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Investigations into the role of inflammation in tumorigenesis
Sheryl Coutermarsh-Ott

ABSTRACT

Inflammation has been found to play a role in the development of many different
tumors. However, a tumor’s ability to evade immune cell recognition can be integral to
its progression as well. The following works explore this complicated role with a focus
on histiocytic sarcoma (HS) and breast cancer. Chapter 1 opens with a broad overview of
inflammation in tumorigenesis while Chapter 2 focuses on a review and discussion of
current HS literature. Our investigations into the role of inflammation specifically in HS
are initiated in Chapter 3 where we explore the role of the regulatory NLR, NLRX1, in
the development of HS in mice. NLRX1 is an intracellular patter recognition receptor
that functions to regulate pro-inflammatory cell pathways. Our studies reveal that in
carcinogen-induced HS in mice, NLRX1 acts as a tumor suppressor. Moreover, when
NLRX1 is lost, tumors that develop are associated with increases in expression of genes
in NF-xB and AKT pathways. Though uncommon, HS is a clinically relevant tumor in
dogs. In Chapter 4, we further investigate the role of the pathways identified in Chapter 3
in canine patients. Not only were these pathways increased, but our results also revealed
previously unreported differences in tumors diagnosed as HS versus those diagnosed as
hemophagocytic HS. To improve the use of canine HS both as an experimental and
translational model, we sought to create a murine xenograft model. In Chapter 5, we
discuss the development of our model and the results of pilot studies using targeted drug
therapy. The focus of Chapters 3-5 is to further explore the role of inflammation in the
development of HS. However, as aforementioned, the role of inflammation in
tumorigenesis is quite complicated. In Chapter 6, we aim to address the concept that the
lack of inflammation through immune evasion, can also be important in tumors. Breast
cancer in humans is traditionally recognized as being highly immunosuppressive. In this
final chapter, we investigate the use of an attenuated strain of bacteria to treat these
tumors by way of shifting the immunosuppressive tumor microenvironment to a more
pro-inflammatory state.
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GENERAL AUDIENCE ABSTRACT

The role of inflammation in the development and progression of cancer has been
studied for many years. It is well-accepted that chronic inflammation can lead to an
environment that is favorable for tumor development. However, more recently it has
been shown that being able to escape the immune system and avoid inflammation can
also be important in tumor development. The aim of this work was to further investigate
these dichotomous roles. In Chapters 1-5 we review and further explore the role of
inflammation in a poorly studied tumor called histiocytic sarcoma (HS). Through our
studies we have found that a receptor protein present in many cells, NLRX1, is important
in the development of chemically-induced HS in mice. Moreover, the development of
these tumors is associated with increases in pro-inflammatory and cell growth pathways.
Further studies reveal that these pathways are also important to the development of the
tumor in dogs. Because HS is rare and poorly studied in humans, we describe the
development of an additional mouse model to study HS. This model will help reveal
important information about the disease in dogs that can help us study it in humans.
Finally, in Chapter 6, we sought to investigate the other potential role of inflammation in
decreasing tumorigenesis. In these studies, we used a mouse model of breast cancer to
investigate whether or not we could decrease tumorigenesis by increasing the immune
system’s ability to recognize the tumor.
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Chapter 1
Introduction

Inflammation and tumorigenesis have a well-recognized relationship, first suggested by
Rudolf Virchow in 1863. His initial observation of lymphocytes within tumor tissue led him to
suggest that it was chronic inflammation at these sites that led to the development of cancer [1].
Concurrent with these observations, large bodies of research currently exist to support the fact
that sites of chronic inflammation are often at a much higher risk for the development of tumors
of the bladder, stomach, liver, colon, mesothelium, lung, and others [2-7]. However, we also
now know that, depending on a host of genetic and environmental factors, inflammatory cells
and cytokines can play a dichotomous role in the initiation and progression of tumors. This is no
better summarized than in Hanahan and Weinberg’s, “Hallmarks of Cancer: The Next
Generation” [8]. In this review, the authors include avoiding immune destruction as an emerging
hallmark of cancer, or, a characteristic acquired by cells allowing them to become neoplastic.
This view is supported by studies that show experimental animals lacking an immune system are
at a much higher risk of developing tumors compared to those with intact immune systems [8].
Thus, it is clear that the role of inflammation in tumorigenesis is much more complicated than
originally thought.

Tumor-promoting inflammation as set forth by Hanahan and Weinberg is consistent with
Virchow’s initial observations and, since then, numerous examples in multiple organs and types
of tumors have been shown to support this role. One very well-described example of this is the
link between chronic hepatic viral infection and the development of liver cancer. This is best
described in humans. In human patients, chronic, persistent infection with hepatitis C virus leads

to a persistent but ineffective immune response against infected hepatocytes [9]. This leads to



repeated cycles of hepatocyte destruction with subsequent attempts at regeneration in a
microenvironment dominated by DNA-damaging reactive oxygen species production [9]. In this
environment, patients with hepatitis C virus are 17 times more likely to develop liver cancer than
patients without hepatitis C infection [10]. A similar link has been made in woodchucks infected
with Woodchuck hepatitis virus. This is a virus related to hepatitis B virus that was found to
cause hepatocellular carcinomas in woodchucks in a potentially similar manner as hepatitis C in
humans [11]. Another good example of the link between inflammation and tumorigenesis is the
predisposition of human chronic obstructive pulmonary disease (COPD) patients to the
development of lung cancer [12]. COPD is characterized by chronic damage of the lung
parenchyma by cigarette smoke and/or air pollution caused by the burning of fuels. This damage
leads to infiltration and damage of airways by neutrophils, macrophages, T cells, and B cells that
secrete a variety of pro-inflammatory and pro-fibrotic cytokines such as TGF-p, IL-1, IL-8, and
G-CSF [12]. As in the liver, these repeated cycles of epithelial cell damage and regeneration
provide a microenvironment favorable for the development of non-small cell lung cancer [12].
In fact, smokers with COPD are 5 times more likely to develop lung cancer than those with
normal lung function and non-smokers with COPD are still twice as likely to develop lung
cancer as those without COPD [13].

Whether the liver, the lung, or any other organ where chronic inflammation has been
shown to drive tumorigenesis, the mechanisms by which inflammation can lead to neoplastic
change are two-fold. First, the presence of persistent inflammation typically leads to an
environment where cells are constantly undergoing damage. In the case of viral hepatitis, it is in
an attempt to destroy virally infected cells while in smokers’ lungs, it is due to persistent

exposure of cells to damaging chemicals from cigarette smoke. This cellular damage leads to an



increase in repair signals within the tissue [12]. Repair means increasing proliferation and/or
growth of progenitor cells or remaining cells, which can be an important facilitator of neoplastic
change. Secondly, the presence of inflammation leads to an increase in release of free radicals
from immune cells and cells undergoing destruction. Free radicals are directly damaging to
DNA and can lead to changes allowing for neoplastic transformation.

Histiocytic sarcoma (HS) is an uncommon, poorly studied neoplasm compared to liver
and lung tumors. Currently, it is unclear if dysregulated inflammation or inflammatory signaling
pathways contribute to its pathobiology. It is a tumor derived from histiocytic cells of the
immune system and can arise in a variety of different organs. Chapter 2 provides a detailed
literature review, summarizing what is currently known about HS. Because HS arises from an
immune cell, we hypothesized that pro-inflammatory cell signaling pathways would be important
in the pathogenesis if this disease. The majority of the following chapters are spent exploring
this relationship and highlighting the need for additional research on the topic. Studies described
in Chapters 3-5 focus on our investigations in HS. The results of experiments described in
Chapter 3 reveal that the unique tumor suppressor NLRX1 plays an important role in the
development of carcinogen-induced HS in mice. Moreover, the development of these tumors is
associated with increases in signaling pathways involved in inflammation and cell proliferation.
Because HS does occur in both human and veterinary medicine, and the dog has been shown to
be a good clinical model of the disease in humans, we next sought to investigate whether the
signaling pathways we identified in mice were relevant to the disease in canines [14]. As
described in Chapter 4, we were able to show that not only are these pathways important, but
also that mechanistic differences of diagnostic relevance exist between HS and the even less

characterized hemophagocytic HS sub-type. Though the disease in canines can be a useful tool



to continue to study, the need for more refined experimental manipulation and controls led us to
develop a xenograft model. Chapter 5 describes the development of our model using a canine
HS cell line in an immunocompromised strain of mouse. Here, we also discuss the results of
pilot studies using our xenograft model to investigate novel therapeutics.

Though tumor-promoting inflammation has been shown to be an enabling characteristic
in the development of tumors of the liver and lung, as well as, tumors of histiocytic origin, an
emerging hallmark is the ability to evade recognition by the immune system and subsequent
destruction by inflammatory cells [8]. The purpose of the immune system is to maintain
homeostasis through the recognition and response to harmful entities such as pathogens, infected
cells, and tumors. Once something that should not be there is recognized, cells of the immune
system can initiate several different responses including inflammation, cell death, autophagy, and
others. There are many examples of ways in which tumors have adapted to avoid recognition by
the immune system and one of them is through the recruitment of immunosuppressive immune
cells. Examples of such cells are myeloid derived suppressor cells and (MDSC) and
macrophages polarized to an M2 phenotype. MDSCs are a group of myeloid precursor cells that
have been found to be expanded in numerous disease states including sepsis, trauma, and cancer
[15, 16]. These cells are immunosuppressive and contribute to tumorigenesis through the direct
protection of tumor cells from immune cell destruction, modulation of the local
microenvironment, and ability to facilitate metastasis [17, 18]. Another mechanism by which
tumor cells evade the immune system is through the recruitment of M2 macrophages (also
known as tumor-associated macrophages or TAMs). M2 macrophages secrete a variety of
immunosuppressive substances, such as IL-10 and TGF-B that prevent immune cells (such as

tumor infiltrating lymphocytes) from recognizing and responding to the tumor [19]. One



example of a tumor known to be immunosuppressive through these mechanisms and others is
breast cancer [20, 21]. In Chapter 6 we use a mouse model of breast cancer to investigate this
opposite role of inflammation in potentially decreasing tumorigenesis through the use of an
attenuated strain of Salmonella typhimurium. The supposition of these studies is that the
inoculation of bacteria will facilitate a shift in the immunosuppressive tumor microenvironment
and drive localized immune cell infiltration and inflammation. In a tumor that uses immune
evasion as a mechanism for growth and dissemination, this could lead to recognition and
destruction of tumor cells.

Collectively, the following work contributes to our knowledge pertaining to the
complicated role of inflammation in tumorigenesis. Though a great deal of research has been
done, more is certainly needed. The purpose of our studies and this body of work is to
summarize our investigations into these dynamic relationships using mouse models of clinically

relevant tumors in human and veterinary patients.
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Chapter 2
Literature review: A Review of Histiocytic Sarcoma in Veterinary and Human Medicine
Coutermarsh-Ott, SL
Abstract

Histiocytic sarcoma (HS) is an uncommon and poorly studied disease in both human and
veterinary medicine. It is well-characterized to arise from a dendritic cell or macrophage origin
in dogs, whereas in humans, the cell of origin is somewhat inconsistent and most often simply
termed histiocytic. In the following work, the literature exploring HS in dogs and humans is
reviewed with additional consideration for current studies investigating mechanisms of disease.
In addition to highlighting the need for additional research on HS in general, the review also

speculates on new and emerging therapeutic technologies.



Introduction

Histiocytic sarcoma (HS) is an uncommonly diagnosed tumor in veterinary medicine and an
exceptionally rare tumor in humans. Because of this, a paucity of information is currently
available investigating this disease. The majority of information in human medicine comes from
scattered case reports with limited literature reviews. In veterinary medicine the situation is
slightly improved, however, similar to human medicine, few studies have evaluated the
epidemiology, incidence, and clinical characteristics of the disease. While in veterinary
medicine, primarily in dogs, the tumor is known to arise from a dendritic cell or macrophage, the
cell of origin in human tumors is not well-defined. In the following pages, we attempt to review
the current literature available for HS in human and veterinary medicine.
HS in veterinary medicine

In veterinary medicine, HS is a disease primarily of dogs. However, individual case

reports of the disease in cats, ferrets, rabbits, horses, hippopotamuses, cows, and hedgehogs have
been described [1-8]. In the dog, it can present in 2 forms, either localized or disseminated. In
the localized form, solitary tumors are identified in the subcutis, spleen, liver, periarticular
tissues, lung, CNS or other tissues [1, 9]. In the disseminated form, multiple, poorly discernible
tumors are readily identified in multiple organs. Clinically, HS can have a variable presentation
depending on the organ systems affected. However, non-specific symptoms such as lethargy and
inappetence are common [1]. The disease can occur in any age, breed, or sex of dog but is most
commonly diagnosed in older, large breed animals. There are well-documented breed
predispositions in the Bernese mountain dog and Flat-coated retriever; however, other
predispositions are potentially emerging such as recently described in a population of Miniature

schnauzers [10-12]. Histologically these patients are diagnosed with an infiltrative neoplasm
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composed of histiocytic cells that efface normal tissue architecture. Cells often exhibit multiple
criteria of malignancy such as cyto- and karyomegaly, frequent and often bizarre mitoses, and
marked pleomorphism (Figure 1). The initial diagnosis is made by the identification of these
cells histologically, but confirmatory testing is often necessary. This typically is done through
immunohistochemistry utilizing a host of different markers discussed later. In most cases, the
prognosis for HS is generally poor as it is associated with high rates of metastasis and limited
treatment options. However, some studies have shown that periarticular tumors may be
associated with a better prognosis while those diagnosed with a sub-type termed hemophagocytic
HS are associated with a grave prognosis [13, 14].

The Bernese mountain dog and Flat-coated retriever are well-described as having breed
predispositions to the development of HS [1]. In fact, two studies documenting the causes of
death in populations of Dutch and Swiss Bernese mountain dogs found the cause of death to be
HS in 15.3% and 6% of all Bernese mountain dog deaths respectively [11, 15]. The Dutch study
also evaluated causes of death in Flat-coated retrievers and found that 14.3% succumbed to the
disease [11]. Though common in both breeds, there are documented differences in both clinical
presentation and genetic anomalies. In Bernese mountain dogs, the most common manifestation
of the disease is the disseminated form, previously termed malignant histiocytosis [16]. One
study found that out of a population of 89 Bernese mountain dogs diagnosed with HS, more than
55% of the dogs had involvement of multiple internal organs at the time of diagnosis and the
spleen and lung/mediastinum were the most common sites involved [17]. This is different than
in the Flat-coated retriever where the most common clinical manifestation is a localized mass
within the muscle of the limb or adjacent to a joint [10, 16]. In one study evaluating 180 Flat-

coated retrievers diagnosed with HS, 56.7% of the lesions occurred on the limb while only
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26.4% of the lesions occurred within visceral organs [18]. However, of those visceral tumors,
the spleen and lung were the most common organs involved, which is similar to what is seen in
Bernese mountain dogs [18]. Initial studies looking for predisposing causes of HS in Bernese
mountain dogs found that, in cases of periarticular HS, pre-existing joint inflammation was
found to be highly correlated with the development of a tumor in that same joint [19, 20]. This
was shown to be true not just in Bernese mountain dogs but in the canine population as a whole
[21]. Studies evaluating copy number aberrations (CNAs) have identified similar genetic
alterations in HS of both breeds [16]. These include a loss of heterozygosity mutation in the
region of the CDKN2A/B locus, deletions of regions of RB1, and deletions of regions of PTEN
[16]. All three are important tumor suppressors. CDKN2A and RB1 act by regulating cell cycle
progression while PTEN acts through the negative regulation of AKT signaling. Interestingly,
these authors also describe a gain in the TP53 locus. TP53 is also a tumor suppressor that acts
through multiple different pathways and the relevance this gain of function mutation is unknown
[16]. Recent studies have identified an additional gain-of-function mutation in the gene PTPN11
in non-hemophagocytic histiocytic sarcomas from Bernese mountain dogs [22]. PTPN11
encodes for the non-receptor protein tyrosine phosphatase, SHP2, which has been shown to be
involved in a wide array of biological functions including growth factor signaling [23].

