measured immediately before and 24 hours after SRT.

pO, was also measured in an accessible normal-looking area of mucus membrane outside of the
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treatment field to serve as an internal control. Tissue pO, was measured using a fiber-optic pO,
measurement system (OxyL.ite system, Oxford Optronics, UK) with a “large area” probe with an
8 mm window for pO, measurement. After inducing general anesthesia, patients inhaled admixed
oxygen which was set to 28% of pO, and were maintained for at least 15 minutes to equalize the
oxygen concentration in the body. This produces a pO, within the normal range for patients at
altitude.”® The site and insertion angle of the probe were decided based upon the planning CT.
The site for the normal tissue pO, was decided for each case, depending on the patient position
and tumor location. Sites were then gently cleaned with 4% chlorhexidine and saline. A small
skin/mucosal incision was made with a #11 scalpel blade. The sheath of a 24 G intravenous
catheter was used to pass the oxygen probe into the tumor and the normal tissues. Probe
positioning was visually confirmed. Once the probes were placed in the tissues, pO,
measurement was started. All data was recorded using software provided by the manufacturer
(Chart5, Oxford Optronics, UK). Typically, it took approximately 5 to 10 minutes until the
measurement reading stabilized. Once the measurement was completed, probes were pulled out
and the incision sites were cleaned appropriately. All probes were calibrated before each
measurement following manufacturer’s instructions. After the measurement, the pO, data was
reviewed using the provided software. Final data was obtained by averaging approximately 10
seconds of reading after reached stable status. Two-tailed, paired t-test was performed to

evaluate changes in pre- and post-SRT pO, in tumor and normal tissue.

Evaluating markers as a prognostic factor for ST and PFI: Patients were divided into two
groups; above or below the median result of each marker (“high” and “low” groups,
respectively). A Log-Rank test was performed to evaluate for a prognostic significance for ST

and PFI. Univariate Cox-proportional hazard analysis was also performed. Patient factors
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included for those analyses were sex, age at the time of diagnosis of oral SCC, body weight at
the time of SRT, clinical stage, volume of GTV, and tumor location. Variables with those P-
values < 0.05 in either Log-Rank or univariate Cox-proportional hazard analysis were included

in multivariate Cox-proportional hazard analysis.

Difference of IHC markers, histopathological grading, pre-SRT tumor pO,, and volume of
GTYV between clinical stages or tumor locations: Patients were sorted into either clinical stage
Il or stage I1I/1V. Patients were also grouped into either mandibular/maxillary or
tongue/laryngeal group. Between these groups, statistical analyses were performed to evaluate
any difference in IHC scores, pre-SRT tumor pO,, and volume of GTV. Student’s t-test was
performed for the pre-SRT tumor pO, and the volume of GTV. Mann-Whitney rank sum test was
performed for the M1 and the MV Ds. Fisher exact test was performed for the Ki67, the EGFR,

and the histopathological grading.

Statistical analysis: All statistical analysis was performed using commercially available
software (SigmaStat version 3.5 and SigmaPlot version 12, Systat Software, San Jose, CA). A P-

value < 0.05 was considered statistically significant.

Results

Patient information, ST, and PFI: Fifteen domestic short hair, four domestic long hair, and one
Siamese were included in the study. Tumor locations included mandible (11), lingual/laryngeal
(6), and maxilla (3). There were twelve neutered males, seven neutered females, and one intact
female. Mean patient age and body weight at diagnosis were 12.5 y.o. and 4.4 kg, respectively.
There were nine each patients in clinical stage Il and stage Il and two patients were in stage IV.
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All histopathological grading criteria were (Table 5.2) subjectively evenly distributed except the
stage of invasion since most cases had invaded into the adjacent muscles (data not shown).
Information regarding sex, age, and body weight of the patients, tumor location, clinical stage,
volume of GTV, prescribed dose, maximum, mean, and 95% doses of PTV, ST, PFI, and reason
of death are listed in Tables 5.3 and 5.4. One of the two patients who received 10 Gy x 3
fractions (#3) received an additional fraction of 20 Gy when the tumor recurred 104 days after
the first fraction of SRT. One of the 17 patients (#19) who received 20 Gy x 1 fraction
underwent multiple cytoreductive surgeries when the tumor recurred 108 days after the start of
SRT. For these two patients, PFI was determined at time of first recurrence. Among the 20
patients, twelve had PET/CT examination and eight had CT examination for SRT planning.
There were two patients with metastatic lymph nodes. One of them had a large SCC at left side
of the neck and the mandibular and retropharyngeal lymph nodes were considered contiguous to
the original tumor mass. The other patient had a metastatic superficial cervical lymph node. This

patient received 16.2-16.6 Gy to its mandibular, retropharyngeal, and cervical lymph nodes.

Among the 20 cats, two cats were euthanized due to tumor/treatment-unrelated problems
both at day 21 (Case#4: heart failure, case#6: acute renal failure) (Table.5.4). These two cats had
no obvious progression of disease when they were euthanized. They were censored from ST and
PFI analysis. Median ST was 106 days (range: 14-359 days) (Figure 5.1A). Median PFI was 87

days (range: 14-206 days) (Figure 5.1B) (range: 14-206 days)

Thirteen cats underwent either CT or *®F-FDG PET/CT 30 days post-SRT in average.
Among them, two cats (15.4 %) showed CR, eight cats (61.5 %) showed SD, and three cats

(23.1 %) showed PR. Overall response rate was 38.5 % (Table 5.4).
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Evaluating markers as a prognostic factor for ST and PFI: As previously reported, Ki67
showed nuclear staining.'® vWf and EGFR showed cytoplasmic and membranous staining,
respectively.™® Log-Rank test revealed multiple variables that were significantly prognostic for
ST and PFI. For ST, EGFRint, ManualAve, patient sex, and volume of GTV showed statistically
significant differences between the two groups. To evaluate prognostic importance of these
variables by accounting for mutual impact, we conducted multivariate Cox-proportional hazard
analysis (Table 5.5). This test revealed that patients with higher ManualAve (P=0.041, RR=1.06,
95% CI=1.002, 1.1) (Figure 5.2 A-B, Figure 5.3 A) or male patients (P=0.025, for female:
RR=0.26, 95% CI1=0.08, 0.84) had significantly shorter ST than patients with lower ManualAve
or female patients (Table 5.5). For PFI, EGFRint, degree of keratinization and patient sex are
statistically significant in the Log-Rank analysis. In the multivariate Cox-proportional hazard
analysis, patients with higher degree of keratinization (P=0.049, RR=0.087, 95% CI1=0.0076,
0.99) (Figure 5.2 C-D, Figure 5.3 B) or male patients (P=0.016, for female: RR=0.17, 95%
CI1=0.042, 0.72) had significantly shorter PFI (Table 5.6). No other histopathological grading

parameters showed a statistical significance.

Patients #1 and #3 received 10 Gy x 3 fractions whereas other 18 patients received 20 Gy
x 1 fx. Also, patient #19 underwent multiple cytoreductive surgeries when the tumor recurred.
Therefore, we conducted the same ST analysis but this time, without these three cases. When
patient #1, 3, 19 were excluded from the ST analysis, patients with higher ManualAve (P=0.014,
RR=1.1, 95% CI=1.02, 1.3) or male patients (P=0.007, for female: RR=0.042, 95% CI1=0.0039,
0.42) still had significantly shorter ST in the multivariate Cox-proportional hazard analysis.
Because patients #1 and 3 underwent different SRT protocol from other 18 patients, PFI analysis

without these 2 patients were also performed. In this analysis, male patients (P=0.038, for
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female: RR=0.13, 95% CI=0.019, 0.89) still had significantly shorter PFI in the multivariate

Cox-proportional hazard analysis.

pO, measurement: Pre- and post-SRT pO; in tumor and normal tissue were summarized in
Figure 5.4. pO, measurement was not performed in one patient (SCC# 10) due to the patient’s
condition while under anesthesia. Four of the 19 patients had only the pre-SRT pO, measurement
(SCC#2,4,16: poor general condition, SCC#8: equipment failure). Paired t-test revealed that post-
SRT tumor pO, was significantly lower than pre-SRT tumor pO, (n=15, mean 19.2 mm Hg vs
11.02 mm Hg, P=0.047) (Figure 5.4). Paired t-test also revealed that pO; in pre-SRT tumor
(n=18) and post-SRT tumor (n=15) are significantly lower than those in pre-SRT normal tissue
and post-SRT normal tissue, respectively (both P < 0.001, 21.5 mm Hg vs 75.8 mm Hg and
11.02 mm Hg vs 68.8 mm Hg, respectively) (Figure 5.4). pO, in the normal tissues was normal

in both pre- and post-SRT.

Difference of IHC markers, pre-SRT pO,, and volume of GTV between patients with
different clinical stages or tumor locations: Statistically significant difference was not found
between clinical stages Il and 111/1V. Statistical analyses revealed that patients with
Tongue/Laryngeal tumors had significantly higher Manual Ave and ManualMax than patients

with Mandibular/Maxillary tumors (both P <0.001).