In all animals, the diagnosis of HS can be somewhat challenging. The morphology of the
tumor can be highly suggestive of HS but is certainly not pathognomonic. Further complicating
this is the fact that, at least in dogs, HS can derive from two different types of histiocytic cells.
HS, or non-hemophagocytic HS, arises from tissue specific interstitial dendritic cells [1]. These
are histiocytic cells of myeloid origin that reside in many different tissue types and are

responsible for sampling antigens, migrating to local lymph nodes and presenting that antigen to
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cells of the adaptive immune system. Hemophagocytic HS (HHS) arises from splenic
macrophages responsible for sampling circulating antigens and phagocytosing senescent cells
[24]. Owing to the nature of the cell type, non-hemophagocytic HS can be diagnosed in many
different tissue types including lung, lymph node, skin and subcutis, spleen, and periarticular
tissues [1]. HHS is diagnosed in the spleen and is often associated with significant hematologic
abnormalities including thrombocytopenia and anemia due to the phagocytosis of patient blood
cells by tumor cells [24]. A variety of immunohistochemical markers have been investigated to
aid in the diagnosis of these tumors and have included CD18, Iba-1, CD204, CD163, and others
[1, 25, 26]. CDI18 is the B subunit of a family of integrins found on leukocytes. Thus, it is a pan-
leukocyte marker that will positively stain most leukocytes [27]. It is useful in distinguishing HS
from a carcinoma or a non-hematologic sarcoma but otherwise cannot differentiate it from other
hematologic malignancies such as lymphoma. Iba-1 is a calcium-binding protein that has been
shown in previous studies to be a marker of microglia as well as cells of the
monocyte/macrophage system in mice [28]. Investigations in canine round cell tumors showed
that it was a good marker of canine HS with no cross-reactivity in other canine round cell tumors
and/or hematologic malignancies [25]. It is, however, unable to differentiate between neoplasms
of dendritic cell versus macrophage origin [25]. CD204 is a macrophage scavenger receptor that
has also been evaluated as a diagnostic marker. Studies investigating this marker have shown
that all HS samples evaluated stained strongly positively while only one sample out of 81 other
round cell tumors and sarcomas was positive [26, 29]. However, tumors that were determined to
be hemophagocytic and thus of macrophage origin were also positive [29]. Thus, improvements
in IHC markers for differentiating HS from other mesenchymal tumors have been made, but the

only marker currently able to differentiate HS of dendritic cell versus macrophage origin is
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CD11d. CD11d is the alpha subunit of the B2 integrin protein and is upregulated in
inflammatory macrophages [30]. It is found in macrophages from the spleen and bone marrow
and, when positive, is diagnostic for HHS. Unfortunately, CD11d IHC has not been widely
validated. Also the canine CD11d antibody performs best on frozen tissue samples which are not
as commonly available as formalin-fixed, paraffin-embedded tissues (FFPE).  Studies
investigating more rapid, widely available diagnostic tests that work equally well on FFPE
tissues could improve management of patients diagnosed with this disease.

Treatment for the disease in canines is limited and can have variable effects on prognosis.
Chemotherapy is almost always indicated whether or not surgical excision is possible. Often,
disease that remains localized, such as within the spleen, subcutis, or periarticular region, may be
amenable to surgical excision. However, removal of the primary tumor does not negate the
possibility of microscopic disease or presence of metastasis.  The most common
chemotherapeutic currently in use is lomustine (CCNU); however, doxorubicin, combination
protocols, liposomal clodronate, and bisphosphonates, have been used with variable success [31-
35]. In general, chemotherapy response rates range from 29% to 56% and overall survival times
average from 55 to 391 days [13, 32, 36]. Beyond surgery and chemotherapy, other
experimental approaches have yielded optimistic results. For example, one case report briefly
describes the successful treatment and palliation of a large, periarticular HS in a canine with the
novel therapeutic irreversible electroporation (IRE) [37]. In this case, surgical excision was not
possible due to tumor size and pre-existing osteoarthritis. IRE treatment in combination with
CCNU chemotherapy was ultimately curative for this patient (personal communication).

Despite the published variation in treatment success rates, studies have identified certain

parameters that can be associated with prognosis. One study evaluating dogs diagnosed with
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periarticular HS or non-periarticular HS (all other forms) found that periarticular HS is
associated with a better prognosis, improved response to treatment, and longer survival times
[13]. One potential explanation for this is that tumors of the limb producing limping or lameness
may be noticed earlier and more easily by owners. Tumors located in the viscera often produce
non-specific, waxing and waning signs and thus may not warrant veterinary visits until disease is
more advanced. A second potential explanation for this finding is that, depending on the
location and size of the tumor, leg amputation may produce much wider surgical margins than
possible for visceral tumors. Others studies evaluating prognosis in canine HS have found that a
diagnosis of disseminated HS, palliative treatment only, and/or concurrent treatment with
corticosteroids were found to be negative prognostic indicators with decreased survival [14].
Histiocytic sarcoma in humans

The incidence of HS, formerly known as “true” histiocytic lymphoma, in humans is
exceptionally low and has been reported to make up less than 1% of all hematopoietic tumors
diagnosed in human patients [38]. As in dogs, it is defined to arise from cells of the
macrophage/monocyte system, however, a lack of consensus regarding diagnostic criteria and
terminology have made much of the data available for HS in humans questionable. In fact, many
cases originally diagnosed as HS have been postulated to actually represent cases of non-
Hodgkin like lymphomas [38]. However, recently, better immunohistochemical and genetic
techniques have improved diagnostic accuracy and consistency. In general, HS in humans can
be diagnosed in any age group but is more common in adult to geriatric individuals [38]. In one
study evaluating 18 cases including both nodal and extra-nodal HS, the median patient age was
46 years-old with a range from 6 months to 74 years-old [39]. A second study evaluating 14

cases of only extranodal HS found similar results with a median patient age of 55 and a range
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from 15 to 89 years-old [40]. HS most commonly involves the lymph nodes but can also occur
in extra-nodal sites such as the spleen, gastrointestinal tract, uterus, lung, soft tissue, skin, and
CNS [38, 41, 42]. Like in dogs, HS in humans can be a localized or disseminated disease.
Unfortunately, discordance exists in the diagnostic terms used to describe the disseminated form.
Depending on the literature source, it has been characterized as malignant histiocytosis,
disseminated histiocytic sarcoma, and/or disseminated histiocytosis [43, 44]. Because of the
wide variety of potential organs affected and/or the possibility of localized or disseminated
disease, the clinical picture can vary widely depending on the primary organ affected. The most
common presenting signs are often systemic signs such as fever, lethargy, weight loss and
weakness [38].

Diagnosis of HS in humans can be difficult and is currently defined as “a malignant
proliferation of cells showing morphologic and immunophenotypic features of mature tissue
histiocytes” [38]. Unlike in dogs where the cell of origin of HS can be of dendritic cell or
macrophage origin, the human literature describes only a histiocytic cell of origin.
Morphologically these tumors look fairly similar to what is seen in dogs. Sheets of round to
spindle histiocytic cells efface normal tissue architecture. Neoplastic cells are often pleomorphic
with multinucleation and bizarre cells being fairly common [38]. These tumors can be infiltrated
by a variable degree of reactive inflammatory cells including neutrophils, macrophages, and
lymphocytes; however, this has been found to be most severe and consistent in tumors within the
central nervous system [38, 42, 45, 46]. A multitude of histiocytic markers are available for
human samples and include: CD163, CD68, CD11c, CD14, CD15, CD43, CD45, MAC387, and
HLA-DR. Additionally, tumor samples should be tested to rule out other potentially,

morphologically similar tumor types such as B and T cell markers for lymphoma, CD1la for
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Langerhans cell origin, CD21 and CD23 for follicular dendritic cell origin, pancytokeratin for
carcinomas, and Melan A for melanocytic tumors [38].

In humans, unlike in dogs, there have been no well-defined sub-types of HS such as HHS
in dogs. However, it appears that there is a poorly defined continuum of histiocytic
proliferations associated with host cell phagocytosis. These range from a benign proliferation of
histiocytes in response to concurrent infectious/inflammatory diseases termed hemophagocytic
syndrome (HPS) to effacement of host tissues by neoplastic histiocytes in the disseminated form
of HS. Initial studies investigating the differences between malignant histiocytosis and HPS
were able to show that individuals infected with active herpes virus exhibited a proliferation of
histiocytes within lymph nodes, bone marrow, liver, spleen and, occasionally, the leptomeninges
[47]. These proliferations were cytologically benign, expanded but did not efface tissue
architecture, and were associated with marked erythrophagocytosis [47]. This is in contrast to
malignant histiocytosis, or disseminated HS, where neoplastic cells are quite pleomorphic, efface
tissue architecture and may or may not phagocytize host erythrocytes and leukocytes. A
subsequent case report documenting a splenic HS in a 71 year-old woman described a concurrent
proliferation of phagocytic histiocytes “morphologically indistinguishable from reactive
macrophages” [48]. These cells exhibited marked erythro- and lymphophagocytosis and were
found throughout the tumor and unaffected splenic parenchyma [48]. In a second report, the
authors describe a case of a 24 year-old man diagnosed concurrently with a malignant
histiocytosis of the spleen, a mediastinal germ cell tumor and concurrent HPS [49]. In this case
report it is unclear if the authors consider the HPS a direct result of ingestion of erythrocytes by
neoplastic cells or if they believe there is also a benign proliferation of reactive histiocytes in

response to the presence of concurrent tumors. In dogs, hemophagocytic HS has been shown to
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arise from a macrophage origin and that tumor cells will actively phagocytose the red and white
blood cells of the host [24]. This leads to secondary cytopenias, most notable anemia and
thrombocytopenia [24]. In humans, however, hemophagocytic syndrome is considered a primary
or secondary, benign proliferation and activation of histiocytes ultimately leading to a large
release of cytotoxic chemokines and cytokines [49]. In both previously mentioned reports,
patients suffered from severe anemia and thrombocytopenia [48, 49]. These findings are similar
to the hemophagocytic form of HS described in dogs. However, IHC for CD11d was not
performed in either case. Many of the immunohistochemical markers used for diagnosis in these
cases can cross-react among different histiocytic cells. Thus, additional case studies using
CD11d are necessary to characterize whether or not HPS in concurrence with HS in humans may
or may not represent a hemophagocytic form of HS as seen in dogs.

Another interesting characteristic of HS in humans that has not been well-investigated in
dogs is a proposed relationship between HS and lymphoma. Initial classification of HS by the
World Health Organization (WHQ) in 2001 defined HS as those tumors morphologically and
immunophenotypically consistent with histiocytic cells, but that also lacked clonal B and T cell
rearrangements characteristically found in lymphomas [38]. However, a study published in 2008
suggested that histiocytic/dendritic cell neoplasms occurring concurrently or up to 12 years
following the development of follicular lymphoma not only had clonal B cell rearrangements,
but also that these rearrangements were identical to the concurrent or previously diagnosed
lymphoma [50]. Furthering this, Chen et al performed a study in 2009 evaluating the presence of
clonal immunoglobulin receptor gene rearrangements in HS patients with no concurrent or
previous history of any type of lymphoma [51]. Indeed, these authors were able to show that in

11 out of 23 tumors, there were clonal rearrangements in the B cell receptor [51]. In these
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experiments, they were also able to show that of the 7 tumors found to have clonal gene
rearrangements, 4 of them showed nuclear positivity for Oct2 via immunohistochemistry [51].
Oct2 is a B cell transcription factor important in the proliferation and differentiation of B cells.
Since then, numerous case reports of HS with gene rearrangements either in conjunction with or
following mantle zone lymphoma, chronic lymphocytic/small lymphocytic lymphoma, and
diffuse large B cell lymphoma have been reported [52-56]. Though the significance of these
findings is largely unknown, these reports suggest that hematopoietic derived cells may in fact
exhibit a certain degree of plasticity.

Few studies have evaluated the presence of gene mutations associated with the
development of HS in humans. One study utilized immunohistochemistry to evaluate the
expression of the tumor suppressors PTEN and p16™%4* in human HS samples and found that
there was loss of these proteins in 40% and 50% of evaluated cases respectively [57]. They
subsequently found, through nested PCR, deletions of exons 6 to 9 in PTEN and through
methylation-specific PCR identified methylations of the promoters for p16'™K% and p14”RF [57].
Another author investigated somatic mutations in 5 cases of HS [58]. In these studies, several
BRAF mutations were identified in 3 out of 5 cases [58]. BRAF is a proto-oncogene encoding for
the protein B-raf. B-raf is a serine-threonine kinase involved in the regulation of cell growth
through the regulation of MAPK/ERK signaling. This study also revealed mutations in KRAS,
PTPN1, and PIK3CA each in a single patient sample [58]. Other studies have confirmed the
presence of BRAF mutations in HS, however, these studies have collectively identified a specific
amino acid substitution identified as BRAF®%E not identified in the aforementioned study [59-

61].
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In human medicine, like in veterinary medicine, there is no general consensus on treating
HS. In the case of localized tumors, these can be surgically resected though recurrence is
common [40]. In most cases, whether surgical excision is possible or not, treatment includes the
use of radiation or chemotherapy. Case reports have described treatment with combination
chemotherapies and autologous stem cell transplantation [62-64]. Despite treatment, most
patients succumb to the disease within 2 years of diagnosis [38]. One retrospective study found
that there were no significant differences in overall survival rates for patients diagnosed with
localized or metastatic disease [65]. Moreover, of those with localized disease who underwent
surgical excision with complete margins, there were no significant differences in overall survival
with the use of adjuvant or neo-adjuvant chemotherapy [65].
Mechanisms of Disease

Because HS is an uncommon disease in veterinary medicine and extremely rare in
humans, a paucity of research has been done evaluating molecular mechanisms of disease. Early
studies using genetically modified mouse models found that the tumor suppressors PTEN and
INAA/ARF play a role in the spontaneous development of HS in mice [57]. In these studies,
Pten* Ink4a/Arf” mice developed biphasic tumors composed of both lymphomatous and
histiocytic cellular components [57]. PTEN is an important tumor suppressor in all species that
is responsible for the de-phosphorylation of PIP3, an important substrate involved in AKT
signaling. Ink4a/Arf is a locus that encodes for the tumor suppressors p16™K4A and p14”RF which
are responsible for regulating pRB and p53 respectively. Interestingly, when evaluated by
Southern blot analysis, the histiocytic portions of these tumors had deletion of Pten in
approximately 13/40 tumors evaluated [57]. This is opposed to the lymphomatous tumors where

31/32 maintained the wild type allele [57]. Moreover, the authors performed Western blotting to
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evaluate levels of phosphorylated AKT and found that there were increases in HS tumors but no
significant increases in the lymphomas when compared to normal wild-type animals [57].
Collectively, this suggests that PTEN plays an important role in the development of HS but not
so much in the development of lymphoma. This finding is supported by previously mentioned
studies identifying the presence of gene deletions in PTEN in HS of Bernese mountain dogs,
Flat-coated retrievers, and humans [16, 57].

Recently, studies have implicated a novel tumor suppressor in the development and
progression of carcinogen-induced HS in mice [66]. NLRX1 is a regulatory NLR that has been
best characterized in its regulation of NF-«xB signaling, autophagy, Type I interferon production,
and ROS signaling in host viral infections [67-69]. Recently it has been suggested to play a role
as a tumor suppressor by regulating cell death [70, 71]. Therefore, we hypothesized that NLRX1
would function as a tumor suppressor in a mouse model of HS. Genetically modified mice
deficient in NLRX1 were exposed to the carcinogen urethane over a 14 week period [66]. These
mice developed marked splenomegaly that was subsequently diagnosed as HS [66]. Using gene
expression analysis, these studies also showed that the development of these tumors was
associated with increases in NF-kB and AKT signaling [66].

Additional studies in mice evaluating novel chemotherapeutics have further revealed
potential mechanisms of HS development and progression. Recent studies have evaluated the
use of the novel therapeutic dasatinib for the treatment of HS [72]. Dasatinib is a Bcr-Abl and
Src family tyrosine kinase inhibitor approved for humans diagnosed with chronic myelogenous
leukemia or Philadelphia-chromosome positive acute lymphoblastic leukemia [73, 74]. Initial
studies screened 171 compounds, including dasatinib, in an attempt to identify novel drugs that

would inhibit growth of multiple canine HS cell lines [72]. These found that dasatinib
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selectively reduced the growth of HS cells without affecting the growth of other tumor cell lines
suggesting it as a potential targeted therapy for HS [72]. In an attempt to determine mechanism
of action, the authors were able to successfully generate a mouse xenograft model by injecting a
previously characterized canine HS cell line, CHS-1, into nude mice. Their results confirmed
that indeed treatment with dasatinib did reduce overall tumor volume, which was associated with
a decreased mitotic index, decreased Ki-67 expression, and increased apoptotic index [72].
However, the mechanism of action was not defined. Another study sought to investigate the
drug YM155 as a potential novel chemotherapeutic. YM155, or Sepantronium bromide, is a
small molecule inhibitor of the protein survivin. Survivin is a member of the inhibitors of
apoptosis (IAP) family that act primarily to inhibit cellular apoptosis. Initial studies using canine
HS cell lines showed that expression of the survivin gene was increased in HS cell lines when
compared to normal canine fibroblasts [75]. When the survivin gene was knocked down using
SiRNA, HS cells exhibited a reduced viability, higher levels of apoptosis, and enhanced
susceptibility to the chemotherapeutic drugs lomustine and doxorubicin [75]. Later studies
showed that the survivin gene expression also correlated with clinical behavior in canine samples
[76]. Using quantitative PCR, the authors showed that those dogs with high levels of survivin
gene expression had shorter disease free intervals and overall survival times than those with
decreased survivin gene expression [76]. In a separate study using a xenograft model of canine
HS in which HS cell lines were transplanted into nude mice, they showed that the inhibition of
survivin by the drug YM155 reduced overall tumor volume, enhanced the tumor cells sensitivity
to the chemotherapeutic lomustine, and reduced the incidence of pulmonary metastasis [77].
Overall, the recent development of novel mouse models of HS have resulted in a significant

expansion of potential therapeutic targets and molecules for further studies.
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Concluding remarks

Histiocytic sarcoma is a poorly studied disease in both dogs and humans. However, the
current literature in dogs seems to have better defined the disease in terms of cell origin and
diagnostic criteria. This is imperative in order to be able to make collective conclusions about
disease characteristics such as prevalence, prognosis, and treatment outcomes. In human
medicine, improved genetic and immunohistochemical methods have recently been identified to
better diagnose HS. However, there still exists a great deal of disagreement on a uniform
terminology and set of diagnostic criteria for describing the disease. These discrepancies are
scattered throughout the literature and make it difficult to study and fully characterize clinical
characteristics of HS in humans. Thankfully, the importance of translational medicine and
comparative oncology is increasingly well-recognized. Thus, HS in dogs may very well provide

a framework for our abilities to study such a rare disease in human medicine.
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Figures

Figure 1

Figure 1. Histologically, canine histiocytic sarcoma is dominated by multiple criteria of
malignancy. These include: marked pleomorphism, cyto- and karyomegaly (thin arrows),

frequent and often bizarre mitoses (inset), and multinucleation (thick arrow). Image

photographed at 200x, inset photographed at 400x.
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Chapter 3
NLRX1 Suppresses Tumorigenesis and Attenuates Histiocytic Sarcoma through the
Negative Regulation of NF-kB Signaling
This chapter was published in Oncotarget:
Coutermarsh-Ott S, Simmons A, Capria V, LeRoith T, Wilson JE, Heid B, Philipson CW, Qin Q,
Hontecillas-Magarzo R, Bassaganya-Riera J, Ting JP, Dervisis N, Allen 1C. NLRX1 suppresses
tumorigenesis and attenuates histiocytic sarcoma through the negative regulation of NF-xB
signaling. Oncotarget. 2016 May 31;7(22):33096-110. doi: 10.18632/oncotarget.8861. PMID:
27105514.
Abstract

Histiocytic sarcoma (HS) is an uncommon malignancy in both humans and veterinary
species. Research exploring the pathogenesis of this disease is scarce; thus, diagnostic and
therapeutic options for patients are limited. Recent publications have suggested a role for the
NLR, NLRX1, in acting as a tumor suppressor. Based on these prior findings, we hypothesized
that NLRX1 would function to inhibit tumorigenesis and thus the development of HS. To test
this, we utilized NIrx1” mice and a model of urethane-induced tumorigenesis. NIrx1” mice
exposed to urethane developed splenic HS that was associated with significant up-regulation of
the NF-kB signaling pathway. Additionally, development of these tumors was also significantly
associated with the increased regulation of genes associated with AKT signaling, cell death and
autophagy. Together, these data show that NLRX1 suppresses tumorigenesis and reveals new

genetic pathways involved in the pathobiology of HS.
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Introduction

Histiocytic sarcoma (HS) is a rare, malignant neoplasm with a phenotypic profile
consistent with an interstitial dendritic cell or macrophage origin. In human patients, this disease
occurs most commonly in the intestinal tract, skin, soft tissue, and lymph nodes though case
reports have also identified it in the central nervous system and stomach [1, 2]. Definitive
diagnosis is often difficult due to its variable clinical presentation, as well as, its similarities to
other histiocytic disorders such as hemophagocytic syndrome, malignant histiocytosis and
monocytic leukemia. While still rare, this neoplasm is more common in veterinary medicine,
where it is primarily a disease of dogs. Indeed, the bulk of studies of HS have arisen from cases
in veterinary medicine. Treatment options in both human and veterinary medicine are limited and
include complete surgical resection (when possible) coupled with chemotherapy or palliative
radiation. However, in all species, treatment is often unsuccessful and the disease is typically
fatal.

Pattern recognition receptors (PRRs) are important components of the innate immune
system that are involved in the promotion and/or regulation of inflammation. These receptors
recognize pathogen associated molecular patterns (PAMPS) and/or damage associated molecular
patterns (DAMPs), which are products released by stressed or dying cells. PRRs that have been
shown to significantly modulate the pathogenesis of neoplasia, include the Toll-like receptors
(TLRs) and the NOD-like receptors (NLRs). TLRs are located on the surface of the cell, as well
as, within endosomes and have been shown to play a role in lung cancer, breast cancer, and colon
cancer [3-7]. NLRs are intracellular sensors and are well-studied in the context of colitis
associated colorectal cancer [8, 9]. However, their involvement in other neoplasms is generally

less defined and currently an area of intense research focus.
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At least 34 NLR family members have been identified in mice and at least 22 in humans,
the majority of which have yet to be functionally characterized [10]. Of the characterized NLRs,
the majority appear to function as molecular effectors that form multi-protein complexes. For
example, the most widely studied NLR family members form a multi-protein complex with the
adaptor protein ASC and caspase-1, termed the inflammasome that is responsible for the
production of the mature forms of the pro-inflammatory cytokines IL-1p and IL-18. However, a
second sub-group of NLRs has recently been characterized that primarily function as non-
inflammasome forming, regulatory NLRs. Members of this sub-group include NOD1 and NOD?2,
NLRX1 and NLRC3 (reviewed in [9]).

NLRX1 has been shown to be an important regulator of critical pathways associated with
both inflammation and tumorigenesis. These include roles in the inhibition of NF-kB signaling,
Type-l IFN production, and ROS production, as well as, the promotion of autophagy [11-15].
However, beyond these initial characterization studies, many questions remain unanswered
regarding the function of this unique protein. The majority of studies investigating NLRX1 have
focused on its role in host-pathogen interactions. However, the pathways modulated by NLRX1
are also typically dysregulated during tumorigenesis. Thus, we hypothesized that NLRX1
significantly inhibits tumorigenesis through regulating one or more of these previously
characterized pathways. Here, we utilized NIrx1” mice in a model of urethane induced
tumorigenesis. Our data reveal that NIrx1” mice are sensitive to urethane treatment and develop
HS in the spleen that is associated with increased NF-«xB signaling. We also identify a diverse
range of genes associated with common cancer pathways, AKT signaling, cell death, and

autophagy that are also significantly up-regulated in the NIrx1” mice during HS. Collectively,
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our results further confirm that NLRX1 functions as a tumor suppressor and extends these
findings to HS, which is an understudied cancer with few biomarkers.

Materials and Methods
Experimental Animals

The generation and characterization of NIrx1” mice have been previously described [14].
All experiments were conducted with 6 - 22 week old C57BI/6 female mice. All animals were
maintained under SPF conditions and received 5010 chow (LabDiet) and water ad libitum. All
experiments were conducted in accordance with the NIH Guide for the Care and Use of

Laboratory Animals and were conducted under institutional IACUC approval.

Bone Marrow Derived Macrophage Studies

Bone marrow derived macrophages (BMDMs) were isolated from the femurs of C57BI/6
and NIrx1”- mice using standard procedures [16]. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 20% L929-conditioned cell
culture supernatant, 1x L-glutamine, and 1x non-essential amino acids for 5-7 days. BMDMs
were sub-cultured with or without serum overnight. Both live and dead cells were counted at
designated intervals using either trypan blue and a hemacytometer or Pl staining and
quantification with an automated cell counter (Cellometer Vision from Nexcelom Bioscience)
following the manufacturer’s protocols. A minimum of 1000 cells for each genotype and
treatment were counted using the automated system. Supernatants were removed for cytokine

measurements and total RNA was collected for gene expression analysis.

Induction and Assessment of Histiocytic Sarcoma
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To assess the pathobiological effects of urethane, all mice were subjected to once
weekly, i.p. injections of urethane (Sigma) at 1 g/kg diluted in 1X PBS for a total of 7 weeks
[17]. Body weight, physical condition, and behavior were assessed at least 3 days per week
throughout the course of each study. Mice were harvested at 7 or 14 weeks post-urethane
exposure or when moribund. On the day of harvest, mice were euthanized via CO; asphyxiation
and approximately 1 ml of blood was collected by cardiac puncture. The lung, liver, and spleen
were harvested from each animal. Portions of each tissue were placed either in formalin for
histopathology or frozen and stored in the -80 for RNA/protein analysis. Samples of spleen were

also prepared for flow cytometry.

Histopathologic Examination

Formalin-fixed tissues were routinely processed for histopathology. The paraffin-
embedded tissues were sectioned at 5 um and prepared for hematoxylin and eosin (H&E)
staining. H&E stained sections were evaluated and scored by a board-certified veterinary
pathologist (T.L.R.) while blinded to genotype and treatment. Immunohistochemistry for

MAC387 (Abcam) was used to evaluate monocyte populations in the spleen.

Expression Profiling

Total RNA was harvested from spleens following mechanical homogenization, lysis and
RNA extraction using a FastRNA Pro Green Kit and the manufacturer’s protocols (MP
Biomedicals). The purified RNA was quantified and 1pg of RNA was pooled from 3-5
individual mice prior to the cDNA reaction, for analysis using the RT2 Profiler PCR Array

Platform (SABiosciences). Samples were evaluated using the manufacturer’s protocols for the
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following arrays: PAMM-033Z; PAMM-084Z; PAMM-011Z; PAMM-064Z; PAMM-025Z.
Ingenuity Pathways Analysis (IPA) software was utilized to evaluate the array data. In addition
to the profiling studies, RNA samples (5 pg) were also individually archived using a cDNA
Archive Kit (ABI) and specifically targeted transcription products were quantified by real time
PCR using commercially available primer/probe sets (ABI). All experimental samples were
evaluated in triplicate and the relative expression was determined utilizing the AACt method by

normalizing samples to the expression of the 18s rRNA housekeeping gene.

Human Metadata Analysis

Human NLRX1 expression was evaluated using a publically accessible microarray meta-
analysis search engine (http://www.nextbio.com/b/search/ba.nb), as previously described [18].
The following array data series were analyzed to generate the human patient data: GSE7553;
GSE66354; GSE32490; GSE37470; GSE34823; GSE7339; GSE36474; GSE50579; GSE9750;
GSE28511; GSE29431; GSE19750; GSE7553; GSE29491; GSE2719; GSE49972; GSE13898;

and GSE36982 .

Statistical Analysis

Data are presented as the mean +/- standard error of the mean (SEM). Analysis Of
Variance (ANOVA) followed by either Tukey-Kramer HSD or Newman-Keuls Post Test for
multiple comparisons was performed on complex data sets for both individual experiments and
composite data. Statistical significance for single data points were assessed by the Student’s

two-tailed t-test. Survival curves were generated utilizing the product limit method of Kaplan

41



and Meier and comparisons were made using the log rank test. In all cases, a p-value of less than

0.05 was considered statistically significant.

Results

NLRX1 is Differentially Regulated in Multiple Human Cancers

To gain broader insight into the contribution of NLRX1 in cancer, we conducted a
retrospective evaluation of publically available gene expression metadata compiled from 18
human studies (Figure 1A). Each study focused on a specific type or sub-type of cancer and
evaluated gene expression levels between the tumor specimen and either adjacent healthy tissue
or specimens from comparable tissue in unaffected subjects. The change in NLRX1 expression
was deemed significant based on the parameters of each individual study. Our data analysis
revealed that NLRX1 is differentially regulated in a diverse range of human cancers (Figure 1A).
For example, at the extremes, NLRX1 was found to be up-regulated 2.72 fold in squamous cell
carcinoma of the skin compared to normal skin, while being down-regulated 8.1 fold in high
grade myxoid liposarcoma tumors compared to normal adipose tissue (Figure 1A). While no
human HS studies have been conducted, NLRX1 gene expression data was evaluated for
malignant fibrous histiocytoma (Figure 1A). Malignant fibrous histiocytoma, like HS, is
controversial in origin though histiocytic cells are thought to be a major contributor. In both
humans and canines, this is a soft tissue sarcoma and, in dogs, occurs most commonly in the
spleen and skin. The fact that NLRX1 is downregulated in this neoplasm may suggest a similar

pattern in human HS. Together, these data reveal that NLRX1 plays a complex role in
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tumorigenesis in humans and suggests that additional studies are needed to better define the

contribution of this gene in patient populations.

NLRX1 Deficiency Results in Increased Cell Proliferation and Chemokine Production

The role of NLRX1 in the regulation of pathways associated with tumorigenesis is not
well defined. A recent pair of studies have suggested that NLRX1 functions as a tumor
suppressor through modulating apoptosis [19, 20]. In one study, NLRX1 expression was found to
differentially regulate resistance to extrinsic and intrinsic apoptotic signals in transformed, but
not primary murine embryonic fibroblasts [20]. In the other study, NLRX1 was found to function
as a tumor suppressor by regulating TNF induced apoptosis in immortalized cell lines (18). In
the same study, NLRX1 overexpression was found to compromise clonogenicity, growth and
migration [19]. To complement these prior studies, we sought to directly evaluate the
contribution of NLRX1 on cell proliferation and growth. Bone marrow derived macrophages
were harvested from wild type and NIrx1” mice and allowed to differentiate for 5-7 days
following standard protocols [16]. Cells were quantified and re-plated at 275,000 cells/ml in
standard growth media without the addition of FBS (Figure 1B). Over the course of 24 hours,
cells were counted using both trypan blue and a hemacytometer, as well as, propidium iodide
(PI) staining and assessments with an automated cell counter (Figure 1B). Both live cells and
dead cells were counted using these techniques. Under these conditions, wild type macrophages
did not increase in number over the 24 hour time course. However, we did observe significant
expansion of NIrx1” macrophages over the 24 hour time course (Figure 1B). The NIrx1”
macrophages more than doubled the number of wild type macrophages 16 hours after re-plating

(Figure 1B). Further assessments of gene expression revealed that chemokines associated with
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macrophage proliferation and recruitment, including Ccl2 (MCP1) and Csf3 (GCSF), were up-
regulated in NIrx1”- macrophages compared to the wild type cells (Figure 1C). Unlike the prior
studies, we did not observe differences in cell death. However, it should be noted that the prior
studies induced apoptosis through TNF stimulation, glycolysis inhibition, increased cytosolic
calcium flux, and endoplasmic reticulum stress [19, 20]. The current study evaluated cells with
minimal stimulation beyond the overnight incubation in serum-free conditions. Thus, it is highly
likely that the differences in cell death are associated with cell type, temporal, and stimulation

specific mechanisms.