SRT-related toxicities: Toxicities and treatment-related complications are summarized in Table
5.7. No patients showed acute toxicity in skin or mucous membrane with (VRTOG) scores 2 or
higher. Patient #13 showed refractory glaucoma in the left eye approximately 2 months after
SRT. CT examination which was performed at this time revealed local tumor progression but the

exact cause of glaucoma of the left eye could not be determined. Other patients showed no late

110



effects or score 1 late effect in their skin/hair or eyes. Fractured/displaced mandible was
observed in 6 of 11 mandibular cases, fibrosis in 3 of 6 lingual/laryngeal cases, and oro-nasal

fistula in 1 of 3 maxillary cases.

Discussion

Feline oral SCC is a locally aggressive cancer that responds to local treatment initially
but almost always recurs locally.*® Although our knowledge about its etiology/biology has been
deepened by previous studies,™ >* ** knowledge about tumor biology that possibly leads to better
local tumor control is still scarce.” * °*>> Our current study was to evaluate the biological
variables that possibly act as a prognostic marker in feline patients with oral SCC treated by the

novel type of radiation therapy, SRT.

We found that patients with higher MVD had shorter ST compared to patients with lower
MVD. This finding is in contrast to a previous human study in which treatment outcome of
patients with H&N SCC was worse in patients with lower MVD.? In that study, patients
underwent fractionated radiation therapy instead of SRT. Although not proven in human patients,
it has been presumed that the tumoricidal effect of SRT, which typically delivers higher dose per
fraction, consists of radiation damage directly to the cancer cells and indirect damage secondary
to tumor vasculature damage whereas the effect of fractionated XRT is mainly from the direct
killing of the cancer cells.?* It has also been shown that the MVD decreases immediately after a
large single dose of radiation (10-15 Gy), remains reduced for varying periods, and occasionally
re-grows to the original level.?* In a study with human glioblastoma, tumor started re-growing

when blood perfusion recovered 3 weeks after an initial reduction in MVD and perfusion and an
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increase of hypoxic fraction caused by a single large dose of radiation (15 Gy).*® Although we
did not evaluate MVD serially and the correlation between MVD and tissue hypoxia is still
unclear, patients with higher pre-SRT MVD may have had more surviving tumor vasculature and
a lower hypoxic fraction compared to patients with lower pre-SRT MVD, resulting in continuous
proliferation of cancer cells. This may have led to significantly earlier local failure in patients
with higher pre-SRT MVD in the current study. This result suggests that additional treatments
targeting tumor vasculature such as metronomic chemotherapy may be beneficial although this
additional treatment may also increase the chance of normal tissue late toxicities by damaging
normal endothelial cells unless the treatment is targeted to the tumor vasculature. Further study

of serial evaluation of the change in MVD before and post-SRT is needed.>’

Statistical analyses revealed that patients with less keratinized SCC had longer PFI
compared to patients with more keratinized SCC. In human H&N SCC, one study reported that
lower degree of keratinization correlates to better treatment outcome.>® Other studies also
showed that human patients with more differentiated SCC had significantly poorer local tumor
control than patients with less differentiated SCC.** ® The patients in these three studies
underwent conventional fractionated XRT. Keratinized SCC is generally considered to be more
differentiated. Less differentiated tumors are generally considered to be more aggressive.
Although these results seem counterintuitive, our result regarding the degree of keratinization is
in accordance with the findings in human SCC studies. Because this variable is easily evaluated
using H&E stained tumor specimens, it might be worth continuing to evaluate the prognostic

significance to verify its usefulness in a larger patient population.
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We found that the male patients had significantly shorter ST and PFI compared to female
patients. As of our knowledge, this has never been reported and a plausible reason for the

difference between males and females still needs to be investigated in a larger patient population.

Patients with low scores of EGFR intensity had significantly shorter ST and PFI than
those with high scores in the Log-Rank analyses although this was not significant in the
multivariate Cox-proportional hazard analysis. Further investigation is needed to exclude the

chance of type Il error caused by the small sample population in the current study.

In the current study, median ST and median DFI were 106 and 87 days, respectively.
Although inter-study comparison is difficult, these outcomes in the current study do not appear
to be superior to previous studies.® > ® However, advantages of the current study include fewer
anesthesia events, less cosmetic and functional changes compared to more radical surgery, and
lower probability of side effects compared to other type of palliative radiation therapy.’ The
major disadvantage of SRT is its cost. Because the current study failed to prove an advantage in
long term local control over other treatment modalities and SRT showed about 40% of overall
response rate with rapid improvement of clinical symptoms in many cases, it should be

considered as a palliative treatment as is in human H&N SCC.%**%®

Tumor vasculature is not the same as normal tissue vasculature.®™ Tumor vasculature is
characterized by its tortuous, dilated, dead-ended, and leaky structure.®> ®* It has been shown
that the tumor vasculature is less dense and less effective to deliver oxygen and nutrients to the
surrounding cells.®* Moreover, blood flow in the tumor is slow and bi-directional.®* Although no
study has evaluated the blood flow dynamics and vascular structure in feline oral SCC, it might

be reasonable to assume that these well-known characteristics of tumor vasculature can be
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applied to this feline cancer. In our study, we performed direct measurement of tissue pO; in the
oral SCC and nearby normal tissues using a fiber-optic system. In human H&N SCC, tumor pO;
as a prognostic value has been extensively studied with controversial results.” 3 *:2 In the
current study, no correlations were found between pre-SRT tumor pO; and ST or PFI. There are
a couple of possible explanations for this result. First, the treatment protocol in the current study
(SRT) was different from these previous studies that used fractionated protocols. Second, the
oxygen measurement probe used in the current study was different from the one used in previous
reports, in which polarographic oxygen probes were used.** ®? In our study, we used the fiber-
optic probe. Although histogram analysis is probably the most ideal technique that is currently
available to evaluate tissue oxygen status, we obtained a single-point reading of pO, with a wide
window probe. This probe has an 8 mm of reading window and therefore, the pO, readout is the
average of the pO, around the window. Given the fact that the tissue pO, changes dramatically in
less than 100 um,”® hypoxic areas may have been masked by non-hypoxic areas with this
averaging. However, the fiber-optic probe has some advantages over the polarographic probes
and those include higher sensitivity in the lower range (pO,<10 mm Hg) of pO, and no oxygen
consumption by the probe.®® Even with those advantages, fiber-optic probes lack spatial
information of pO; and a novel pO, measurement modality which allows us quick and accurate
measurement in multiple points and is as practical as the fiber-optic system will be needed to

deepen our knowledge about tumor pO..

In the current study, pre-SRT mean pO, in the tumor was significantly lower than that in
the normal tissues. A statistically significant difference between the tumor and normal tissues
was also seen at 24 hrs after SRT. These findings are in accordance with the general consensus

that tumor is more hypoxic than normal tissues.®* ® On the other hand, as is shown in Figure 5.4,
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we observed a large inter-patient variation of pO, in normal tissues. This variation has been
reported in human literature t00.°% ®* ® These previous studies have also shown that there is a
large intra-patient/intra-organ heterogeneity of pO,, by using the histogram technique. Although
we performed only a “single-point measurement” in the normal subcutaneous tissues, the inter-
patient heterogeneity we observed may suggest that the oxygenation status in feline normal
tissues is similar to that in human normal tissues. Previous reports have also shown that there is
some inter-patient heterogeneity in tumor pO,.2 ***! %2 Although different measurement
techniques were used among the previous studies as well as between these studies and our
current studies, the heterogeneity in tumor pO, we observed may suggest that it might be worth
further investigation for prognostication. Tumor oxygenation status is an important tumor-
microenvironmental factor that affects the response of tumor to radiation therapy especially
photon therapy.? For photon radiation therapy, oxygen enhancement ratio (OER), an indicator of
how much higher dose is required under hypoxic condition to obtain the same radiobiological
effects seen under oxygenated condition, has been reported to be around 2.5 at lower dose range
(~3 Gy) and become higher up to 3.5 as the dose increases (5-25 Gy) in Chinese hamster cells.?*
Although we showed that the pO, in the tumor is lower than that in the surrounding normal
tissues, an obvious question would be the magnitude of hypoxia at which level we see a
significant reduction in radiobiological effects. A study that was reported in 1953 has shown that
about 3 mm Hg of pO, (0.5 %) is required to obtain 50 % radiosensitivity of fully oxygenated
tumors and under 30 mm Hg of pO,, cells are 100 % radiosensitive.®® This data, however, was
obtained by using mouse tumor cells and some plant cells and therefore, it may not be
appropriate to extrapolate these numbers directly to feline oral SCC and other types of

malignancies. Clinically, there are studies that evaluated significance of pre-treatment tumor pO,
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as a prognostic marker for human H&N SCC patients treated with fractionated radiation
therapy.? 3 34 41.62.67 One of these studies evaluated pO, in 397 patients with H&N SCC.* In
this study, patients whose fraction of pO, <2.5 mm Hg was less than 19% of total measurement
had significantly better overall survival than those whose fraction of pO,<2.5 mm Hg was more
than 19 %. Moreover, the fraction of pO, <2.5 mm Hg was the most statistically significant

prognostic marker for patient survival.®

Patients in this study underwent curative intent
fractionated XRT with or without chemotherapy/surgery. Four other studies set the cut-off value
pO, between 2.5-10 mm Hg and found significantly worse prognosis in patients with higher
hypoxic fraction.? ****® Therefore, it may be reasonable to assume that clinically significant
cut-off value for the pO, histogram in human patients with H&N SCC treated with fractionated
radiation therapy is between 2.5-10 mm Hg. In the current study, however, we treated patients
with feline oral SCC with SRT, not fractionated protocol. As mentioned below, it seems like that
there is a substantial difference in the events occurring in the tumor cells and their
microenvironment in response to radiotherapy between SRT and fractionated regimen.
Furthermore, because the method we performed averages the pO, around the probe, it does not
provide us a histogram. And finally, our study has smaller patient population compared to these
human H&N SCC studies. Because of these differences/limitations in the current study, our

future direction to understand the clinical impact of tumor oxygenation includes a more detailed

pO, measurement such as histogram evaluation in a larger patient population.