NLRX1 Attenuates Disease Pathogenesis following Urethane Exposure

To better characterize the role of NLRX1 in cancer, we subjected NIrx1” mice to a
urethane (ethyl carbamate)-induced tumor model (Figure 2A). Urethane induced tumor
formation is a prototypical and highly reproducible animal model of carcinogenesis that is
traditionally utilized to study lung cancer [17, 21, 22]. Repeated urethane exposure consistently
results in pulmonary adenoma and adenocarcinoma formation [22]. Similar to some human
adenocarcinomas, urethane induces specific mutations in Kras at codon 61 and mutations in p53
during later stages of disease progression [21]. Wild type and NlIrx1” mice were administered
weekly intraperitoneal injections of 1g/kg body weight of urethane diluted in saline for a total of
7 weeks (Figure 2A). Survival, weight loss, and clinical parameters associated with disease
progression were routinely monitored. We evaluated disease progression and tumorigenesis at
weeks 7 and 14. We did not observe any significant pathological changes at week 7, following
the final urethane injection (Figure 3). However, by week 14, 50% of the Nlrx1” mice had

developed palpable masses in their peritoneal cavity and required euthanasia (Figure 2B).
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Additionally, the urethane treated NIrx1” mice failed to thrive throughout the duration of the
study and demonstrated significantly decreased weight gain compared with the wild type animals
starting 5 weeks after the initial exposure to urethane (Figure 2C). At necropsy, the palpable
masses originally detected in the NIrx1” animals were identified as markedly enlarged spleens
(Figure 2D). Spleens from all animals were weighed and those from the urethane treated NIrx1™"
mice were indeed significantly larger than all of the other genotypes and treatments (Figure 2E).
No gross lesions were identified in any additional tissues or organs. Following urethane
treatment, NIrx1 expression was increased in wild type animals that were resistant to HS (Figure

2F).

NLRX1 Suppresses the Development of Histiocytic Sarcoma

The increased urethane sensitivity observed in the NIrx1” mice was directly correlated
with splenomegaly. Subsequent histopathological assessments by two board certified veterinary
pathologists (T.L.R. and S.C.O.) revealed that spleens from the urethane treated NIrx1” mice
were characterized by a significant expansion of the white pulp by high numbers of pleomorphic,
mononuclear cells with frequent mitotic figures, thus consistent with a diagnosis of HS (Figure
4A-B). No significant pathology was observed in the spleens from the saline treated wild type
and NIrx1” mice or the urethane treated wild type animals (Figure 4A). A semi-quantitative
assessment of spleen histopathology, based on number of lesions and percent area affected
(scored on a scale of 0 — 3), revealed a significant increase in the spleen lesion score for the
urethane treated NIrx1”- mice compared to all other genotypes and treatments (Figure 4C).
Additional flow cytometry assessments of spleen cellularity, conducted at the time of harvest,

confirmed the increased numbers of monocyte derived cells in the NIrx1” spleens compared to
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the wild type. T-cell, B-cell, and NK-cell populations were not significantly different between
wild type and NIrx1” spleens (data not shown). Immunohistochemistry for MAC387 was
performed and neoplastic cells showed strong cytoplasmic positive staining (Figure 4D). Based
on these results, our data suggests that macrophages are the dominate cell population associated
with HS in the NIrx1” mice. Together, these data suggest that NLRX1 functions to attenuate HS

induced by urethane and further support a role for this unique NLR in tumor suppression.

NLRX1 Attenuates Urethane Induced Tumorigenesis in the Lung and Inflammation in the
Liver

Typically, lung cancer progression is much slower in the urethane model, especially in
C57BI/6 mice and pathology is usually evaluated at least 24 weeks following the initial
exposure. However, due to the sensitivity of the NIrx1” mice to urethane and the rapid
development of HS in the spleen, we evaluated lung histopathology 14 weeks following the
initial exposure to urethane. In the wild type mice, we observed a small number of lesions in
each treated animals consistent with urethane exposure (Figure 5A). Similar lesions were also
observed in the NIrx1”- mice (Figure 5A). However, in the urethane treated NIrx1” animals, we
observed significantly higher numbers of tumor lesions (mean = 4.7 lesions) compared to the
wild type animals (mean = 1.3) as well as a significant increase in bronchial associated lymphoid
tissue (BALT) not seen in the wild type animals (Figure 5B). Thus, even at this earlier time-
point in the urethane model, the wild type animals had begun forming the characteristic lung
lesions associated with urethane exposure and, consistent with the morbidity data and findings in
the spleen, the NIrx1” mice were more sensitive. At necropsy, we also collected the liver for

microscopic evaluation. Histopathologic assessments revealed that urethane exposure increased
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liver extramedullary hematopoiesis (EMH) and perivascular inflammation in all of the treated
animals when compared to untreated animals (Figure 5C). Moreover, we observed a significant
increase in both parameters in the NIrx1” mice compared to the wild type animals. In addition to
the increased EMH and inflammation, we also observed a significant increase in liver necrosis in
the urethane treated NIrx1” mice (Figure 5C). This necrosis was not observed in the wild type
animals. The increased mass formation in the lung and increased inflammation in the lung and
liver observed in the urethane treated NIrx1” mice is consistent with previous reports that
identify NLRX1 as a negative regulator of inflammatory signaling pathways [23]. Likewise, the
increased necrosis in the liver is consistent with previously reported findings in other models that
suggest a role for NLRX1 in the modulation of cell death, autophagy, and cell metabolism [12,

19].

Genes Associated with Cancer, Cell Death and Autophagy are Significantly Up-Regulated
in Histiocytic Sarcoma in NIrx1”-Mice

NLRX1 has been previously shown to modulate inflammatory signaling pathways, cell
death, autophagy, and reactive oxygen species (ROS) production [8, 19]. To better address the
signaling pathways that are dysregulated in the Nlrx1”- mice during tumorigenesis, we profiled
gene expression in the spleen following urethane exposure. Spleens were harvested from both
urethane treated and untreated wild type and NIrx1” animals and total RNA was extracted
(Figure 6). The RNA from 3-5 randomly chosen spleens from each genotype and treatment were
pooled in equal amounts and cDNA was generated (Figure 6). Different random pools of RNA
were evaluated on each Superarray. The expression of 241 genes was evaluated using a panel of

Superarrays (Qiagen) chosen to evaluate pathways associated with cancer, inflammation, cell
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death, and autophagy using methods previously described by the authors [14]. Gene expression
was determined following the manufacturer’s protocols, which are based on the AACt method.
The expression of each gene on the array was first normalized to a panel of 8 housekeeping
genes and the change in gene expression between the respective urethane treated versus
untreated wild type and NIrx1” spleens was determined. The change in gene expression between
the wild type and NIrx1” spleens was then calculated and displayed as the fold change for each
gene on the various arrays.

Because it is such a rare disease, very little data exists regarding gene expression or
biochemical signaling pathways that are dysregulated in HS. Thus, we initially sought to
evaluate genes commonly associated with cancer signaling. This initial evaluation revealed that
64 genes associated with tumorigenesis were significantly up-regulated in NIrx1” spleens with
HS compared to the wild type (Figure 7A). The genes with the greatest differences in expression
(>1000 fold increase) included: Dsp, Sox10, Ccl2, Ocln, Pgf, Epo, Foxc2, and Adm (Figure 7A).
Interestingly, all of these genes, with the exception of Foxc2, have been previously associated
with various types of sarcoma in either human or rodent studies and increased CCL2 gene
expression has been directly correlated with HS in canine patients [24]. In addition to increased
expression of cancer associated genes, we also observed increased expression of 76 genes
associated with autophagy (Figure 7A). The genes with the greatest differences in expression
(100-199 fold increase) included: Rps6kbl, Tgfbl, Ctsb, and Hspa8 (Figure 7A). NLRX1 has
been previously shown to positively regulate autophagy following virus exposure [13]. However,
in the current study, NLRX1 deficiency was found to result in the elevation of several autophagy
genes. This may suggest that under the conditions evaluated in this study, NLRX1 acts as a

negative regulator of autophagy. However, it is important to note that changes in gene expression
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do not necessarily correlate to changes in protein expression. Therefore, additional studies into
protein expression would be necessary to better elucidate the effects of NLRX1 on autophagy in
HS. We also observed increased expression of 44 genes associated with cell death (Figure 7B).
These genes were further stratified based on general roles in either necrosis or apoptosis (Figure
8). Together, these data suggest that NLRX1 negatively regulates gene expression associated
with autophagy, and more broadly cell death, during tumorigenesis. This finding is consistent
with a previous study that found NLRX1 functions as a tumor suppressor through the regulation
of TNF induced apoptosis [19].

Significant increases in serum CCL2 levels have been found in canine cases of
disseminated HS [24]. Likewise, Ccl2 appears to be up-regulated in macrophages from Nirx1™”
mice and was identified as being one of the genes with the greatest level of up-regulation in the
spleen during HS (Figures 1C and 7A). Thus, we evaluated serum protein levels of CCL2 by
ELISA (Figure 7B). Consistent with the increased expression of Ccl2 in the spleen, we observed
a significant increase in serum CCL2 levels following urethane treatment in NIrx1” mice
compared to the wild type animals (Figure 7B). Prior studies have also evaluated other pro-
inflammatory cytokines in the context of HS, including IL-6 [24]. While these studies did not
find any correlation between IL-6 and tumor progression, this cytokine has been reported to be
increased in the absence of NLRX1 [14]. Thus, we also evaluated serum protein levels of IL-6 by
ELISA and found that the levels of this cytokine were significantly increased in urethane treated
NIrx17- mice compared to the wild type animals (Figure 7C). Together with the gene expression
findings, these data show that NLRX1 attenuates inflammation and tumorigenesis through the

negative regulation of genes associated with cancer, autophagy, and cell death during HS.
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NLRX1 Negatively Regulates NF-kB and AKT Signaling in Histiocytic Sarcoma

In general, the genes and pathways that were found up-regulated were highly diverse and
covered a broad spectrum of pathways associated with tumorigenesis. This suggests that
NLRX1 likely indirectly regulates these pathways through its effects on one or more essential
regulatory pathways up-stream from the genes evaluated. Prior studies have shown that NLRX1
negatively regulates the type-1 interferon response and the NF-kB signaling cascade following
virus exposure [14, 15]. While no prior data has associated IFN signaling with the urethane
model, several lines of evidence indicate that the urethane model is potentiated by inflammation
associated with increases in NF-xB signaling [17, 25]. Evaluation of the gene expression data
did not reveal any significant differences in expression among genes generally associated with
IFN signaling between the wild type and NIrx1” spleens. Further analysis of pathways that were
enriched in the spleen following urethane treatment also did not identify the IFN signaling
pathway as being significantly dysregulated (data not shown). Thus, IFN signaling does not
appear to play a role in either HS or NLRX1 function in this model. However, unlike the
findings of IFN signaling, we did observe significant differences in genes associated with the
NF-xB signaling cascade (Figure 9A). Our analysis revealed that 54 genes associated with NF-
kB signaling were significantly up-regulated (> 2-fold increase in expression) in the spleens from
urethane treated NIrx1” mice compared to the wild type animals (Figure 9A). Two genes, Csf2
and Csf3, were found to have the highest fold change in expression (>1000 fold) (Figure 9A).
Seven additional genes had greater than 100-fold changes in expression between the NIrx1”- and
wild type spleens, including Agt, Fos, Tnfrsf10b, 1110, Ccl2, Egrl, and Egfr (Figure 9A). All
expression data was analyzed using Ingenuity Pathway Analysis (IPA) to identify relationships

and pathways that were enriched in the urethane treated NIrx1” spleens compared to the wild
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type spleens. The IPA analysis confirmed that the NF-kB signaling pathway was significantly
up-regulated during HS in the NIrx1” mice (Figure 9B). These data are consistent with prior
studies supporting a role for NLRX1 in the negative regulation of NF-«xB [14]. The IPA analysis
also revealed a significant increase in TNF signaling (Figure 9B), which is consistent with the
recent study that suggested NLRX1 functions as a tumor suppressor through modulating this
pathway in cancer cells [19]. Our IPA analysis further revealed a significant increase in the AKT
signaling pathway (Figure 9B). This was unexpected, as no prior studies have shown an
association between NLRX1 function and AKT signaling. Each pathway downstream of AKT
signaling was found to be up-regulated in the absence of NLRX1 during HS (Figure 9B). While
more studies are clearly necessary, these findings suggest that NLRX1 may also function, either
directly or indirectly, to negatively regulate AKT signaling during cancer. Together, these data
suggest that the sensitivity of the NIrx1” mice to urethane is at least in part associated with the

up-regulation of gene transcription associated with increased NF-kB and AKT signaling.

Discussion

Traditionally, the roles of NLRX1 have predominately been studied in the context of
host-pathogen interactions. However, recent studies have expanded the function of this unique
NLR to include roles in the regulation of metabolism, cell death, and cancer [12, 19, 20]. The
results obtained in the present study support previous findings and strongly suggest that NLRX1
functions to attenuate tumor progression. Mechanistically, our data suggest that this is through
the downregulation of NF-kB signaling, as this pathway is significantly up-regulated in the
NIrx1” mice following urethane exposure. Thus, in the current study, we have identified NLRX1

as an important tumor suppressor and characterized a group of genes downstream of NF-xB
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signaling that are significantly up-regulated in the Nlrx1” animals that contribute to the
development of HS.

In addition to our current findings, prior studies have also evaluated NLRX1 in cancer
utilizing either xenograft models or models of inflammation driven colorectal cancer [19, 20, 26,
27]. In the xenograft study, nude mice were injected with RKO colon carcinoma cells, where
NLRX1 was either stably knocked down or overexpressed [19]. In the presence of TNF, NLRX1
knockdown resulted in significantly increased tumor volume, whereas overexpression attenuated
tumor growth [19]. To evaluate the role of NLRX1 in CAC, tumorigenesis was induced in wild
type and NIrx1” mice by treating the animals with the chemical carcinogen azoxymethane
(AOM) immediately prior to dextran sulfate sodium (DSS) exposure [20, 26, 27]. In this model,
inflammation associated with DSS exposure functions as a tumor promoter. The results show
that NIrx1” mice were significantly more sensitive to inflammation driven tumorigenesis
compared to similarly treated wild type animals [20, 26, 27]. Significantly higher numbers and
larger-sized polyps were observed in the NIrx1”- mice [20]. The NIrx1” mice were also found to
have increased colon inflammation associated with DSS exposure [20]. In both the xenograft as
well as the AOM/DSS models, the loss of NLRX1 was suggested to have implications in cell
death leading to tumorigenesis, which is supported by our data as well. Findings from the
xenograft study suggest that NLRX1 appears to sensitize the cells to TNF induced cell death
through a Caspase-8 dependent mechanism and maintains ATP levels through the regulation of
mitochondrial Complex | and Complex Il activities [19]. A similar mechanism is described in
the colitis associated cancer (CAC) studies [20]. In the CAC studies, in vivo tumorigenesis data

was supported by correlations to murine embryonic fibroblast data that suggested NLRX1
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expression mediates resistance to extrinsic apoptotic signals, while also conferring susceptibility
to intrinsic apoptotic signals [20].

The results of the current study support a role for NLRX1 in mediating cell death under
neoplastic conditions, but not in primary macrophages. Our study identified 44 genes associated
with cell death that were upregulated in the spleens of NIrx1”- mice with HS. Interestingly, the
majority of cell death genes upregulated in these mice were related to apoptosis; however, no
clear link to either intrinsic or extrinsic apoptosis was identified. It is also unclear if the up-
regulation of genes associated with cell death was directly associated with the neoplastic
macrophages or associated with the general tissue damage that occurred in the spleen during HS
progression. To expand upon these findings, we conducted basic assessments of cell death
associated with our proliferation studies using primary bone marrow derived macrophages.
Under our experimental conditions, we did not observe a significant difference in cell death
between the wild type and NIrx1”- macrophages. Rather, we noted a significant increase in NIrx1-
" cell proliferation. It is certainly possible that the increase in cell numbers that we observed
could also be correlated with reduced cell death. In fact, increased cell proliferation and reduced
cell death are commonly observed when essential pathways associated with tumorigenesis are
disrupted [28]. The increased NIrx1”- macrophage proliferation is consistent with the increased
splenic macrophage proliferation observed by histopathology in the spleens during HS.
Likewise, the increase in expression of genes, such as Ccl2 and Csf3, which are NF-«kB regulated
cytokines associated with macrophage proliferation and recruitment, are also consistent with our
in vivo findings. Thus, the role of NLRX1 in regulating cell death (and proliferation) in normal

versus neoplastic cells warrants further study.
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In the present study, we sought to extend the assessments of NLRX1 and evaluate
additional pathways modulated by this unique NLR in the context of tumorigenesis. Prior
studies have shown that NLRX1 is a member of the regulatory NLR sub-group and functions to
inhibit inflammatory signaling cascades, including IFN and NF-kB signaling (reviewed in [8]).
While we did not observe any role for dysregulated IFN signaling in the development of HS in
the NIrx1”- mice, we did find a strong correlation between tumorigenesis and the up-regulation of
genes associated with NF-xB signaling. Prior mechanistic studies have shown that NLRX1
interacts with TRAF6 to negatively regulate NF-kB signaling [14]. The NF-xB signaling
pathway directly regulates a wide range of biological functions beyond inflammation and is
associated with almost every hallmark of cancer [28]. In the context of HS, there is a paucity of
data pertaining to NF-kB signaling. Beyond a few incidental observations, no detailed studies
have comprehensively evaluated this signaling pathway in HS. However, NF-kB signaling has
been evaluated in other types of sarcoma. For example, in human hemangioma and
angiosarcoma lesions, high levels of RelA and strong activation of the NF-kB/IL-6/STAT3
signaling axis has been previously reported [29]. These human data were complemented by
studies using Ink4a/Arf deficient mice, which recapitulate genetic traits observed in human
angiosarcoma patients and xenograft mice. In these models, animals developed angiosarcoma in
the lung, liver, and spleen and systemic inhibition of I1kkp, IL-6 or STAT3 significantly inhibited
angiosarcoma growth [29]. In other sarcomas, inhibition of the NF-kB pathway has also been
shown to significantly attenuate tumorigenesis. In a study utilizing a myxoid liposarcoma cell
line, inhibition of the NF-kB signaling pathway was shown to decrease cell viability, reduce
phosphorylation of NF-«kB proteins, and attenuate caspase-3 regulated apoptosis [30].