In contrast to the well-accepted concept of re-oxygenation after a small fraction of
radiation, we did not observe an increase of tumor pO..%° Instead, we observed a significant
reduction of tumor pO, after SRT. Previous studies with xenograft models suggested that when

higher dose per fraction is used, radiation damage to the endothelial cells becomes critical and
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leads these cells to initiate apoptotic cascades as early as 3 hours post-irradiation ®* * In the
mouse xenograft model, the threshold dose for endothelial cell death has been suggested to be
around 10 Gy.®® In a study with human H&N SCC mouse xenograft, a single dose of 10 Gy
caused a significant reduction of hypoxic fraction with a minimum value reached at 7 hrs post-
irradiation followed by a steady increase of the hypoxic fraction until 11 days post-irradiation.”
The hypoxic fraction at that time (11 days post-irradiation) was significantly higher than that at
between 2 hrs and 96 hrs post-irradiation.”® Although the endothelial cell damage, at least
partially, may be the cause of the significant reduction of tumor pO, after SRT observed in the

current study, spatial and serial information of pO, and MVD is essential to understand the in

vivo effect of SRT on the tumor endothelial cells and tumor microenvironment more in detail.

In our previous study, we reported that the MVD in lingual SCC tended to be higher than
that in mandibular/maxillary SCC.*® In the current study, we found the same difference between
tongue/laryngeal group and mandibular/maxillary group, but this time the difference was
statistically significant (P<0.001). The impact of this significant difference to the patient
outcome is unclear because the tumor location (mandibular/maxillary vs tongue/laryngeal) was
not a prognostic factor in our current study. In order to clarify this discrepancy between our
current and previous studies, we think that it is important to increase the patient population and
continue evaluating the difference in MVD between lingual/laryngeal SCC and

mandibular/maxillary SCC.

In the current study, no patients showed acute or late toxicities with score of 3 in the
skin/mucous membrane, however, survival time was not long enough to adequately study late
effects (Table 5.7). No patients showed acute toxicities or if they did, the score was 1 in skin, or

mucous membrane. These acute toxicities were self-limiting and no treatment was indicated.
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There was a patient with possible radiation-induced glaucoma in the left eye recognized 8 weeks
post-SRT (patient #13). This patient had left maxillary SCC and received a single fraction of 20
Gy. The left eye was in the treatment field. Although the multileaf collimator was used to
minimize the dose to the left eye, approximately 30 % of the eye, mostly the ventral aspect,
received 10 Gy. Postmortem examination of the eye was not performed due to owner’s request.
A CT examination at the time of diagnosis of the glaucoma revealed significant progression of
SCC but could not differentiate whether the glaucoma was caused by tumor progression or
toxicity of SRT. Because there are only three maxillary SCC cats whose ST is more than 2
months, it is difficult to decide the precise incidence rate of SRT-related glaucoma at this point.
In the future, patients with maxillary SCC should be closely watched post-SRT for any signs of
intra-ocular inflammation or glaucoma. In the other patients with mandibular, laryngeal, or
lingual SCC, there was no sign of acute/late toxicity in their eyes, demonstrating the advantage
of a sharp drop-off of radiation dose outside the treatment target for intensity modulation and
SRT. We also observed fracture of mandible, lingual fibrosis, and oro-nasal fistula formation
typically 2-3 months post-SRT. Those complications were seen in 50 % of cats in the current
study. Although clear distinction of the cause of those complications is impossible (radiation-
induced toxicity vs tumor invasion or tumor-induced inflammation), it may be safe to assume
that the complication rate following SRT is relatively high in cats with locally advanced oral
SCC. Unless effective reconstruction techniques or tissue engineering is developed, it is likely
that these complications will continue to be a problem in patients with any type of destructive

oral malignancies.

In conclusion, although the tumor rapid response to SRT with alleviation of clinical

symptoms and fewer anesthesia episode are advantages of SRT, the associated cost, the higher
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chance of late complications, and relatively short period of local tumor control limit the use of
this modality as a sole treatment, especially the protocol of a single fraction of 20 Gy, to a
palliative purpose only. MVD and degree of keratinization appear to be prognostic indicators for
patients undergoing SRT and anti-angiogenic treatment may help improving local tumor control.
Changes in tumor pO, following SRT in feline oral SCC suggests tumor vasculature in this
tumor responds in a similar fashion as is reported in human H&N SCC but serial monitoring
might allow more detailed insight about its dynamics. This may also help identify possible
treatment targets that amplify the effect of SRT. Acute toxicity was minimal, although late

toxicities/treatment-related toxicities impacted patient quality of life.
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Table 5.1: Clinical staging scheme for feline oral tumors

Primary Tumor (T)

T1

Tumor <2 cm in diameter at greatest dimension, without
evidence of bone invasion (a) or with evidence of bone
invasion (b)

T2

Tumor 2-4 cm in diameter at greatest dimension, without
evidence of bone invasion (a) or with evidence of bone
invasion (b)

T3

Tumor >4 cm in diameter at greatest dimension, without
evidence of bone invasion (a) or with evidence of bone
invasion (b)

Regional Lymph Nodes (N)

NO No regional lymph node metastasis
Movable ipsilateral lymph nodes, without evidence of lymph
N1 node metastasis (a) or with evidence of lymph node
metastasis (b)
Movable contralateral lymph nodes, without evidence of
N2 lymph node metastasis (a) or with evidence of lymph node
metastasis (b)
N3 Fixed lymph nodes

Distant Metastasis (M)

MO Distant metastasis not detected
M1 Distant metastasis detected
Stage Grouping Tumor (T) Nodes (N)  Metastasis (M)
NO, Nla,
| T1 N2a MO
NO, Nla,
1 T2 N2a MO
NO, Nla,
n T3 N2a MO
Any T N1b MO
v Any T N2b, N3 MO
Any T Any N M1
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Table 5.2: A modified histopathological grading scheme for feline oral squamous cell carcinoma.

Morphologic parameter

Points

Histologic grading of
malignancy of tumor cell
population

Degree of keratinization

Nuclear polymorphism

Number of mitosis/HPF
(x400)

Highly keratinized
(>50% of the cell)

Little nuclear polymorphism
(>75% mature cells)

0<MI<1.5

Moderately keratinized
(20-50% Of the cells)

Moderately abundant nuclear
polymorphism
(50-75% mature cells)

1.5<MI<3.0

Minimal keratinization
(5-20% of the cells)

Abundant nuclear polymorphism

(20-50% mature cells)

3.0<MI <5

No keratinization
(0-5% of the cells)

Extreme nuclear polymorphism
(0-25% mature cells)

MI >5

Histologic grading of
malignancy of tumor-
host relationship

Pattern of invasion

Stage of invasion (depth)

Lympho-plasmacytic
infiltration (at x20)

Pushing, well-delineated
infiltrating borders

Carcinoma in situ and/or
questionable invasion

throughout every field

Infiltrating, solid cords, bands
and/or strands

Distinct invasion, but involving
lamina propria only

some within every field

Small groups or cords of
infiltrating cells (n>15)

Invasion below lamina propria
adjacent to muscles, salivary
gland tissues and periosteum

only in some fields

Marked and widespread cellular
dissociation in small groups of
cells (n<15) and/or in single cells
Extensive and deep invasion
replacing most of the stromal
tissue and infiltrating jaw bone

None

121



Table 5.3: Summary of patients’ profile
Patient# Sex Age (years) BW (kg) Tumor location Clinical Stage GTV volume (cm®)

1 FS 12.7 5.1 R mandible [1: T2b, NO, MO 4.9
2 Ml 14.2 3.8 R mandible I11: T3b, NO, MO 12.8
3 FS 6.2 3.3 R maxilla [1: T2b, NO, MO 5.9
4 FS 13.3 4.5 R mandible [1: T2b, NO, MO 11.8
5 MC 12.2 5.6 R mandble I11: T3b, NO, MO 38.9
6 MC 13.3 7.3 L mandible I11: T3b, NO, MO 22.9
7 MC 9.8 6.1 L mandible I11: T3b, NO, MO 18.1
8 FS 12.8 2.5 R mandible I1: T2b, NO, MO 2.6
9 MC 12.5 4.3 sublingual I1: T2a, NO, MO 5.3
10 MC 17.7 2.8 R mandible I11: T3b, NO, MO 13.2
11 MC 10.5 4.1 laryngeal IV: T3a, N3, MO 29.3
12 MC 13 5.2 sublingual [11: T3a, NO, MO 13.5
13 MC 16.7 4 L maxilla I1: T2b, NO, MO 13
14 MC 8.1 4.8 laryngeal/lingual I1: T2a, NO, MO 5.1
15 FS 13.5 5 R mandible I11: T3b, NO, MO 18.8
16 MC 11.1 2.8 R mandible IV: T3b, N1b, MO 21.3
17 FS 14.3 4.5 sublingual Il: T2a, NO, MO 6.8
18 MC 15 3.2 R mandible I11: T3b, NO, MO 24.7
19 MC 10.7 4.5 sublingual Il: T2a, NO, MO 1.3
20 FS 11.5 4.1 R maxilla I11: T3b, NO, MO 31.7

BW, Body weight; GTV, Gross tumor volume; MC, Male castrated; MI, Male intact; FS, Female spayed; L,
Left; R, Right
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Table 5.4: Summary of prescribed protocol, doses to planning target volume, survival time, progression free interval, reason of
death, and treatment response.

. . Dose to PTV (Gy) ST PFI
Patient# SRT prescription . Reason of death Treatment response
Maximum Mean 95% (days) (days)
1 10Gy x 3 331 29.8 288 132 131 PD SD
2 20Gy x 1 27.8 18.6 15 156 156 PD -
3 10Gy x3+20Gy x 1 35.9 30.7  26.2 359 104 PD SD
4 20Gy x 1 27.7 18.9 15.8 21 21 Heart failure -
5 206Gy x 1 27.4 20.2 16.8 69 69 PD -
6 20Gyx1 31.6 22.4 174 21 21 Acute Renal Failure -
7 206Gy x 1 32.8 22.7 18.2 84 84 PD SD
8 20Gy x 1 27.3 20.7 19.5 206 206 PD CR
9 206Gy x 1 30.7 22.3 19 77 75 PD CR
10 20Gy x 1 27.3 20.5 13 23 23 PD -
11 206Gy x 1 30 21.8 15.3 106 87 PD SD
12 20Gy x 1 30.8 224  19.7 44 44 PD SD
13 206Gy x 1 31.2 22.6 19.2 104 54 PD SD
14 20Gyx1 28 19.2 15.8 84 59 PD -
15 206Gy x 1 31 215 182 190 164 PD SD
16 20Gyx1 34.4 22.7 19.2 14 14 PD -
17 206Gy x 1 29.2 21.8 194 140 140 PD PR
18 20Gy x 1 28.7 21.8 17.7 70 57 PD PR
20 Gy X1+ PR
19 cytoreductive surgery 26.7 21.4 19.8 355 108 PD
20 20Gy x 1 3.03 23.1 18.3 145 128 PD SD

CR: complete response, PD: progressed disease, PFI: progression-free interval, PR: partial response, PTV: planned target volume, SD: stable
disease, SRT: stereotactic radiation therapy, ST: survival
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Table 5.5: Results of survival analysis. For each group, number of patient, median and range of survival time, P-value of Log
Rank test, P-value of multivariate Cox proportional hazard analysis, relative risk, and lower/upper 95% confidence interval are
shown.

n, (median),
MVD (ManualAve) range Sex n, (median), range
Low 10 (156), 70-359 Female 7 (145), 132-359
High 10 (77), 14-145 Male 13 (84), 14-156
Log Rank P-value 0.011 Log Rank P-value 0.029
Cox P-value 0.041 Cox P-value 0.025
RR (95% CI) 1.06 (1.002, 1.1) RR (95% CI) 0.26 (0.08, 0.84)

ClI: Confidence interval, Mannual Ave: average of manually counted microvessels, MVD: microvascular density, RR: risk ratio.

Table 5.6: Results of progression-free interval analysis. For each group, number of patient, median and range of
progression-free interval, P-value of Log Rank test, P-value of multivariate Cox proportional hazard analysis, relative risk,
and lower/upper 95% confidence interval are shown.

Degree of keratinization n (median), range Sex n (median), range
Low 14 (69), 14-131 Female 7 (131), 104-206
High 6 (156), 75-206 Male 13 (69), 14-156
Log Rank P-value 0.003 Log Rank P-value 0.005
Cox P-value 0.049 Cox P-value 0.016
RR (95% CI) 0.087 (0.0076, 0.99) RR (95% CI) 0.17 (0.042, 0.72)

CI: Confidence interval, RR: risk ratio
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Table 5.7: Treatment-related toxicities and complications.
Late effects

Acute effects

Treatment-related

Patient# Skin  Mucous membrane Eyes | Skin/hair Eyes complications
1 0 0 0 1 0 Fractured mandible
2 0 0 0 0 0 Fractured mandible
3 0 0 0 1 0
4 0 0 0 - - Fractured mandible
5 1 0 0 - - Fractured mandible
6 0 0 0 - - Fractured mandible
7 0 0 0 - -
8 0 0 0 0 0
9 0 0 0 - -
10 1 0 0 - -
11 0 0 0 0 0
12 0 0 0 - - Fibrosis
13 0 0 1 1 2
14 0 1 0 0 0
15 1 0 0 1 0 Fractured mandible
16 1 0 1 - -
17 1 0 0 0 0 Fibrosis
18 1 1 0 0 0
19 0 0 0 0 0 Fibrosis
20 1 0 0 1 0 Oro-nasal fistula
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Figure 5.1: Kaplan-Meier graphs representing (A) survival time and (B) progression free
interval of feline patients with oral squamous cell carcinoma treated by stereotactic radiation
therapy. Black circles indicate censored patients.

126




Figure 5.2: Representative microscopic images of (A) low and (B) high microvascular
density and (C) low and (D) high degree of keratinization. Bar=20 pm.
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Figure 5.3: Kaplan-Meier graphs representing outcome of feline patients with oral
squamous cell carcinoma treated by stereotactic radiation therapy. (A) Survival time
stratified by low (red) or high (blue) in the microvascular density (ManualAve). (B)
Progression free interval stratified by low (blue, more keratinized group) or high (red, less
keratinized group) in scoring of the degree of keratinization histopathological grading
system. Black circles indicate censored patients.
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Figure 5.4: Bar graphs representing changes of oxygen
tension in the tumor (checked pattern) and nearby normal
tissues (blank) measured in feline patients with oral squamous
cell carcinoma, measured immediately before SRT and 24hrs
post-SRT. Asterisk represents P=0.047 and double asterisk
represents P<0.001.
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CHAPTER 6: Feline oral squamous cell carcinoma: Use of telomere length in putative tumor
initiating cells and expression levels of telomerase activity and tumor initiating cell marker

proteins to predict clinical outcome after stereotactic radiation therapy

Brief summary

Tumor initiating cell (T1C) and cancer stem cell theory and telomere biology are actively
studied fields in human head and neck (H&N) cancer. Feline oral squamous cell carcinoma
(SCC), which has been advocated as a feline model of human H&N cancer, is the most common
feline oral cancer with a very poor prognosis. Little is known about the TIC and telomere
biology of this feline malignancy. We conducted a retrospective study to immunohistochemically
evaluate protein expression levels of the putative TIC markers of human H&N cancer, CD44 and
Bmi-1, for their possible role as prognostic markers in 20 patients with feline oral SCC who
underwent SRT. A combined technique of fluorescent in-situ hybridization and
immunofluorescent staining was used to evaluate telomere length in the putative TICs that are
positive for CD44 and Bmi-1 and correlated with treatment outcome. And finally, we performed
a quantitative analysis of telomerase activity using pre-treatment samples. Significant inverse
correlations were found between progression-free interval (PFI) or survival time and Bmi-1
protein expression in the Log-Rank and the multivariate Cox proportional hazard analyses.
Telomere length ratio (fractions of very short telomere/average length telomere) and relative
telomerase activity did not show any correlations with patient outcome. Relative telomerase
activity in many cases was lower than that in normal feline oral mucosa. Our study suggests that
Bmi-1 may play important roles in local tumor recurrence and be used as a novel therapeutic
target. Although further investigation is needed, telomerase inhibition may not be effective in

many of those cases.
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Introduction