Interestingly, the human metadata analysis described in the current study found the greatest
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decrease in NLRX1 expression in myxoid liposarcoma (Figure 1). This suggests a possible link
between reduced NLRX1 levels and increased NF-kB signaling in this neoplasm.

In addition to up-regulation of the NF-kB cascade, we also observed increased AKT
signaling during HS in the Nlrx1” mice. This result was quite unexpected as no prior studies
have associated NLRX1 with AKT signaling. However a related protein, AIM2, has recently
been shown to attenuate the progression of colon tumorigenesis, in part, through reducing AKT
activation [31]. In this study, Aim2” mice were found to be highly sensitive to colitis associated
colorectal cancer. The increased tumor burden in these mice was significantly attenuated in
those animals treated with an AKT inhibitor, suggesting that up-regulation of this pathway is
associated with tumorigenesis [31]. Unlike the NF-kB pathway, the contribution of AKT
signaling in HS has been previously reported [32]. In human specimens, immunohistochemistry
revealed high levels of p-AKT expression in 9 of 10 HS samples [32]. These human data were
further supported using a novel Pten*" Ink4a/Arf’ double mutant mouse model of HS. In this
model, loss of PTEN results in aberrant activation of the PI3K/AKT signaling pathway, as well
as, the RAS/MAPK pathway [32]. Ultimately, this results in increased AKT, ERK1 and ERK2
phosphorylation and the eventual development of HS [32]. Interestingly, lymphomas arising in
the Ink4a/Arf" mice did not show this increase in AKT signaling compared with normal tissue
from wild type animals, suggesting that increased AKT signaling is specific to HS in this model
[32].

We identified 194 genes up-regulated in the NIrx1” mice following urethane
administration that were associated with cancer signaling, autophagy and NF-«xB signaling.
Many interesting targets were identified that have not been previously associated with either HS

or NLRX1 function. Of the individual genes and proteins that were found to be significantly
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dysregulated, IL-6 and CCL2 are highly interesting. We observed increased systemic levels of
IL-6 in the serum of the NIrx1” mice (Figure 7). In canine patients, previous reports have
observed significant increases in IL-6 in metastatic splenic hemophagocytic HS [33]. Likewise,
as mentioned above in human patients and mouse models, prior studies evaluating the NF-xB/IL-
6/STAT3 axis in other types of sarcoma have reported increased IL-6 signaling and attenuation
of tumorigenesis following treatment with IL-6 inhibitors [29]. Together, these findings suggest
a major role for IL-6 in disease pathogenesis. Increased IL-6 levels have been previously
reported in the NIrx1” mice in other models associated with pathogen infection [14]. The direct
association between NLRX1 and IL-6 signaling is presumed to result from increased NF-xB
signaling found in the absence of NLRX1. A recent paper showed that enhanced 1L-6 in NIrx1™”
mice is consequential, as anti-IL6R therapy completely reduced colon polyps in these animals
[26]. However, it is also important to note that increased IL-6 could also be an indirect response
to the animal’s clinical decline, rather than a direct effect of NLRX1 function on tumorigenesis.
Additional mechanistic insight will be necessary to better define the relationship between
NLRX1, IL-6 and HS pathogenesis. The increase in CCL2 (MCP-1), both ex vivo and in vitro is
also an intriguing observation. Transcription of CCL2 is highly regulated by NF-«B and the
cytokine displays potent monocyte chemotactic activity. Increased CCL2 has been previously
reported in veterinary patients with HS [24]. In this prior study, serum levels of CCL2 were
significantly increased in dogs diagnosed with disseminated HS compared to healthy control
animals [24]. While we focused on IL-6 and CCL2, many of the other genes identified are also
highly interesting and should provide significant insight related to HS pathogenesis.

NLRX1 is a novel member of a unique regulatory sub-group of NLR family members

that functions to negatively regulate diverse biochemical signaling cascades. Members of this
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regulatory sub-group function to control aberrant inflammation and other biologically relevant
pathways associated with a variety of human diseases, including cancer. Here, we have shown
that NLRX1 functions to suppress tumorigenesis, in part, through the negative regulation of NF-
kB signaling. These findings are consistent with previous studies that have characterized NLRX1
as a tumor suppressor in other cancer models. We anticipate that future studies will better define
the role of NLRX1 in cancer. Additionally, we have uncovered an extensive number of genes
and pathways that have not previously been associated with HS. Thus, further studies of these
pathways and dysregulated genes should identify novel targets for future therapeutic strategies to

attenuate HS progression.
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Figure 1: NLRX1 Gene Expression is Significantly Dysregulated in Diverse Human
Neoplasms. (A) A retrospective analysis of gene expression metadata from samples collected
from human subjects revealed that NLRX1 expression was significantly dysregulated in a diverse
range of cancer subtypes. Data shown were determined to be significant changes in NLRX1
expression between the tumor sample and either adjacent tissue from the same subject or a
comparable tissue from an unaffected control subject based on the specific parameters
established in each individual study. (B-C) Macrophages from NIrx1” mice rapidly proliferate
and release increased cytokines associated with cell growth and migration. (B) Bone marrow
derived macrophages from NIrx1” mice significantly expand under standard tissue culture
conditions. (C) Significant increases in Ccl2 (Monocyte Chemotactic Protein-1) and Csf3
(GCSF) gene expression were observed in NIrx1” macrophages compared to wild type

macrophages. Data are representative of 5 independent studies. *p<0.05.
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Figure 2.
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Figure 2: NLRX1 Improves Survival and Morbidity Following Urethane Exposure. (A)
Schematic of the urethane model. NIrx1” and wild type mice received 7 injections of 1g/kg body
weight of urethane in saline over the course of 7 weeks. (B) Kaplan-Meier plot of NIrx1” and
wild type mouse survival. (C) NIrx1”- mice demonstrated a significant decrease in weight gain
over the course of the model compared to the wild type animals. (D) Necropsy revealed palpable
masses in the peritoneal cavity associated with hypersplenomegaly in the NIrx1” mice. (E)
Urethane treatment resulted in significant increases in spleen weight in the NIrx1” mice
compared to wild type animals. (F) Urethane treatment increases NIrx1 expression in wild type
mice. Data are representative of 3 independent studies. NIrx1” urethane, n=10; wild type

urethane, n=28; Nlrx1” saline, n=3; wild type saline, n=3. *p<0.05.
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Figure 3.
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Figure 3. Disease Progression and Changes in Gene Expression Identified at 14 Weeks are
not Evident at 7 Weeks. (A-B) Additional mouse studies evaluated at week 7 revealed no gross
or histologic evidence of splenomegaly or tumorigenesis in the (A) spleen or (B) lung. (C) No
significant differences in gene expression of Aktl, Tnf, 1I-6, Nlrx1, and Ccl-2 were identified
between the experimental and control groups. Analysis was based on the AACt method, where
all data was standardized to the average gene expression for 18s and normalized to the respective

untreated wild type spleens.
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Figure 4.
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Figure 4. NLRX1 Attenuates the Development and Progression of Histiocytic Sarcoma.
Evaluation of histopathology revealed that urethane treatment resulted in the development of
histiocytic sarcoma in Nlrx1” mice. (A) Evaluation of H&E stained sections revealed a
significant expansion of the white pulp and increased monocyte populations in spleens from
urethane treated NIrx1” mice compared to the saline treated and urethane treated wild type
animals. (B) Higher magnification evaluation revealed that all of the lesions contained high-
grade malignancies consisting of markedly pleomorphic monocytes containing multiple mitotic
figures (arrow). (C) Semi-quantitative scoring of histopathology revealed a significant increase
in spleen lesions in the NIrx1” mice compared to the wild type animals following urethane
treatment. (D) Immunohistochemistry using MAC387 (Abcam) was utilized to better classify the
pre-dominate cell populations present in the spleen. All of the monocytes associated with spleen
lesions were strongly positive for MAC387, suggesting that they are predominately
macrophages. Data are representative of 3 independent studies. NIrx1” urethane, n=10; wild type

urethane, n=28; NlIrx1” saline, n=3; wild type saline, n=3. *p < 0.05.

70



Figure 5.
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Figure 5: NLRX1 Attenuates Urethane Induced Lesions in the Lung and Liver. (A)
Evaluation of histopathology revealed that urethane exposure increased lung lesions in both
NIrx1” and wild type mice. (B) Semi-quantitative scoring revealed a significant increase in
bronchial associated lymphoid tissue (BALT) hyperplasia and the number of lesions in lungs
harvested from urethane treated NIrx1”- mice. (C) In addition to the lungs, urethane exposure
also resulted in increased liver lesions in the wild type and Nlrx1”- mice. NIrx1” mice developed
significant increases in extramedullary hematopoiesis, perivascular inflammation, and necrosis
compared to wild type animals. Data are representative of 3 independent studies. Nlrx1”

urethane, n=10; wild type urethane, n=28; NIrx1” saline, n=3; wild type saline, n=3. *p<0.05.
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Figure 6.
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Figure 6. Schematic Illustrating the Experimental Design for Expression Profiling. Multiple
mice from each genotype and condition were exposed to urethane. Spleens were harvested 14
weeks following the initial urethane exposure. The total spleen RNA from each mouse was
quantified and pooled in equal amounts. The pooled RNA was converted into cDNA and
expression profiling was conducted using a panel of Superarrays (Qiagen). Expression data was
verified by evaluation of gene expression changes of a subset of individual genes using rtPCR

from both pooled and un-pooled samples.
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Figure 7.
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Figure 7: Genes Associated with Cancer, Autophagy, and Cell Death Are Significantly Up-

Regulated in NLRX1 Deficient Mice during Histiocytic Sarcoma. Gene transcription was

profiled from RNA collected from wild type and NIrx1” spleens 14 weeks following the initial
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saline or urethane exposure. (A-B) Heatmap reflecting the change in gene expression of all genes
associated with common cancer pathways, autophagy, and cell death that were identified as
being significantly up-regulated in the spleen following urethane treatment of NIrx1” mice
compared to the urethane treated wild type animals. Analysis was based on the AACt method,
where all data was standardized to the average gene expression for a panel of 8 housekeeping
genes and normalized to the respective untreated NIrx1” and untreated wild type spleens.
Greater than a 2-fold change in gene expression was considered significant. Three - five
randomly selected spleens from each genotype and treatment group were selected and pooled for
profiling studies. (C) A significant increase in serum IL-6 and CCL2 levels were detected in the
NIrx1”- mice compared to wild type animals 14 weeks after the initial urethane injection.
Cytokine levels were determined by ELISA. NIrx1” urethane, n=6; wild type urethane, n=10;

NIrx1” saline, n=3; wild type saline, n=3. *p<0.05.
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Figure 8.

Figure 8. Genes Associated with Both Apoptosis and Necrosis are Up-regulated During
Tumorigenesis. Heatmap reflecting the change in gene expression of genes associated with cell
death segregated into those associated with apoptosis versus necrosis.

identified as being significantly up-regulated in the spleen following urethane treatment of Nlrx1

/

method, where all data was standardized to the average gene expression for a panel of 8

housekeeping genes and normalized to the respective untreated Nlrx1” and untreated wild type

Fold Expression Apoptosis Necrosis
roon | [ s T [
NTrs as
900-999 1110 Tnfrsfib
800-899 Card10 Tnfsf10
700-799 Fasl Tnf
600-699 Tnfsf10 Bid
500-599 Ltbr Tnfsfi4
400-499 Bel2 Ikbkg
300-399 Caspﬂ Fadd
200-299 Tnf T2
Bel2111 Ripk1
100-199 Bnip3 Mydas
90-99 Casp? Tradd
80-89 Nod1 Cdd0
70-79 Xiap Cflar
60-69 Traf3 Tnfrsfia
50-59 Bel2ata
40-49 2l
a
30-39 Bcl10
20-29 Bad
10-19 Traf2
289 Ripk1
0-1.8 Casp2
Cd40
Cflar
Tnfrsfia

" mice compared to the urethane treated wild type animals. Analysis was based on the AACt

76

These genes were



spleens. Greater than a 2-fold change in gene expression was considered significant. Three - five
randomly selected spleens from each genotype and treatment group were selected and pooled for

profiling studies.
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Figure 9.
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Figure 9: NLRX1 Negatively Regulates NF-kB and AKT Signaling during Tumorigenesis.
(A) Heatmap and fold change in expression of all genes associated with NF-«kB signaling that
were identified as being significantly up-regulated in the spleen following urethane treatment of
NIrx1”- mice compared to the urethane treated wild type animals. Analysis was based on the
AACt method, where all data was standardized to the average gene expression for a panel of 8
housekeeping genes and normalized to the respective untreated NIrx1” and untreated wild type
spleens. Greater than a 2-fold change in gene expression was considered significant. Three — five
randomly selected spleens from each genotype and treatment group were selected and pooled for
profiling studies. (B) Evaluation of all gene expression data using Ingenuity Pathway Analysis
revealed a significant increase in NF-xB and AKT signaling in NIrx1” spleens following
urethane exposure compared to wild type. Pink icons represents genes that were significantly up-
regulated (>2 fold change in expression) in the NIrx1” spleens compared to the change in
expression observed in the wild type spleens following urethane treatment. NIrx1” urethane,

n=5; wild type urethane, n=5; NIrx1” saline, n=5; wild type saline, n=5.
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Chapter 4
NF-kB Signaling and AKT Signaling Contribute to the Pathogenesis of Canine Histiocytic
Sarcoma
Coutermarsh-Ott, SL, Dervisis, NG, Klahn, SL, Parys, M, Gregory-Bryson, E, Kiupel, M,
Yuzbasiyan-Gurkan, V, Eden, K, Lahmers, K, Allen, IC
Abstract

Histiocytic sarcoma (HS) is a highly malignant neoplasm of macrophage or dendritic cell
origin. It is a rare tumor in humans and uncommonly found in dogs. In dogs, it can originate in
a variety of different organs including spleen, lung, skin, and others. In all species, treatment
options are limited and often unsuccessful. Despite this, very little is known about the
pathogenesis of this disease. Previous studies in our lab have suggested a role for both NF-xB
and AKT signaling in HS development in mice. The current study aimed to test the hypothesis
that those pathways found to be important in mice would also contribute to the disease in
canines. To test this, we used a combination of gRT-PCR and microarray analysis on canine
patient samples to evaluate the expression of notable genes within both the NF-xB and AKT
signaling pathways. Interestingly, our initial results reveal a significant increase in the
expression of IL-1B, IL-6, TNF, MTOR, AKT1, and PIK3R in canine patients diagnosed with HS
whose primary tumor arises in the spleen but no changes in gene expression in those patients
whose tumor arises within the lung. To further this, we evaluated a second population of dogs
diagnosed with either histiocytic sarcoma of dendritic cell origin or the hemophagocytic sub-type
of HS of macrophage origin using microarray analysis. Relative gene expression in these
patients show that multiple genes in the NF-kB and AKT signaling pathways are increased in

patients diagnosed with the hemophagocytic sub-type whereas similar increases are not seen in
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those with non-hemophagocytic HS. Collectively, these data suggest that the two tumors have
significantly different pathogeneses and that being able to differentiate between the two
clinically will provide meaningful prognostic significance.
Introduction

Histiocytic sarcoma (HS) is a malignant tumor of macrophage or dendritic cell origin.
Case reports of the tumor in humans are exceptionally rare, however, it is slightly more common
in veterinary patients. Because of this, the majority of characterization studies have been
conducted in veterinary patients. In veterinary medicine, HS is primarily a tumor of dogs though
there are case reports in other species [1-6]. It can occur in any breed, age, or sex of dog, but is
most common in older, large breed canines. Clinical presentations are variable, often non-
specific, and highly dependent on the location of the tumor. There are two forms of the disease,
a localized form and a disseminated form [1]. The localized form typically arises as a solitary
tumor located in the spleen, subcutis, areas surrounding joints, and/or the lung [1]. The
disseminated form is characterized by a diffuse infiltration of neoplastic cells in multiple organs.
Though recent literature has suggested that solitary tumors arising in the periarticular soft tissues
are associated with a better prognosis, the majority of these tumors often metastasize and do not
respond to treatment [7, 8]. Most of these tumors arise from tissue-specific interstitial dendritic
cells. These will stain positive for immunohistochemical markers such as CD18, Cdllc, Iba-1,
and CD204 [1, 9]. There is a subset of these tumors arising from CD11d+ macrophages (splenic
and bone marrow macrophages) that are termed hemophagocytic histiocytic sarcoma (HHS)
[10]. These tumors are associated with a grave prognosis and multiple paraneoplastic syndromes

such as thrombocytopenia, anemia, and hemorrhage [7].
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Despite the poor prognosis in both dogs and humans, few studies have been published
investigating the pathogenesis of this disease. One of the earliest studies was done using
knockout mice deficient in the tumor suppressors Pten and Ink4a/Arf [11]. Mice partially
deficient in Pten and completely deficient in Ink4a/ARF were found to spontaneously develop
neoplastic proliferations of histiocytic cells identified as macrophages via immunohistochemistry
[11]. Subsequent evaluation of human HS samples also showed a similar inactivation of these
tumor suppressor genes [11]. Additional genetic studies in dogs have shown that mutations in
the tumor suppressor genes CDKN2A/B, RB1, and PTEN are associated with breed
predispositions to HS in Bernese mountain dogs and Flat-coated retrievers [12].