The goal of most cancer therapies is to eradicate all cancer cells indiscriminately. Despite
this, some tumor types respond poorly to treatment, leading to tumor recurrence. One hypothesis
to explain treatment failure is the idea that the tumor does not consist of a population of identical
cells, but rather is a conglomerate of heterogeneous cell populations. It is thought that cancer
cells with specific phenotypes are more resistant to conventional treatments and thus are
responsible for treatment outcome. These cancer cells, called tumor initiating cells (TICs), are
thought to initiate the entire population of the cancer cells * and the TIC theory was first reported
in human myeloid leukemia in 1971 2. That study showed that cancer cells with less-
differentiated markers were able to cause cancers in immunocompromised mice more efficiently
than cancer cells without these markers. A number of studies have been conducted to
characterize TICs in various human malignancies . In human head and neck squamous cell
carcinoma (H&N SCC), cancer cells with stem cell-like markers have been shown to be resistant
to cytotoxic agents such as chemotherapeutic drugs and ionizing radiation. In addition, these
cells possess the ability to reproduce a heterogeneous cancer cell population and self-renewal
properties *°. In human H&N SCC, cancer cells positive for CD44, a hyaluronic acid receptor on
the cell surface, have been shown to be more tumorigenic than cancer cells negative for CD44 °.
Other studies have demonstrated that human H&N SCC patients with greater numbers of CD44-
positive cancer cells had more advanced clinical tumor stages, higher rates of tumor recurrence
and of successful tumor implantation in immunocompromised mice, and significantly lower
survival rate ®®. The study that originally advocated CD44 as a TIC marker showed that CD44-
positive cancer cells, but not CD44-negative cancer cells, differentially express Bmi-1 at RNA

and protein levels °. Bmi-1 is an oncogene responsible for suppression of cell cycle inhibitors
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and is necessary for self-renewal °. Several studies have shown that Bmi-1 protein confers radio-
and chemo-resistance in some human malignancies '***. Clinically, Bmi-1 expression has been
suggested as a prognostic indicator in human malignancies including H&N SCC **™. We are
unaware of studies that evaluated the prognostic value of CD44 and Bmi-1 protein expression in
feline oral SCC. This feline cancer is one of the most refractory malignancies in veterinary
medicine and most patients succumb to local disease *°. Even though multimodal treatment
approaches have been used to tackle this devastating disease, treatment outcome is disappointing.
A more thorough understanding of the underlying biology is necessary to inform new clinical

strategies.

The telomere is a highly conserved tandem repeat DNA sequence found at the end of
eukaryotic chromosomes *°. Telomere provides a protective “cap” of important DNA coding
regions but shortens by up to 100 base pairs during each cell division due to the end-replication
problem *’. When telomere sequence becomes too short, cells are forced to enter senescence *'. If
a cell with a shortened telomere can somehow bypass senescence and continues to proliferate,
the telomere becomes critically short. At this point, most cells die of apoptosis due to an
abnormal chromosomal segregation such as breakage-fusion-bridge *’. Thus the telomere allows
most cells to divide a limited number of times (Hayflick limit) and this is thought to be a defense
mechanism against cancer development 8. Cancer cells, however, are capable of unlimited
proliferation (immortalized) *°. This can be achieved by maintaining telomere length either via
activation of telomerase, which is a DNA reverse-transcriptase, or alternative lengthening of
telomere (ALT), which is a non-homologous end joining-based process . Most human cancers
have been shown to express telomerase activity *”. Therefore, telomerase is an attractive target

for cancer therapy and many studies have attempted to counteract telomerase expression/activity
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and to shorten telomere length so that the cancer cells undergo apoptosis or at least stop
proliferating °. One report suggested that the anti-telomerase therapy can radio-sensitize human
H&N SCC cancer cells most effectively when their telomere length is critically short 2*. This
implies that the telomere length (TL) may be used as a predictor of radiation therapy response.
Indeed, many studies have evaluated a possible correlation between TL and treatment outcome in
human oncology with varying conclusions ?%. In human H&N SCC, patients with longer TL in
their tumor had significantly shorter post-surgical disease-free survival compared to those with

shorter TL 2. Studies about feline telomere and telomerase biology are limited *%.

If the TIC is a more important cell population than non-TICs for tumor control, there
could be potential benefit in evaluating TL in the TICs, not in the heterogeneous cancer cell
population. The gold standard for TL measurement is a southern blot-based assay which is called
telomere restriction fragment (TRF) assay and other methods include fluorescence-activated cell
sorting-based assay and chemiluminescent slot blot assay 2>2"%°. However, when clinically
obtained samples (which include non-cancer cells) are used, it is impossible to discriminate
different phenotypes using these techniques. To solve this issue, we employed fluorescence in-
situ hybridization- (FISH) and immunofluorescent staining-based techniques called TELI-FISH.
This technique uses formalin-fixed, paraffin embedded tissues and therefore, allows us to
evaluate TL in specific cells *. We evaluated TL of the putative TICs by TELI-FISH assay and
protein expression levels of CD44 and Bmi-1 immunohistochemically for their role as a
prognostic marker in patients with feline oral SCC who underwent stereotactic radiation therapy
(SRT). Based on the clinical and biological similarities between human H&N SCC and feline
oral SCC, we hypothesized that high protein expression level of CD44 and Bmi-1is prognostic

for poor treatment outcome in cats with oral SCC treated with SRT. In addition, we evaluated
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telomerase activity using real-time quantitative polymerase chain reaction (RTQ-PCR). We

hypothesized that longer TL in the putative TICs is prognostic for poorer treatment outcome.

Materials and Methods

Patient population: Twenty cats with histopathologically confirmed oral SCC who were
enrolled in a prospective clinical trial with SRT at the Animal Cancer Center, Colorado State
University between January 2010 and July 2011were included. All patients were clinically

staged.

Radiation therapy: All patients underwent either CT or 2-[*®F]-fluoro-2-deoxy-D-glucose
positron emission tomography/CT examination for tumor extent evaluation and SRT planning.
Detailed protocols are described in our previous reports **2. SRT was delivered in either 10 Gy
x 3 fx or 20 Gy x 1 fx schedule using a SRT-capable linear accelerator (Trilogy, Varian Medical

System).

Western analysis for Bmi-1: The SCCFL1 cell line (supplied by Dr. Thomas Rosol, the Ohio
State University) was maintained as published previously *. Cells were lysed and the extracted
protein was electrophoresed , blotted, hybridized, and visualized as described **. A mouse anti-
human Bmi-1 monoclonal antibody (ab-14389, Abcam) was used to detect feline Bmi-1 protein.
Anti-CD44 antibody [rat anti-human CD44 monoclonal (IM7, eBioscience)] has been shown to

cross-react with feline cells *.

Immunohistochemistry: Tumor biopsy samples obtained before SRT were sectioned and

processed as a previous study **. The anti-CD44 and anti-Bmi-1 primary antibodies described
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above (in the western analysis section) were used with immunoperoxidase technique. 3,3’-

diaminobenzidine was used to visualize an antibody-antigen interaction.

Scoring immunoreactivity of CD44 and Bmi-1: The immunohistochemical evaluation of
CD44 and Bmi-1 was completed by two readers who graded all slides independently based on
criteria described in previous studies (table 6.1)"**'*3. The scoring was confirmed by a boarded
veterinary pathologist. For CD44 and Bmi-1, percent of positively stained cells (CD44% and
Bmi-1%, respectively) and average intensity of positively stained cells (CD44intensity and Bmi-
lintensity, respectively) were created and multiplied to calculate total score (CD44total and Bmi-

1total, respectively).

TELI-FISH stain: The basic protocol is described in detail in a previous study *. Briefly, the
slides were deparaffinized and rehydrated and then antigen retrieval was conducted with citrate
buffer (Target retrieval solution, Dako) for 1 min at 125°C. The slides were then incubated with a
blocking reagent (Background sniper, Biocare medical, for 15 minutes at RT). Slides were
hybridized with PNA telomere hybridization probe (G-rich probe, Cy3-labeled; red, Biosynthesis,
Lewisville, TX) for 5 min at 84°C first then overnight at 37°C. The slides were then incubated
with a primary antibody cocktail for CD44 and Bmi-1 (described above, in the western analysis
section) for 2 hrs at 37°C. This was followed by incubation with a secondary antibody cocktail
(goat anti-rat Alexa Fluor 647 conjugated; goat anti-mouse Alexa Fluor466 conjugated, both Life
Technologies) for 45 min at RT. Slides were then mounted and cover-slipped with anti-fade

medium with DAPI (ProLong Gold, Invitrogen).

Image acquisition and quantification of telomere length of putative tumor initiating cells:

Image Z stacks were obtained using a Zeiss Axio Imager Z2 microscope (capturing fluorescent

141



images with a Coolsnap ES2 camera using Metamorph software) (Molecular Devices, Sunnyvale,
CA). For each cell population 15 to 20 images were obtained by taking twenty-six stacks of 0.2
um per plane in 2 different wavelengths (Dapi and Cy3). Three-dimensional deconvolution was
performed to obtain a maximum projection of the 26 stacks which allowed analysis of all
telomere signals visible in the whole extension of each cell nuclei (DeconvolutionJ:

http://rsbweb.nih.gov/ij/plugins/deconvolutionj.html) (Figure 6.1).