More recently, our research team has implicated an emerging tumor suppressor, NLRX1,
in murine HS [13]. NLRX1 is an intracellular receptor in the NLR family responsible for
recognizing cytosolic pathogen-associated molecular patterns (PAMPs) and damage associated
molecular patterns (DAMPSs) and subsequently modulating numerous downstream signaling
pathways including NF-«B signaling, and others [14-17]. In our studies, mice lacking this gene
developed marked splenomegaly 14 weeks following exposure to the carcinogen urethane.
Subsequent histopathologic evaluation showed effacement of the normal splenic architecture by
cells consistent with HS [13]. We further showed that the development of these tumors was
associated with increases in gene expression in a multiple pathways involved in cancer, cell
death, and autophagy [13]. Most notably, increases in expression of genes within the NF-xB and
AKT signaling pathways were identified [13].

The role of NF-«B signaling in tumorigenesis is well-established and studies have shown
it to play a role in multiple tumor types [18-23]. It has been shown to promote tumorigenesis

specifically by activating gene expression in cancer cells, but also by promoting inflammation
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within the local tumor microenvironment [18]. This central, pro-inflammatory, cell signaling
pathway can be initiated by ligands binding different types of cellular receptors including: T-cell
receptors (TCRs), tumor necrosis factor receptors (TNFRs), Toll-like receptors (TLRs), NOD-
like receptors (NLRs), Interleukin-1 receptors (IL-1Rs) and others. Once these receptors are
bound, a cascade of events takes place ultimately leading to the phosphorylation of IxB and
release of transcription factors RelA and p50 to enter the nucleus. Once these enter the nucleus,
they bind to multiple target genes and initiate increased expression of a variety of substances
including pro-inflammatory cytokines such as IL-6, TNF, and IL-1p as well as cell survival and
proliferation pathways.

Like NF-xB signaling, AKT signaling has also been shown to play a pivotal role in
neoplastic transformation and progression [24]. In fact, mutations of components of this
pathway are among the most commonly identified in cancer in human and veterinary patients
[25-32]. AKT signaling is initiated by the binding of growth factors to their subsequent receptor
tyrosine kinase. This initiates a cascade of phosphorylation events by the kinases AKT1, PDK1,
and MTOR ultimately ending in the phosphorylation of downstream targets that promote cell
growth, cell cycle progression, and limit apoptosis. Unlike NF-«xB signaling, this pathway has
been previously implicated in HS in both dogs and humans [11, 12]. PTEN is an important
tumor suppressor that is mutated in both species. It is a phosphatase involved in the regulation of
AKT signaling by acting on phosphoinositide substrates, such as PIP3. PIP3 is a critical
substrate in the progression of AKT signaling. Thus PTEN acts to mitigate signaling through the
reduction of this substrate.

The current study aims to further our initial studies and investigate the clinical relevance

of NF-xB and AKT signaling pathways in canine HS. We utilized patient tumor samples and
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both gRT-PCR and microarray analysis to evaluate the expression of relevant genes in both
pathways. Indeed we do show that primary HS of the spleen and patients diagnosed with HHS
do exhibit increases in expression of genes in both signaling pathways, wherea , those patients
with primary lung HS and/or non-hemophagocytic HS do not. These results further our
understanding of the pathogenesis of HS and suggest that differentiating between HS and HHS in
patients could provide meaningful clinical and prognostic significance.

Materials and Methods

Study population for gene expression analysis.

Medical records produced in the VA-MD College of Veterinary Medicine (VMCVM)
teaching hospital were searched for patients admitted or seen between January 2008 and June
2016 in which the keyword “histiocytic” was identified with their visit. These cases were
reviewed and those patients diagnosed with HS via histopathology from a biopsy or necropsy
were selected. All slides were reviewed by a second board certified veterinary pathologist
(SCO). Additionally, all cases without associated immunohistochemistry (IHC) were submitted
for CD18 IHC confirmation. After confirming the diagnosis of HS, only those patient groups
with primary splenic or primary pulmonary HS were included in the study. This was due to the
fact that numbers of cases in other tissue types with adequate tissue sample were low. Tissue
controls for spleen and lung were chosen by randomly identifying dogs submitted for necropsy
with no historical or histologic evidence of disease in the organ of interest (spleen and lung
respectively) or presence of HS anywhere else in the body.

Gene expression.
For each sample, two, unstained slides were cut at a thickness of 20 um from the

archived FFPE tissues. For tumor samples, only tumor tissue was isolated and, for control
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samples, all available spleen or lung tissue was isolated. The tissues were then deparaffinized
using xylene and RNA was extracted using a Quick-RNA™ MiniPrep (Plus) (Zymo Research,
R1057). 0.5-0.7 pg of RNA was then diluted in RNAse free water and utilized in a cDNA
reaction. The resulting cDNA was used in a gRT-PCR reaction using the following canine
probes: 18S, AKT1, PIK3R, MTOR, NLRX1, TNF, IL-/B, and IL-6. Relative fold change was
calculated using the AACt method using 18S as an intrinsic control and normal tissue samples
(spleen and lung respectively) as experimental controls.
Microarray data.

Tumor samples from dogs presenting to the Center for Comparative Oncology, Michigan
State University (MSU), were selected. The diagnosis was confirmed via standard H&E and
immunohistochemistry against CD18 (histiocytic sarcoma) and CD11d (hemophagocytic
histiocytic sarcoma) by a single pathologist (MK). Samples were collected at the time of biopsy
or surgery with the written consent of the owners (between 2007 and 2012), flash-frozen in
liquid nitrogen and stored at -80°C. Samples were homogenized, extracted with Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and purified with RNeasy clean up (Qiagen, Valencia, CA,
USA) per the manufacturers’ protocols. Resultant RNA was quantified via spectrophotometry
and assayed for quality on Agilent (Santa Clara, CA, USA) bioanalyzer at the Research Support
Technology Facility (RSTF) at MSU. A total of 30 samples were selected for array analysis with
GeneChip Canine 2.0 Genome Arrays (Affymetrix, Santa Clara, CA, USA). The analysis was
performed in a single batch, in a randomized manner at MSU’s RSTF per Affymetrix protocols.
Briefly, the MessageAmp Premier RNA amplification kit (Invitrogen, Carlsbad, CA, USA) was
used to synthesize cDNA from total RNA. cDNA which was then used for synthesis of biotin-

labeled aRNA. aRNA was purified, quantified and fragmented before hybridization with the
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GeneChips. Hybridized chips were washed, stained using streptavidin-conjugated phycoerythrin
dye (Invitrogen, Carlsbad, CA, USA) and enhanced with biotinylated goat antistreptavidin
antibody (Vector Laboratories, Burlingame, CA, USA) using an Affymetrix GeneChip Fluidics
Station 450 and Genechip Operating Software. The Affymetrix GeneChip scanner 7G was used
to acquire images. Relative gene expression was calculated by normalizing all samples to
BACTIN as an endogenous control and canine dendritic cells or macrophages as experimental
controls for HS and HHS respectively. Data was then analyzed using Ingenuity Pathway
Analysis (IPA) software.

Statistical analysis.

Statistical analyses were performed using GraphPad Prism 5. For gene expression
calculations on patient samples, significant outliers (p<0.05) for each gene were identified using
GraphPad Quick-calcs (an on-line tool) and removed. Each relative fold change was evaluated
using a non-parametric Mann-Whitney test and deemed to be significant at p<0.05.

Results
Clinicopathologic findings

We identified 41 cases of confirmed or suspected canine HS diagnosed through biopsy or
necropsy from the VMCVM VTH between January 2008 and June 2016 (data not shown). In
order to facilitate statistical analysis and have adequate patient numbers for gene expression
studies, we chose to focus on those patients diagnosed with primary splenic HS or primary lung
HS. We identified 10 patients with primary splenic HS (Table 1). The average age of these
patients was 9.8 + 2.8 years with a range from 4 to 14 years old. 7/10 of these patients were
neutered males and 3/10 were spayed females. No intact animals were identified in this

population. Six breeds were represented and included: Mixed breed (3/10), Labrador retriever
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(2/10), Golden retriever (2/10), Pitbull (1/10), German shepherd (1/10), and Boston terrier
(1/10). The majority of these patients had localized disease (7/10) while the remainder (3/10)
had evidence of metastasis to the liver or other organs. Eight control samples were used (Table
2). The average age of these animals was 8.4 + 5.1 years with a range from <1 to 14 years old.
The population included 4/8 neutered males, 2/8 spayed females, 1/8 intact males, and 1/8 intact
females. Five breeds were represented and included: Mixed breed (4/8), Pitbull (1/8), Boxer
(1/8), and Australian shepherd (1/8).

For our second group, we identified 4 patients with primary lung HS (Table 1). The
average age of these patients was 10.8 + 1.3 year of age with a range from 9 to 12 years old. 3/4
patients were neutered males and the remaining patient was a spayed female. Again, no intact
canines were identified in this population. Four breeds were represented and included Golden
retriever (1/4), Staffordshire terrier (1/4), Beagle (1/4) and English sheepdog (1/4). 3/4 patients
had disease localized to the lung while the remaining patient had evidence of metastasis to the
eye and kidney. There were 4 samples of lung tissue used as controls (Table 2). The average
age was 8.5 years + 4.9 years with a range of 3 to 14 years. 2/4 dogs were neutered males, 1/4
dogs was an intact male, and 1/10 dogs was an intact female. All dogs were mixed breed (4/4).
Pathologic findings

Microscopically, these patients had an unencapsulated, densely cellular, infiltrative
neoplasm composed of sheets of round to spindle cells on scant or pre-existing fibrovascular
stroma that effaced normal tissue architecture (Figure 1). These cells were characterized by
mild to marked pleomorphism. Cells ranged from round to spindle and were characterized by
moderate to abundant amounts of cytoplasm and round to reniform to elongate nuclei with

variably condensed chromatin. These neoplasms often exhibited nuclear and/or cellular
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gigantism, multinucleation, and bizarre mitotic figures. All cases were subjected to CD18 IHC
at the time of diagnosis or retrospectively for this study. Cases were considered positive if
neoplastic cells exhibited membranous or cytoplasmic staining (Figure 1).
Gene expression profiling for NF-kB signaling

Previous work in our lab has suggested that NF-kB signaling may be increased in murine
HS, thus we chose to focus our initial investigations on this pathway [13]. Therefore, we
extracted RNA from FFPE tissues housed in the VMCVM VTH archives and conducted gRT-
PCR. Because our samples were limited to FFPE tissue, our analysis was limited to gene
expression studies. We used the expression of key targets of NF-kB transcription factors, TNF,
IL-6, and IL-1p, as surrogates to detect pathway activation. We compared relative gene
expression in those patients with splenic HS to the expression of these genes in normal spleens
(Figure 2). We found that in tumor tissue from spleens, there was a statistically significant
increase in both IL-/4 and IL-6. Additionally, there was an increasing trend for TNF but this did
not reach statistical significance (Figure 2). We did not, however, see similar changes in tumor
tissue from the lungs. When tumor tissue from the lung was compared to normal lung tissue no
statistically significant changes or strong trends in any of the genes evaluated were identified
(Figure 2). Interestingly, TNF did show a mild increase in tumor tissue relative to normal lung
tissue, but with fold changes far less than those identified in the spleen (Figure 2).
Gene expression profiling for AKT signaling

In addition to finding increases in expression of TNF, IL-6, and IL-/8, our previous
studies also showed increases in genes reflecting AKT signaling [13]. Therefore, to evaluate this
in our patient samples, we utilized primer probes for AKT1, PIK3R, and MTOR and compared

relative gene expression in those patients with splenic HS to the expression of these genes in
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normal spleens (Figure 3). AKT1, PIK3R, and MTOR are genes that encode for kinases integral
to the activation and progression of this pathway and thus increases in expression of these genes
were used as a surrogate to detect activation of the AKT signaling pathway. In our splenic
patients we observed statistically significant increases in the expression of all three genes
(Figure 3). When we evaluated these primer probes to compare relative gene expression in
those patients with pulmonary HS to the expression of these genes in normal lung tissue, we did
not see any significant changes or consistent trends (Figure 3).

Microarray data

Genes in the NF-xB and AKT signaling pathways were previously identified in our
rodent models to be increased and thus our initial experiments were designed to evaluate these
specific genes in canine tumors. In the previously described experiments, we were limited by the
number of archived cases that fit our criteria and the number of primer probes we could use.
Additionally, we chose to focus our efforts on tumors arising in specific tissues to be able to
compare the levels of gene expression to what is present normally in the tissue. Results from
these studies suggest that there are different pathways involved in tumors arising in different
tissues.

Canine HS is thought to arise from interstitial dendritic cells while a subset of these
tumors, termed HHS are thought to arise from splenic macrophages. Non-hemophagocytic HS
can be localized or disseminated and arise in a number of different tissues whereas HHS is
mostly limited to the spleen with potential secondary dissemination. Therefore, we hypothesized
that since our genes of interest reflecting NF-kB and AKT activation were elevated in canine
histiocytic tumors arising from the spleen and not the lung, that these may represent the

hemophagocytic sub-type and be of different cell origin with different pathogenetic mechanisms.
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To test this, we utilized microarray analysis on 25 canine patients diagnosed with HS and 5
patients diagnosed with the hemophagocytic sub-type (Table 3). Fold change in fluorescence
values were calculated after all values were normalized to B-ACTIN. The resulting fluorescence
was used to determine the relative expression of all genes evaluated in tumors compared to
controls. In an attempt to refine our controls, we isolated canine peripheral blood mononuclear
cells (PBMC) and subsequently differentiated them into either dendritic cells or macrophages.
Dendritic cells were used as controls for tumors diagnosed as HS and macrophages were used as
controls for tumors diagnosed as the hemophagocytic sub-type. We then used IPA analysis to
identify important pathways that differed between the tumors and the controls. Interestingly, we
identified similar trends in the data for HHS as we did in our splenic samples (Figure 4). 7 out
of 12 genes evaluated were increased in expression in HHS tumor samples compared to canine
PBMC-derived macrophages and included: IL1R1, MYD88, NFKB1, IRAK1, TRAF6, TNF, and
IL-7p (Figure 4). These are all genes encoding proteins necessary for NF-kB signaling
suggesting an overall increase in the activation of this pathway. The remaining 5 genes included
IKBKB, NFKBIA, RELA, and IL6 which exhibited no changes in expression, and IL1A which
was decreased in expression (Figure 4). IL1A is a pro-inflammatory protein that is not only
produced as a result of NF-kB signaling, but, it is also an important cytokine that can initiate NF-
kB signaling. Studies in humans have shown that mutations in IL1A that reduce the ability of
miRNAs to bind and negatively regulate gene expression are associated with the development of
hepatocellular carcinomas and gastric carcinomas [33, 34]. The reason for this has been
postulated to be related to IL1A playing a more significant role in anti-tumor immunity [35].
Thus, our findings of decreases in expression of this gene in HHS patients is supportive of tumor

development. In HS, however, when compared to PBMC-derived dendritic cells, there was no
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clear increase or decrease in the overall pathway. In these samples, 4 out of 12 genes showed
increased expression and included IL-6, TRAF6, IKBKB, and NFKBIA (Figure 4). 1 out of 14
genes was decreased and included: TNF (Figure 4). The remaining 7 genes showed no changes
in overall expression (Figure 4). For AKT signaling, 8 genes were evaluated that reflected
expression of the AKT signaling pathway and included: EGFR, PI3CA, MTOR, PDK1, PTEN,
BCL2L1, AKT1 and CDKN1A (Figure 5). Similarly, HHS samples when compared to
macrophages showed increases in 6 out of 8 genes and included: EGFR, PI3CA, MTOR, PDK1,
PTEN, and BCL2L1 (Figure 5). BCL2L1 encodes for Bcl-xI, a member of the anti-apoptotic
Bcl-2 family of proteins while CDKNZ1A encodes for P21, a cyclin-dependent kinase inhibitor
and involved in cell cycle arrest. The remaining genes showed no changes in expression (Figure
5). For HS, 3 out of 8 genes were elevated and included: PI3CA, PDK1, and PTEN (Figure 5).
1 out of 7 genes showed a decrease in expression and included: CDKN1A (Figure 5) while the
remaining genes exhibited no changes in expression.
DISCUSSION

The current study adds to the paucity of literature evaluating the pathogenesis of canine
HS and suggests mechanistic differences between different tumor types. Our initial gene
expression studies focused on comparing tumors arising in specific tissues to non-diseased,
essentially normal tissue from that same organ in a control dog population. These results showed
increases in expression in genes reflecting both NF-kB and AKT signaling in tumors arising
from the spleen but not those arising in the lung. This was initially unexpected. However,
canine HS is accepted to arise from two possible cell types. HS (non-hemophagocytic) arises
from resident tissue dendritic cells. These tumors develop wherever dendritic cells are found and

thus have been diagnosed in many different tissue types. HHS, however, is considered a sub-
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type of HS and arises from splenic macrophages. This tumor develops in the spleen and has
several unique features when compared to HS. First, it is often associated with a much worse
prognosis and second, is often associated with paraneoplastic syndromes such as
thrombocytopenia and anemia due to the active phagocytosis of patient blood cells by neoplastic
cells [7, 10]. Since HHS is characterized as a sub-type of HS, further characterization studies are
not often pursued following the initial diagnosis of HS. However, previous studies have shown
significant differences in the histologic and clinical behavior of these two tumors. Our results
further show mechanistic differences and thus implicate a necessity to differentiate the two.

Our initial expression studies and our microarray analysis suggest that a central pro-
inflammatory cell signaling pathway, NF-xB signaling, may be important in canine HHS. We
chose to evaluate NF-kB signaling by using the expression of IL-6, TNF, and IL-/£ as surrogate
markers of pathway activation. Levels of TNF and IL-6 have been previously evaluated in a
single case of HHS in a Golden retriever [36]. Similar to our initial methods, this study
compared gene expression of TNF and IL-6 from tumor tissue versus splenic tissue from a
normal control dog. However, they identified increases in IL-6 but decreases in TNF [36]. This
significantly differs from our results that identified no changes in IL6 and increases in TNF in
our HHS patients. Since there is often marked variation in patient samples as evidenced by our
own patient population, our evaluation includes higher patient numbers and is thus more robust
and likely reveals trends more reflective of the general canine population. Another study
evaluated levels of various pro-inflammatory cytokines including IL-6 and TNF in the serum of
Bernese mountain dogs diagnosed with disseminated HS [37]. Results of this study showed no
significant differences in serum IL-6 or TNF compared to levels in control dogs [37]. This study

differs significantly from our study in that they evaluated circulating levels of these cytokines.

92



This is a more accurate reflection of systemic levels of inflammation, however, we were most
interested in evaluating what may be coming directly from tumor tissue. A single study
evaluating serum levels of inflammatory cytokines was performed in humans [38]. Three human
patients diagnosed with malignant histiocytosis were included in the study and cytokines
measured included TNF, IL-1B, and IL-6 [38]. Aside from increases in IL-6 (relative to
reference ranges), the authors found no consistent changes in circulating cytokine levels among
these patients [38]. Like the previous study in dogs, this study was designed to evaluate systemic
levels of these cytokines and is not an accurate reflection of levels present in tumor tissue alone.
We also found significant increases in the expression of key genes in the AKT signaling
pathway. Historically, previous studies have linked this pathway to HS in mice, dogs, and
humans [11, 12]. In fact, some of the first studies looking at the pathogenesis of HS were done
in mice. These studies found that mice genetically modified to have reduced Pten and absent
Inkda expression developed biphasic neoplasms composed of both a lymphoid and a histiocytic
compartment [11]. Further analysis of these tumors illustrated a complete loss of Pten in tumor
cells and a subsequent increase in phosphorylation of AKT [11]. Using immunohistochemistry,
they were able to also evaluate the presence of PTEN in human HS samples. Here they showed
that tumor cells did not stain positively thus suggesting a loss of PTEN protein in tumor cells
[11]. Additionally, mutations in PTEN have been identified in the Bernese mountain dog, a
breed predisposed to the development of the tumor [12]. Despite this, our results show that, in
both our HS and HHS populations of dogs, PTEN expression is slightly increased (Figure 5).
One explanation for this could relate to how we defined our cases. In our patients, we were
interested in differences between those cases diagnosed as HS versus those diagnosed as HHS

whereas the previous studies made no distinction between the two. Moreover, we attempted to
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more accurately reflect changes in gene expression of these tumors by utilizing PBMC-derived
dendritic cells or macrophages as controls. Despite finding increases in the expression of PTEN,
we were able to show increases in expression in multiple genes reflecting AKT signaling
suggesting an overall increase in expression of the pathway of our HHS patients. Moreover, we
were also able to show that, in HHS patients, there are increases in the expression BCL2L1, a
target gene of AKT signaling. BCL2L1 encodes for the anti-apoptotic protein BCL-XL.
Previous studies using knockout mice have shown that loss of this protein reduces susceptibility
to colorectal cancer [39].

Gene expression studies are somewhat limiting as they only reveal what is happening at
the transcription level. Ideally, we would like to be able to evaluate protein levels as translation
and post-translational modifications can have significant impacts on the levels and amounts of
protein. However, this tumor is exceptionally rare and thus our ability to accumulate fresh
tissues is often the biggest limiting factor. Additionally, HS is not easily diagnosed prior to
surgical biopsy and thus it can become cumbersome to sample every tumor where HS is a
differential. Therefore, in order to begin making conclusions using the tissues that are currently
available, we chose to evaluate archived FFPE tissues. Future studies will be needed to evaluate
if similar patterns are identifiable at the protein level.

Another consideration when measuring relative gene expression is the identification of
accurate control samples. In our initial gene expression studies, we chose to profile gene
expression at the level of the tissue. In this way we clearly showed that in tumors arising in the
spleen, there is a relative increase in expression in genes involved in both NF-kB and AKT
signaling when compared to non-neoplastic, non-diseased, histologically quiescent splenic tissue.

However, the argument could be made that these quiescent tissues are composed of a variety of
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different cell types which have a variety of different baseline signaling. Therefore, in subsequent
studies we attempted to evaluate gene expression changes using the tumor’s cell of origin.
Tumors identified as HHS were compared to canine macrophages and those identified as HS
were compared to canine dendritic cells. Interestingly, we were able to show similar trends in
our data despite the different criteria which suggests that both may be valid controls.

Though the use of patient samples has significantly more clinical relevance than, for
example, tumors developed in mouse models or cell lines grown in culture, there are some
limitations. Because these samples are from actual patients, there are many confounding
variables that may affect our results. For example, these tumors represent tissues from multiple
breeds. Though the Bernese mountain dog and Flat-coated retriever have been the only breeds to
date to show specific clinical and genetic predispositions to certain types and locations of HS,
there is a possibility that other purebred dogs may have specific clinical and genetic
manifestations that may skew our overall data. Similar limitations exist in the use of patient
tissues as controls. Additionally, differences in lifestyles such as diet and home environment, as
well as, the possibility of concurrent disease and/or use of medications also contribute to the
population heterogeneity.

This report summarizes our investigation of inflammatory pathways important in canine
HS. We utilized gene expression studies and evaluated key genes as surrogate markers of NF-xB
and AKT signaling activation. Indeed we found that not only are these pathways increased in
tumor samples compared to tissue controls, but that these changes appear to be specific for those
canine patients with HHS. Currently, HHS is considered a sub-type of HS and thus a distinction

between the two is not often pursued. Our results suggest that differentiating between them will
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provide meaningful clinical and prognostic significance and, thus, new and better diagnostics are
critically needed.
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TABLES and FIGURES

Table 1
Primary tumor CD18 IHC
Dog | Age (years) Sex Breed Additional sites
location Positivity
1 14 MN Labrador retriever Spleen Liver, lung, heart, LN Y
2 4 MN Pitbull Spleen Liver Y
3 10 MN Mixed Spleen Liver Y
4 10 FS Golden retriever Spleen None Y
5 10 FS German shepherd Spleen None Y
6 10 MN Mixed Spleen None Y
7 8 MN Boston terrier Spleen None Y
8 13 FS Mixed Spleen None Y
9 8 MN Labrador Retriever Spleen None Y
10 11 MN Golden retriever Spleen None Y
11 11 MN English sheepdog Lung None Y
12 9 MN Beagle Lung LN Y
13 11 MN Golden retriever Lung Kidney, eye Y
14 12 FS Staffordshire terrier Lung None Y

Table 1: Ten splenic histiocytic sarcoma patients and four pulmonary histiocytic sarcoma

patients were utilized in gene expression analysis. Data for patients diagnosed with histiocytic

sarcoma and used for relative gene expression analysis using tumor tissue compared to tissue

specific controls.
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Table 2

Dog Age (years) Sex Breed Tissue used Cause of death/euthanasia
1 >1 F Pitbull Spleen ARD, unknown death
2 9 MN Boxer Spleen Heart failure
3 14 FS Mixed Spleen Hepatic neoplasia
4 11 MN Mixed Spleen Meningioma
5 4 M Bulldog Spleen Renal disease
6 3 MN Mixed Spleen Mandibular osteomyelitis
7 11 MN Mixed Spleen Hemorrhagic gastroenteritis
8 14 FS Australian shepherd Spleen Degenerative myelopathy
9 3 MN Mixed Lung Mandibular osteomyelitis
10 6 F Mixed Lung Granulomatous meningoencephalitis
11 14 FS Mixed Lung Hepatic neoplasia
12 11 MN Mixed Lung Meningioma

Table 2: Eight samples of spleen and four samples of lung were available for use as tissue

controls.

Data for patients chosen as control tissues in gene expression analysis comparing

tumor tissue to tissue specific controls.
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Table 3

Dog Breed HHS vs. HS
1 Bernese mountain dog HHS
2 Bernese mountain dog HHS
3 Bernese mountain dog HHS
4 Bernese mountain dog HHS
5 Bernese mountain dog HHS
6 Bernese mountain dog HS
7 Bernese mountain dog HS
8 Bernese mountain dog HS
9 Bernese mountain dog HS
10 Bernese mountain dog HS
11 Bernese mountain dog HS
12 Other HS
13 Bernese mountain dog HS
14 Other HS
15 Other HS
16 Other HS
17 Other HS
18 Other HS
19 Other HS
20 Bernese mountain dog HS
21 Other HS
22 Other HS
23 Other HS
24 Other HS
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25 Other HS
26 Other HS
27 Other HS
28 Other HS
29 Bernese mountain dog HS
30 Other HS

Table 3: Patient data for microarray analysis. Patients were identified as being a Bernese
mountain dog or other breed and diagnosed with histiocytic sarcoma (HS) or hemophagocytic

histiocytic sarcoma (HHS).
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Figure 1

A

Figure 1. All canine samples were confirmed to be histiocytic sarcoma. Tumor tissue from
patients with primary splenic (A) and pulmonary (B) HS was histologically similar and
composed of pleomorphic histiocytic cells that effaced normal tissue architecture and stained

positively with CD18 immunohistochemistry. Images are at 400x magnification.
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Figure 2
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Figure 2: Genes reflecting NF-kB signaling exhibited differing relative expression between
splenic and pulmonary tumors. (A) Gene expression changes in splenic histiocytic sarcoma
when compared to normal splenic tissue. 11-14 and 11-6 show statistically significant increases in
expression, n=10. (B) Gene expression changes in pulmonary histiocytic sarcoma when
compared to normal lung tissue. No statistically significant changes are identified, n= 4.

*=p<0.05.
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Figure 3
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Figure 3: Genes reflecting AKT signaling exhibited differing relative expression between
splenic and pulmonary tumors. (A) Gene expression changes in splenic histiocytic sarcoma
when compared to normal splenic tissue. Aktl, Pik3r, and Mtor show statistically significant
increases, n=10. (B) Gene expression changes in pulmonary histiocytic sarcoma compared to
normal lung tissue. No statistically significant changes are identified, n=4. ***=p<0.0005

*=p<0.05.
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Figure 4
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Figure 4: Genes reflecting NF-kB signaling exhibited differing relative expression between
hemophagocytic histiocytic sarcoma (A) and histiocytic sarcoma (B). Heat maps and
signaling pathways show relative fold changes in genes evaluated where red represents a 2 fold
or greater increase in expression and green a 2 fold or greater decrease in expression when

compared to controls. HS, n=25, HHS, n=5.
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Figure 5
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Figure 5: Genes reflecting AKT signaling exhibited differing relative expression between
hemophagocytic histiocytic sarcoma (A) and histiocytic sarcoma (B). Heat maps and
signaling pathways show relative fold changes in genes evaluated where red represents a 2 fold
or greater increase in expression and green a 2 fold or greater decrease in expression when

compared to controls. HS, n=25, HHS, n=5.
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Chapter 5

Generation of a Murine Xenograft Model to Study Histiocytic Sarcoma

Coutermarsh-Ott, SL, Qin, Q, Dervisis, NG, Allen, IC.

Abstract

Histiocytic sarcoma (HS) is an aggressive tumor in both human and veterinary species. It
is exceptionally rare in humans and only slightly more common in dogs. Due to its rarity, there
is a paucity of literature evaluating mechanisms of disease. Moreover, therapeutic options in
both humans and dogs are minimal and have limited efficacy. Current models for evaluating the
disease have relied heavily on genetically modified mice and spontaneous tumor development in
canines. Because of its rarity and its limited therapeutic options, additional models are needed.
In our lab, we developed a xenograft model by injecting an immortalized canine HS cell line,
DH82, into an immunocompromised strain of mouse, NOD scid gamma. Doing this, we
successfully grew HS tumors that had negligible effects on the health of the mice. Additionally
we found that these tumors are able to metastasize to the lungs of these mice. We were able to
perform pilot studies using the P13 kinase inhibitor, LY294002, in our model and found that a 24
hour exposure to the drug does not appear to significantly impact AKT signaling within tumor

tissue.

112



Introduction

Histiocytic sarcoma (HS) is a malignant tumor that occurs rarely in humans and
infrequently in veterinary species. In humans, it can be diagnosed in the lymph node,
gastrointestinal tract, soft tissues, and skin [1-3]. In veterinary patients, primarily dogs, it is most
common in the spleen, lung, skin, periarticular soft tissues, and, more recently, the central
nervous system [4]. Most of these tumors arise from tissue-specific interstitial dendritic cells
while a subset of these tumors arise from CD11d+ splenic macrophages and are termed
hemophagocytic histiocytic sarcoma (HHS). In all species, HS is generally associated with a
poor prognosis, high rates of metastasis, and limited treatment options. Because of this, the
ability to study molecular pathways involved in the development and progression of HS as well

as the efficacy of new treatment modalities is important.