Analysis of telomere fluorescence intensity (TFI) was performed using Telometer,
available from http://demarzolab.pathology.jhmi.edu/telometer/downloads/index.html. Telomere
signals from cells that were positive for CD44 and Bmi-1 were analyzed using custom program
settings (minimum object size: 1; maximum object size: 350; despeckle ratio: 0.3, rolling ball
size: 1). At least 45 cells were counted per cat. Mean sample TFI was calculated and individual
TFI frequency histograms were created for each sample group. We calculated the ratio between
very short telomeres (VS) (define as telomeres with % or less the average TFI in the sample) and
the average (AV) TFI for the sample. In other words, the ratio= VS/AV represents the proportion
VS in relation to the average TL. Therefore, VS/AV = 1 represents samples that had an equal
proportion of VST and AV TL. VS/AV <1 represents samples with a higher proportion of AV
TL. Finally, VS/AV > 1 represents samples with a higher proportion of VS. A block of a normal
cat skin was included in each batch of staining and used as a reference to monitor technical
errors. Linear regression analysis was performed to evaluate a possible correlation between

VS/AV and patient age.
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RTQ-TRAP Telomerase Assay and Analysis: Pre-SRT tissues of feline squamous cell
carcinoma were collected and flash frozen in liquid nitrogen immediately and stored at -80°C
until analysis. The SYBR Green RTQ-TRAP assay was adapted from previous reports .
Samples were weighed (10 to 20 mg), suspended in cold M-PER lysis buffer (Thermofisher,
Lafayette, CO) with protease inhibitor (Roche, Indianapolis, IN) and ribonuclease inhibitor (25
p1/100 pl lysis buffer; Promega, Madison, WI) at the ratio of 100 pl per 10 mg of sample.
Protein extraction was performed using a glass on glass homogenizer on ice. Following
homogenization, samples were immediately refrozen on dry ice and moved to -80°C within 15
min. The lysate was processed using RNase-free conditions. Briefly, the sample was thawed on
ice and centrifuged at 13000rcf, 4°C for 10 min. The supernatant was removed. Lysates were

aliquoted and refrozen in -80°C. Each sample was not freeze-thawed more than 3 times. Protein

content was determined using a Bradford protein assay (Biorad, Hercules, CA).

The SYBR green master mix (Biorad, Hercules, CA) included all necessary dNTP’s,
MgCl,, enzyme and Sybr green to complete the RTQ-PCR reaction. Each well contained 0.25ug
of protein lysate, 50% volume of SYBR green master mix, 0.2ug T4 gene32 protein (New
England Biolabs, Ipswitch, MA), 0.1pg of each primer TS (5’-AATCCGTCGAGCAGAGTT-
3”) and ACX (5’-GCGCGG(CTTACC)3CTAACC-3’) (Integrated DNA Technologies,
Coralville, 1A) and RNase/DNase free water to achieve a final well volume of 25ul. The samples
were loaded into a real-time 96-well microtiter plate (Thermofisher, Lafayette, CO) and sealed
with a real time PCR sealant film (Thermofisher, Lafayette, CO). The PCR and detection was
performed on a CFX 96 (Biorad, Hercules, CA). In addition to the treatment samples, a series of
controls were also included on each plate: (1) no template control with TS primer only, (2) no

template control with ACX primer only, (3) no template control with TS and ACX primers, (4)
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heat inactivated control with template (protein lysate) and TS and ACX primers, (5) HeLa cell
lysate with TS and ACX primers (a positive control robust in telomerase) and (6) feline skin

tissue as a tissue control.

The RTQ-PCR program includes the following steps: Step 1- 1cycle 25°C 20 min (used
to allow telomerase in the protein extracts to elongate the TS primer by adding TTAGGG repeat
sequences to it); Step 2- 1cycle 95°C 3 min (provides heat activation of the enzyme in the SYBR
master mix); Step 3- 40 cycles of 95°C for 20 sec, 50°C for 30 sec and 72°C for 1min 30 sec
(PCR amplification of already elongated TS oligo, allows for detection by real time instrument);
Step 4- 80 cycles 0.10 sec per cycle (melt curve, ensures no primer dimer formation). The more
telomerase activity in the sample, the more rapidly the threshold of amplification (Ct) is achieved.
Each sample is run in triplicate on a 96 well plate format allowing for an average Ct to be
obtained per sample. Utilizing the average Ct value, the relative percent telomerase activity in
each sample is calculated using the Livak method, or Delta Delta Ct method (2-AACt) *. Briefly,
to calculate the percent relative activity for each sample one must first normalize the average Ct
for a sample to the no template control with TS and ACX primers (control run on each plate).
This is referred to as the delta Ct value. The delta Ct value of each sample is then subtracted
from the delta Ct value of a chosen comparative sample, a normal feline mucous membrane cell
lysate, yielding a delta delta Ct value (AACt). Using the 2-AACt, a relative value is generated for
each sample comparison and when multiplied by 100 is the relative percent of telomerase
activity in the sample of oral SCC compared to the normal feline mucous membrane. A percent
value can then be compared between samples assayed across different plates. Results from two

runs were averaged and used as a variable in the statistical analyses. To evaluate any correlation
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between telomerase activity and patient age, sex, body weight, clinical stage, tumor location, or

tumor volume, linear regression test and/or Fisher exact test were performed.

Survival analysis: For each variable, patients were sorted into two groups; higher or lower than
median of each variable. Log-Rank analysis and univariate Cox proportional hazard analysis
were performed to evaluate for a statistical significance. Patient parameters were also evaluated
in these analyses and those included patient age, sex, body weight, clinical stage, tumor location,
and tumor volume. Variables that were significant in those analyses were further evaluated by
multivariate Cox proportional hazard analysis. Survival time (ST) was defined as the time from
the start of the SRT to the patient death. Progression-free interval (PFI) was defined as the time
from the start of SRT to the clinically noticeable tumor recurrence or patient death, whichever
came first. All statistical analyses were performed with commercially available software
(SigmaPlot version 12, Systat Software) and P-values <0.05 were considered statistically

significant.

Results

Patient population: 15 domestic short hair, four domestic long hair, and one Siamese were
evaluated. Tumor locations included mandible (11), lingual/sublingual (6), and maxilla (3).
There were twelve neutered males, seven neutered females, and one intact female. Mean patient
age and body weight at diagnosis were 12.5 y.o0. and 4.4 kg, respectively. Two of the 20 cats
received 10 Gy x 3 fx. One of them underwent additional single fraction of 20 Gy after the tumor

recurred locally. The rest of the 18 cats received 20 Gy x 1 fx and one cat underwent multiple
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cytoreductive surgeries after the tumor recurred locally. For these two patients, PFI was

determined at time of first recurrence.

Western analysis for Bmi-1: Molecular weight of mouse and human Bmi-1 proteins are
reported to be around 37-45 kDa in size “°. In our experiment, an intense band was observed at
around 40 kDa, suggesting the positive cross-reactivity of the antibody with feline Bmi-1 protein

(Figure 6.2).

Immunohistochemistry: Immunohistochemistry was performed in all of the 20 patients. CD44
exhibited membranous and Bmi-1 exhibited mainly nuclear and minor cytoplasmic localization
(Figure 6.3). The mean and range of each score were as following: CD44% (3.7, 3-4),
CD44intensity (1.8, 1-2), CD44total (6.5, 3-8), Bmi-1% (2.5, 2-3), Bmi-lintensity (2.1, 1-3),

Bmi-1total (5.4, 2-9).

Telomere length measurement: Telomere length was measured in all of the 20 patients. In the
TELI-FISH analysis, CD44 exhibited membranous and Bmi-1 exhibited mainly nuclear and
minor cytoplasmic localization (Figure 6.1). The cells showing double-positive staining for
CD44 and Bmi-1 were subjectively 1-5 % in the entire cancer cell population (data not shown).
The mean VS/AV was 1.12 [standard deviation (SD) = 0.32] and median VS/AV was 1.051

(Table 6.2). There was no significant correlation between VS/AV and patient age.

RTQ-TRAP Telomerase Assay and Analysis: Telomerase analysis was performed in the 15 of
20 cats. A large inter-patient variability was noticed in the relative telomerase activity with
median = 39.2 %, mean = 67.5 %, and SD = 75.1 % (Table 6.2). No statistically significant
correlation was found between the relative telomerase activity and VS/AV, patient age, sex, body

weight, clinical stage, tumor location, or tumor volume.
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Survival analysis: In the 20 cats, median ST and PFI and the range were 106 days (14-359) and
87 days (14-206), respectively. In the Log-Rank analysis and the multivariate Cox proportional
hazard analysis, cats with low Bmi-1% or female cats had significantly longer ST and PFI than
cats with high Bmi-1% (Table 6.3 and Figure 6.4) (ST: P=0.013 and P=0.019, risk ratio
(RR)=0.22 and 95%CI=0.061 and 0.78 for lower group, respectively) (PFl: P=0.047 and
P=0.034, RR=0.28 and 95%CI1=0.087 and 0.91 for lower group). The Log-Rank and univariate
Cox proportional hazard analysis revealed no statistically significant correlations between ST or

PFI and the VS/AV or the relative telomerase activity.

Discussion

We verified the cross-reactivity of the anti-Bmi-1 antibody for feline oral SCC cells by
western analysis. According to a previous report, feline Bmi-1 protein is 99% and 97%
homologous to the human and mouse Bmi-1 protein, respectively **. Our result and the protein
sequence similarity between human and feline Bmi-1 support that feline oral SCC expressed
Bmi-1 protein. We also verified staining pattern of CD44 by using several feline normal tissues
as controls. The antibody used has been shown to cross-react with feline cells *. In this study, it
showed the expected staining pattern in feline skin, small intestine and lymph nodes (data not

shown) as described in murine and human studies ****.

Bmi-1 is a transcription repressor and a member of the polycomb group protein *°. Bmi-1
has been shown to be essential for self-renewal of some types of human stem cells and to be
present in higher percent in TICs of human H&N SCC compared to cells without TIC

characteristics °. Furthermore, in rodent models of human H&N SCC, knocking down the Bmi-1
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gene improved radiochemosensitivity, implying that this gene plays an important role in the
response to radiation therapy “°. Our study revealed that higher Bmi-1% is prognostic for poor
treatment outcome (ST and PFI). This is the first study which evaluated the prognostic role of
Bmi-1 in feline oral SCC treated with SRT. This result, however, is in contrary to a previous
report in human H&N SCC which found low or negative expression of Bmi-1 protein as an
predictor of shorter disease-free interval after surgery *2. The human patients in that study all
underwent surgery whereas the feline patients in the current study underwent SRT. Moreover,
other studies in human H&N SCC and non-small cell lung cancer have shown that Bmi-1
expression is higher in more advanced disease and co-expression of Bmi-1 and a cell surface
glycoprotein podoplanin is a negative prognostic factor in patients who underwent radiation
therapy ****. These studies support our finding that high Bmi-1 protein expression is a negative
prognostic factor in patients with feline oral SCC who underwent SRT. Because of the small

patient population in the current study, validation of this result in a future study is needed.

CD44 was first described as a TIC marker for human H&N SCC in 2006, and since then,
many researchers have utilized anti-CD44 antibody to detect/isolate putative TICs >*’. Although
some studies in human H&N and other malignancies showed that the immunohistochemically-
evaluated CD44 expression is prognostic for treatment outcome, our current study did not find a
significant correlation between CD44 protein expression and either ST or PF| 686480 Ope
plausible reason for this discrepancy could be due to the wide variety of isoforms of CD44
protein. In human, at least eleven different CD44 isoforms are created through alternative
splicing from a single CD44 gene °*. Although the hydrophobic transmembrane domain has been

reported to be 100% conserved between mammalian species, details about cytoplasmic and

extracellular domain of feline CD44 are unknown **. The anti-CD44 antibody used in the current
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study (IM7) is a pan-CD44 antibody that is designed to detect all isoforms of human CD44
protein. Although this antibody has been used for feline cells *, it is not clear whether this
monoclonal antibody binds to all isoforms of feline CD44 protein or binds to a specific isoform
preferentially. Also, the number of patients in our study was limited, and overall prognosis was
poor, with little difference in PFI and ST between groups. In addition to this, there seems to be a
large inter-study variability in the percentile of CD44-positive cancer cells. A study that first
reported CD44 as a TIC marker in human H&N SCC found that CD44-positive H&N SCC cells

are typically <10% of the clinically obtained H&N cancer cell population °

. By contrast, our
feline oral SCC patients showed a higher percentage of CD44-positive cancer cells with median
and mean scores of 4/4 and 3.7/4, respectively. Recent reports in human H&N SCC found that
almost all cancer cells are positive for CD44 *>°3, A plausible explanation for this difference
includes the difference in antibodies and experimental methods (flow cytometry vs
immunohistochemistry). There might be a difference in the expression pattern of CD44 protein
between felines and humans. To clarify this discrepancy, a detailed research to identify specific
CD44 isoform expressed in the feline oral SCC is essential. Furthermore, a functional study such

as tumor sphere assay to assess whether CD44-positive feline oral SCC cells possess

characteristics of TIC is also needed.

Because telomeres are involved in cell cycle control, proliferation, apoptosis, and DNA
repair, many clinical studies have been carried out with a goal of finding a correlation between
the TL and clinical outcome *"?***, Researches used the southern blot-based assay or
florescence-activated cell sorting-based assay to measure telomere length of the cancer cells .
However these methods are not ideal for clinically obtained samples which include non-cancer

cells such as inflammatory cells and stromal cells. With the TELI-FISH technique, we were able
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not only to discriminate cancer cells from the non-cancer cells, but also to identify putative TICs
by co-staining samples with anti-CD44 and anti-Bmi-1 antibodies. Because the intensity of the
fluorescence signal corresponds to the length of the telomeric sequence, we evaluated telomere
length specifically of the TICs ®. In addition, we used the three-dimensional deconvolution
technique to decrease the impact of the halo artifact inherently seen in a point fluorescent

source.>®

The current study revealed a large inter-patient variability in the relative telomerase
activity. One study reported telomerase activity in a variety of feline malignancies, including one
feline oral SCC °’. Since the current study used RTQ-PCR and the previous study used a more
traditional technique, telomeric repeat amplification protocol (TRAP), simple comparison of the
results between the current and the previous studies is not appropriate. Interestingly, however, a
previous study showed that TRAP assay frequently overestimates telomerase activity and RTQ-
PCR is accurate and reproducible *. In our study, many patients showed very low telomerase
activity compared to normal feline oral mucosal epithelium. This result suggests that a high
percent of patients with feline oral SCC do not activate telomerase and that telomerase inhibition
may not be an effective treatment strategy. Although RTQ-PCR enables us accurate
quantification of telomerase activity, when clinically obtained biopsy samples are used, it is
important to keep in mind that only immunohistochemistry can provide us information about cell
types that are expressing telomerase (i.e. tumor cells vs inflammatory cells vs fibroblast). Ideally,
a combinational analysis using RTQ-PCR and immunohistochemistry with a reliable primary

antibody against feline telomerase should be performed.

In the current study, no statistically significant correlations between the TL ratio or the

relative telomerase activity and PFI or ST were found. Those non-significant findings could be
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due to the type Il error from the small sample population. Another possible explanation for the
non-significant result between TL ratio and PFI or ST is due to the validity of these putative TIC
markers. As mentioned above, the current study lacks a functional assay such as tumor sphere
formation assay and Hoechst dye exclusion assay. Although CD44 and Bmi-1 have been
advocated as TIC markers in human H&N SCC °, their role in feline oral SCC has yet to be
evaluated. Whereas the fraction of CD44-positive cancer cells in the current study is higher than
the previous study in human H&N SCC °, the fraction of cells positive for both CD44 and Bmi-1
in the current study was subjectively less than 5 % of the entire cancer cell population, which is
similar to the finding in other studies >*®, Again, future functional studies are essential to validate

this finding.

In conclusion, our study revealed that high Bmi-1 protein expression might be a poor
prognostic factor in patients with feline oral SCC who undergo SRT. Further studies focusing on
functional aspects of these putative TICs are mandatory to strengthen our findings in the current
study. Many patients with feline oral SCC may not activate telomerase and this suggests that

anti-telomerase treatment may not effective.
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Figure 6.1: Representative images of telomere length measurement in
putative tumor initiating cells of feline oral squamous cell carcinoma. (A)
Cancer cells positive for CD44 (CD44; red) and Bmi-1 (green) were
selected and (B) 26 serial images were captured by moving the microscope
table vertically. The image set was proposed to create a single stacked
image. Telomere signal intensity was quantified by using special software
(Telometer). (C) A nucleus was contoured based on the positivity for these
two putative tumor initiating cell markers. The line drawn to select the
nucleus was then automatically copied on a different window (B). The
software quantifies telomere intensity only inside the line. White rectangular
box in (A) represents the image field of (B) and (C). Blue: DAPI.

W8 50kDa

L 37kDa;

-

Figure 6.2: Result of western blot assay to
verify cross-reactivity of an anti-Bmi-1
antibody against a feline oral SCC cell line.
Notice the single intense band in the left lane.
Molecular weight marker was run in the right
lane.
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Figure 6.3: Representative photomicrographs of (A) CD44, (B) low Bmi-1 expression, and
(C) high Bmi-1 expression in biopsy samples of feline oral squamous cell carcinoma analyzed

in the current study. Bar=20um.
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Figure 6.4: Kaplan-Meier graph of progression-
free interval of patients with feline oral squamous
cell carcinoma stratified by low (solid line) or high
(dashed line) Bmi-1 protein expression evaluated
immunohistochemically.
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Table 6.1: Scoring schemes for the CD44 and Bmi-1 protein expression fraction and its
average intensity in patients with feline oral squamous cell carcinoma.

cD44

Bmi-1

positive fraction

0%
<25%
25-49%
50-74%
>75%

positive fraction

0%
<20%
20-69%
270%

Intensity

M = OlR W N = O

negative
weak
strong
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Table 6.2: Results of Log Rank analysis and
multivariate Cox proportional hazard analysis of
mmmunohistochemical evaluation of Bmi-1 protein
expression. ST: survival time. PFI: progression-free
interval. Int: intensity. RR: risk ratio. CI: confidence
interval.

ST n
Bmi-1% median (range)
Low 10
156 (69-359)
. 10
High 84 (14-145)
P-value (Log Rank) 0.013
Cox P-value 0.019
RR 0.22
95% Cl lower 0.061
95% Cl upper 0.78
PFI n
Bmi-1% median (range)
Low 10
108 (54-206)
. 10
High 59 (14-140)
P-value (Log Rank) 0.047
Cox P-value 0.034
RR 0.28
95% Cl lower 0.087
95% Cl upper 0.91
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Table 6.3: Summary of telomere length ratio and
relative telomerase activity. VS; very short length
telomere, AV; average length telomere, SD; standard

deviation
Relative telomerase activity

. VS/AV

Patient ] (%)

ratio
Mean of 2 runs

1 1.1 -
2 2.2 214.7
3 1.2 -
4 1.0 44.1
5 1.3 -
6 0.9 4.2
7 0.8 10.0
8 1.1 53.0
9 1.0 3.1
10 1.0 -
11 1.0 159.4
12 1.1 163.8
13 1.5 -
14 1.2 26.8
15 1.4 39.2
16 1.0 161.6
17 0.8 1.2
18 1.3 0.9
19 0.9 54
20 0.7 125.8

Mean 1.1 67.5
SD 0.32 75.1
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CHAPTER 7: CONCLUSIONS

Although each of the five studies in this dissertation stands alone, integrating information

from the studies is important to help us understand feline oral SCC.
E.FDG PET for treatment planning in cats with oral SCC

F_FDG PET imaging is an imaging examination that helps to include all possible
tumoral regions in the GTV, and is invaluable to identify lingual/laryngeal SCC appropriately.
However, because many of the currently available PET radioisotopes including **F-FDG and
8E_fluorothymidine (FLT) are to highlight areas of increased metabolic activity such as glucose
consumption and DNA replication, PET imaging is not cancer-specific. Although other
radioisotopes such as **F-fluoromisonidazole (MISO) as a hypoxia marker that are designed to
detect intra-tumoral regions where may impact treatment outcome have been evaluated, as of my
knowledge, there are no radioisotopes to depict gene/protein expression levels that are
responsible for tumor’s resistance to treatments.” Since tumors are heterogeneous, it is important
to localize tumor cells with more treatment-refractory characteristics. Recent studies indicate that
tumor cells with stem cell characteristics are more resistant to conventional treatment modalities
due to more efficient DNA damage repair machineries and existence of drug-efflux protein.
Those cells are called cancer stem cells or tumor-initiating cells (TIC). Because those cells are
thought to be neither quiescent nor rapidly proliferating, it is unlikely that PET proliferation
markers such as ®F-FLT can detect TICs. Therefore, although improving the resolution of PET
images is essential, ideally the PET imaging that would highlight areas with more TICs might
improve treatment outcome such as local tumor control by helping us treating those areas more

aggressively. Potential targets include protein expression of Bmi-1, Oct3/4, Nanog, and
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CD133.23 Caution should be paid, however, because normal stem cells around the tumor may

also express those proteins.
PTV expansions for a simultaneous irradiation of primary tumor and regional lymph nodes

Based on this work, when the mandibular and retropharyngeal lymph nodes are treated
simultaneously with the primary tumor, PTV expansions larger than 2 mm (dogs; 4-9 mm, cats;
2-4 mm) are needed to deliver the dose to the target. When lymph nodes are the only treatment
target, smaller PTV expansions (dogs; 3-5 mm, cats; 2-3 mm) should be adequate. Since the
guidelines for PTV expansions established in this study can be applied to other organs at risk,
there are many possible research opportunities. For example salivary glands, trachea, esophagus,
and eyes can be evaluated for head and neck setups. For pelvic and lower abdomen setups,
medial iliac and inguinal lymph nodes and ureters can be evaluated. Those PTV expansions

should be specific for patient immobilization devices and linear accelerators.
Immunohistochemical evaluation of feline oral SCC using archival tumor samples

Immunohistochemical and imaging techniques established in the chapter 4 provided tools
for the evaluation of Ki67, MVD, and EGFR in feline oral SCC using formalin-fixed, paraffin-

embedded blocks. Those markers can be applied to other feline malignancies.

Since immunohistochemistry provides us valuable information about protein expression
while preserving tissue architecture, | am eager to establish staining and quantification
techniques for feline and canine malignancies using antibodies for other target proteins. Since the
specificity of the primary antibodies is the key factor influencing the validity of the examination,
| view, establishing a facility to develop tailor-made monoclonal antibodies using hybridomas as
an important direction in my professional development.
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Characterization of feline oral SCC using various markers in cats with oral SCC who

underwent SRT

The finding that cats with higher MVD had shorter ST compared to those with lower
MVD might indicate that tumor microvasculature is playing an important role in treatment
response after SRT. Additional treatment to suppress tumor angiogenesis, such as metronomic
chemotherapy that is targeted to tumor angiogenesis and small molecule inhibitors such as anti-
VEGF therapy, might improve local tumor control. However, since combining those treatments
and SRT may compromise normal endothelial cells and cause unacceptable toxicities in the
normal tissues, a novel method to deliver those drugs specifically to the tumor or to maintain a
high drug concentration in the tumor might reduce potential toxicities. Since we found that feline
oral SCC expresses high levels of CD44 on their cell surface, anti-endothelial cell drugs
conjugated with anti-CD44 antibody may be able to concentrate and slowly release the anti-
angiogenic drug in the tumor. However, since CD44 has many isoforms in humans, it is critical

to determine the type and level of isoform expressed in feline oral SCC.

This study also revealed that cats with more keratinized SCC had shorter PFI compared
to those with less keratinized SCC. This finding has also been reported in human nasopharyngeal
SCC.* Although the underlying mechanism has yet to be investigated and might be complicated,
oncologists should consider utilizing this variable for prognostication since it is easily evaluated.
One possible explanation of this finding is the effect of inflammation. Since extracellular keratin
is thought to cause inflammatory response, it is possible that this immune reaction triggered by
the extracellular keratin causes more malignant transformation of the SCC cells and as a result,
deteriorates tumor control.> Evaluating the correlation between degrees of inflammation and

keratinization would be another future study to dissect the biology of this cancer. Degree of
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inflammation may be evaluated by quantifying amount of specific inflammatory cells such as

macrophage and lymphocytes.

The SRT protocol evaluated in the current study can be used as a palliative treatment,
with advantages of the short treatment course and minimal acute toxicities. Since we encountered
relatively high rate of treatment/tumor-related complications, especially several months after
SRT, the SRT protocol needs further modifications. The most commonly-seen complication was
related to a tissue-defect that developed at the original tumor site. SRT showed rapid reduction of
tumor volume in many cases whereas granulation reaction was seen at slower speed and tissue
defect became a clinical concern. Therefore, | would suggest modifying the SRT protocol to kill
the tumor “more slowly” so that the granulation can catch up with the speed of tumor reduction.
At the same time, we should avoid an unnecessary increase of anesthesia episodes. To achieve
those goals, a moderately fractioned protocol such as 8 Gy x 4 fx or 7 Gy x 5 fx may be feasible.
Methods to stimulate granulation/epithelialization may also be beneficial to minimize the

complication.

Putative tumor initiating cells and telomere and telomerase biology in feline oral SCC

The telomere length and telomerase assays established in the chapter 6 can be applied to
other tumor types in cats and possibly in dogs. The validity of putative TICs (feline oral SCC
positive for both CD44 and Bmi-1) needs to be established. This could be achieved by using
functional evaluations such as tumor sphere formation and side population assay. Since little is
known about the degree of telomerase expression in feline oral SCC, further studies to evaluate
its expression level are needed. Since the currently available assays to evaluate telomerase

expression (TRAP and RTQ-PCR) cannot discriminate cell types if clinically obtained samples
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are used, a reliable primary antibody or probe against the telomeric protein has to be developed.
Following development of the primary antibody, | would like to evaluate its expression status in
the putative TICs, using co-staining immunohistochemistry or immunofluorescent assay or flow
cytometry. And finally, if the TICs express telomerase, a study blocking its function in those

putative TICs might be beneficial to evaluate its role in tumor control.

Since the study in the chapter 6 revealed the possible role of Bmi-1 protein in the
treatment response after SRT, protein expression level of Bmi-1 should be evaluated to estimate
progression free intervals for cats with oral SCC who undergo SRT. However, since its function
in feline oral SCC has not been studied yet, a further study to investigate the role of this protein
is essential. An in vitro experiment to evaluate potential therapeutic effects of small interference
RNA (siRNA) on feline oral SCC should be investigated. The effects of anti-Bmi-1 therapy that
should be evaluated include the efficacy of tumor sphere formation and successful tumor
inoculation to experimental animals, cell survival assay after irradiation. Those studies should

give us further insights about the function of this protein in feline oral SCC.
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