Though animal models for studying HS are limited, the majority of the current literature
focuses on the naturally-occurring disease in dogs. This has several advantages. HS in canines
is a good model for the disease in humans. It happens slightly more frequently in dogs and has
been associated with many of the same mutations identified in humans [5]. However, the
naturally occurring disease in dogs still has many drawbacks. Though it does occur more
frequently than in humans, the overall incidence is still relatively low in canine cancer patients.
Additionally, ethical treatment of patients allow limited opportunity for experimental
manipulation or the use of true experimental controls. This is important for both mechanistic and
therapeutic studies as molecular techniques like manipulating gene and protein expression are
important. Moreso, factors like owner compliance, home environment, age, sex, nutritional
status, concurrent disease, and previous treatments can all create additional variables that may

confound results and obscure important trends.
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To address these shortcomings, multiple cell lines have been developed for in vitro
experiments. Both immortalized and primary cell lines can be useful in studying disease
mechanisms but also allow for some experimental manipulation. One of the earliest developed
lines is the DH82 cell line. This is an immortalized canine cell line derived from a single,
spontaneous case of malignant histiocytosis in a 10 year-old, male Golden retriever (ATCC).
These cells were originally characterized as histiocytic by the presence of Fc-receptors,
phagocytosis of latex particles, and plastic adherence in cell culture as well as their consistent
histologic and ultrastructural morphology [6]. The advantage of these cell lines is that they
provide access to a relatively constant flow of cells that are easy to grow, easy to manipulate, and
easy to sample for experimental results. The shortcomings of these in vitro models are the
inability of the cell growth vessel to neither recapitulate the 3-D environment of a biological
tumor nor account for the biological interactions between the tumor and the host. A variety of
host derived factors including the tumor stroma, blood vessels, immune cells, etc. can play a
significant role in how tumors grow and develop. To address this, we developed a xenograft
model using DH82 cells implanted into the immunocompromised mouse line, NOD scid gamma.
In this model, we were able to successfully grow HS tumors that metastasized but did not affect
the overall health of the mouse. Moreover, we have been able to use this model in testing the
therapeutic efficacy of novel treatment strategies. Because HS is a malignant disease with a poor
prognosis, improved models are necessary to investigate important mechanisms of disease that

may have potential therapeutic implications in both human and veterinary patients.

Materials and Methods

Animals
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All experiments were conducted according to the NIH Guide for the Care and Use of
Laboratory Animals and were conducted under the approval of the Virginia Tech Institutional
Animal Care and Use Committee (IACUC). All animals used for tumor injection experiments
were 4-6 week-old, female, NOD scid gamma (NSG) mice derived from animals acquired from
Jackson Laboratories. Once received, animals were allowed to acclimate at least seven days
prior to experiments. These animals were housed under specific pathogen free (SPF) conditions
with autoclaved housing and materials, fed irradiated mouse chow ad libitum, and offered

autoclaved water ad libitum.
Tumor injections

Cells were originally purchased from ATCC (ATCC® CRL-10389™) and maintained as
frozen stocks. DHS82 cells were grown under standard cell culture conditions in Eagle’s
Minimum Essential medium (EMEM) supplemented with 15% fetal bovine serum (FBS), 1%
non-essential amino acids, 100 units/ml penicillin, and 100 ug/ml streptomycin. Prior to
injection, cells were enumerated for 2-4 generations, washed, and re-suspended in Matrigel.
Mice were anesthetized with 2-5% Isoflurane and 2.25 x 10° cells/100 ul Matrigel were injected
subcutaneously into the right caudal flank. All animals were recovered on room air. Following
injections, mice were weighed and monitored twice weekly for health and tumor status. Once
tumors were visible (6-8 weeks after injection), animals were weighed and tumors measured
three times weekly. Animals were euthanized when tumors reached a calculated diameter of 1.4-
1.6 cm. At necropsy, samples of tumor, lung, and spleen were placed into formalin. Samples of
tumor were also taken for fresh frozen for downstream RNA analysis. Formalin fixed samples
were processed routinely for H&E staining, as well as, submitted for canine CD18

immunohistochemistry.
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Acute LY294002 study

Tumor injections were performed as described above. Once tumors reached 0.75-1.0 cm
calculated diameter, mice were intraperitoneally (i.p.) injected with 100 pl of a 25 mg/kg
LY294002 (Sigma) solution. Prior to injection, lyophilized LY294002 was dissolved in DMSO
and then reconstituted to the appropriate dose in sterile phosphate buffered saline (PBS). Mice
were euthanized 24 hours following injection. Samples of tumor and lung were placed into
formalin and submitted for routine histologic processing. Samples of fresh tumor were utilized

for protein extraction and Western blotting.
Results
Mice develop subcutaneous masses that do not appear to be associated with weight loss.

To develop an experimental model of canine HS, we injected 2.25 x 10° cells
resuspended in Matrigel subcutaneously into the right flank of NSG mice. To assess tumor size,
we utilized a method previously utilized in a breast cancer model [7]. Briefly, two perpendicular
diameters are taken and the square root of the multiplication of these two numbers is calculated.
Mice developed palpable tumors approximately 6-8 weeks following injection.  The
development of these tumors did not appear to have any significant effects on overall animal
health as the animals continued to gain weight over the course of the study (Figure 1).
Additionally, no overt clinical evidence of morbidity was identified nor were any animals lost
during the experiment. Upon necropsy, we identified pale tan, soft to firm masses within the
subcutis (Figure 2A). On cut section, they were homogenous and pale tan. Tumors located on

the flank showed no evidence of involvement with adjacent structures. Few tumors grew slightly

116



caudally and ended up over the right hip joint or leg musculature. Rarely in these tumors there

was infiltration into the adjacent skeletal muscle.

Tumors are morphologically and immunohistochemically consistent with canine histiocytic

sarcoma.

Samples of the primary tumor were fixed in formalin and evaluated by routine
histopathology. Tumors were characterized by an unencapsulated, infiltrative, densely cellular
neoplasm composed of sheets of malignant histiocytic cells expanding the subcutis (Figure 2B).
These cells were markedly pleomorphic and characterized by moderate to abundant amounts of
eosinophilic cytoplasm with large round to irregular nuclei with a large magenta nucleolus.
They exhibited numerous features of malignancy similar to the tumor in canines including
cytomegaly and karyomegaly (Figure 2B). Mitotic figures were frequent and often bizarre.
These are all features that are commonly identified in canine HS. To rule out the possibility of a
neoplasm induced by our initial injection and confirm that these cells were indeed canine in
origin, we utilized immunohistochemistry. CD18 is a receptor found on most leukocytes and is
commonly used in the initial identification of HS in canines. Therefore we performed IHC using
a canine CD18 antibody and, indeed, tumor cells exhibited diffuse cytoplasmic and/or

membranous positivity (Figure 2C). No adjacent mouse tissues exhibited staining.

Mice develop pulmonary metastases that are morphologically and immunohistochemically

consistent with canine histiocytic sarcoma.

At necropsy, scattered areas of pulmonary hemorrhage were identified grossly (Figure
3A). Therefore, lung tissues were fixed in formalin and submitted for routine H&E staining.

Scattered throughout alveolar septa were few clusters of neoplastic cells (Figure 3B). These
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cells exhibited histologic features similar to those identified in the primary tumor. There was
marked pleomorphism and nuclear gigantism. To identify the cell of origin of these clusters of
neoplastic cells, canine CD18 was again performed. The large, abnormal neoplastic cells

exhibited diffuse positivity (Figure 3C). No adjacent mouse tissue exhibited staining.

No changes in protein expression were identified following treatment with LY294002

Previous studies have shown than AKT signaling is an important pathway involved in the
development of HS in mice, humans, and dogs [5, 8, 9]. Therefore, we were interested in
utilizing our model in a small pilot study to evaluate the use of LY294002, a PI3 kinase inhibitor,
to treat HS tumors. We hypothesized that treatment of these mice with this drug would lead to
decreases in AKT signaling within 24 hours following treatment. Therefore, we allowed tumors
to grow to 0.75-1.0 cm and i.p. injected all mice with 25 mg/kg of LY294002. Twenty-four
hours following treatment, the animals were euthanized and fresh tumor samples were submitted
for protein extraction and Western blot for AKT, p-AKT, GSK3p, and p- GSK3p. B-actin was
performed for normalization. No significant differences in the expression of proteins were

identified between animals treated with the drug or vehicle (Figure 4).

Discussion

Our lab is one of a handful of labs utilizing this model to study HS. Yamazaki et al has
utilized a xenograft model of canine HS to evaluate the efficacy of YM155, a drug that promotes
apoptosis through the inhibition of survivin, as a treatment for HS. In these studies, three
previously characterized canine HS cell lines were injected subcutaneously into nude mice and
tumors were allowed to develop [10]. Similar to our studies, these authors describe no

significant morbidities, such as weight loss, associated specifically with the development and
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growth of these tumors, and they also describe the development of lung metastases from the
primary tumor in all cell lines [10]. More recently, Pfankuche et al has utilized a xenograft
model of canine HS to study the potential use of Morbillivirus as an oncolytic agent [11]. These
studies injected DH82 cells into SCID mice. Though they did not directly report on weight
change or other measures of morbidity, they do describe tumor necrosis as a measure of tumor
regression. In tumors not infected with Morbillivirus, there is minimal necrosis of the tumor
which is consistent with our findings as well [11]. Collectively, the results of our studies and
these studies have shown that this model is relatively safe in terms of the overall health of the

research animal and is practical for use in scientific experimentation.

Xenograft models are an important tool used by many researchers to study cancer
pathogenesis. However, consideration needs to be given to both their benefits and limitations.
They are certainly advantageous over in vitro culture methods as they provide for a 3-D
environment and more realistic biological interactions. They are also advantageous over
utilizing naturally occurring disease in veterinary species, such as dogs, which are limited by
ethical considerations as well as the potential for uncontrollable variables producing confounding
results. However, xenograft models do require the use of significantly immunocompromised
mice to prevent tumor rejection. Our model uses NOD scid gamma mice (Prkdcsd
12rg™Wil/SzJ), but, as the previously mentioned studies have shown, other immune
compromised strains can be used as well [10, 11]. Regardless of the strain, these mice all have
significant defects in their cellular and humoral immunity. This is important as the immune
system has been shown to play very important roles in tumor growth and promotion [12].

Additionally, housing these animals requires more diligent husbandry than traditional SPF mice.
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They require autoclaved bedding and materials, autoclaved water, and irradiated food to prevent

infection by opportunistic pathogens in the environment.

The results of our pilot study using LY 294002 revealed no significant differences in AKT
signaling between tumors treated with drug versus those treated with vehicle. However, this
study had some limitations. We found that the LY294002 drug was very difficult to solubilize
under our conditions. Due to the nature of the drug, it requires solubilization with a solvent such
as DMSO. However, DMSO can be toxic to animals and thus we needed to keep our
concentrations injected into the animals at less than 5% of the total injection dose. In order to do
this, we solubilized the drug in small amounts of DMSO and then resuspended that solution in
PBS. Using this method, the drug formed a heavy precipitate that was difficult to equalize across
injections. Because of this, we are pursuing collaborations to use this model in investigations of
novel drug delivery vehicles such as nanoparticles and nanobots.

We are among some of the first reports of the use of DH82 cells in xenograft models and
one of few using this cell line to study cancer therapeutics. These xenograft models provide an
important alternative tool to studying rare diseases, such as HS, where patient samples and
resources are limited. We were able to not only successfully generate our model, but also utilize
it in an experimental situation to test a therapeutic not previously evaluated for the use in HS.
Additionally, the model allows for the added benefit of studying the events of spontaneous
metastasis. We anticipate the continued use of this model in the hopes of furthering our
knowledge of the pathogenesis of this disease as well as the repertoire of potential therapeutics
available for patient treatment. We anticipate using this model for future studies evaluating the
use of novel drug delivery vehicles as well as novel treatment strategies such as high-frequency

irreversible electroporation.
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Figures
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Figure 1. Implantation and growth of tumor cells does not have significant effects on
overall health of the mice. Over the course of the study, mice continue to steadily gain weight

with no evidence of weight loss.
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Figure 2
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Figure 2. Tumors were grossly, histologically, and immunohistochemically consistent with
canine HS. (A) Grossly, tumors were soft to firm, pale white masses within the subcutis. (B)
Histologically, neoplastic cells were pleomorphic and often characterized by both cyto- and
karyomegaly (thin arrow). Mitotic figures were frequent and often bizarre (thick arrow). (C)
Staining with canine CD18 antibody revealed diffuse cytoplasmic staining within neoplastic

cells.

125



Figure 3

A

Figure 3. Tumors metastasized to the lungs. (A) Grossly there were areas of hemorrhage on
the surface of the lungs. (B) Histologically, there were neoplastic cells within alveolar septa

(thin arrow). (C) Staining with canine CD18 antibody revealed diffuse cytoplasmic staining

within neoplastic cells.
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Figure 4
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Figure 4. Western blotting revealed no significant differences in AKT signaling. No
significant differences in AKT signaling were identified between tumor-bearing animals treated

with LY294002 and tumor-bearing animals treated with vehicle (mock treated control).
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Chapter 6
Effect of Salmonella enterica serovar Typhimurium VNP20009 and VNP20009 with
restored chemotaxis on 4T1 mouse mammary carcinoma progression
This chapter was published in Oncotarget:
Coutermarsh-Ott, S.L.*, Broadway, K.M.*, Scharf, B.E., Allen, I.C. Effect of Salmonella
enterica serovar Typhimurium VNP20009 and VNP20009 with restored chemotaxis on 4T1
mouse mammary carcinoma progression. Oncotarget. 2017 Apr 4;8(20):33601-13. PMID:
28431394
Abstract

A variety of bacteria strains have been evaluated as bio-therapeutic and
immunomodulatory agents to treat cancer. One such strain, Salmonella enterica serovar
Typhimurium VNP20009, which is attenuated by a purine auxotrophy mutation and modified
lipid A, is characterized in previous models as a safely administered, tumor colonizing agent.
However, earlier work tended to use less aggressive cancer cell lines and immunocompromised
animal models. Here, we investigated the safety and efficacy of VNP20009 in a highly
malignant murine model of human breast cancer. Additionally, as VNP20009 has recently been
found to have a defective chemotaxis system, we tested whether restoring chemotaxis would
improve anti-cancer properties in this model system. Exposure to VNP20009 had no significant
effect on primary mammary tumor size or pulmonary metastasis, and the tumor colonizing
process appeared chemotaxis independent.  Moreover, tumor-bearing mice exposed to
Salmonella exhibited increased morbidity that was associated with significant liver disease. Our
results suggest that VNP20009 may not be safe or efficacious when used in aggressive,

metastatic breast cancer models utilizing immunocompetent animals.
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Introduction

The use of bacteria as bio-therapeutic agents for cancer treatment has a long and
interesting history. Some of the earliest documented, large scale observations supporting the use
of bacteria as bio-therapy came from William B. Coley over 150 years ago, who reported that a
significant fraction of cancer patients went into remission or were completely cured of their
cancer following the development of post-operative bacterial infections [1]. Indeed, early studies
between 1868 and 1944 evaluated the direct injection of bacterial toxins and bacterial broth
cultures to treat malignant tumors, with ample cases reported of both successes and failures [2-
4]. Over the last few decades, numerous studies have emerged that re-invigorated the field of
bacteria-based bio-therapeutics for the treatment of cancer. Indeed, several bacterial genera have
been evaluated in pre-clinical cancer models, including Bifidobacterium, Clostridium and
Salmonella enterica serovar Typhimurium [5-7]. However, as evidenced by the volume of
studies in the current literature, Salmonella is by far the most extensively evaluated and
characterized bacterial genus currently being explored as a cancer bio-therapeutic agent [8].

Salmonella is an attractive model for studying tumor targeting due to its facultative
anaerobic nature, allowing for the oxygenated circumference of the tumor as well as the hypoxic
core region to be colonized by bacteria (reviewed in [9]). In addition, Salmonella can be
manipulated genetically with relative ease and possesses a facultative intracellular lifestyle [10].
Importantly, attenuated S. Typhimurium has resulted in decreased tumor growth in mice bearing
B16F10 melanoma and has been suggested to be able to colonize solid tumors up to a reported
9,000 times greater than the liver [11]. This is significant, as it reflects the specificity of the

bacteria to colonizing cancerous tissue as opposed to clearance from the host.
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Several strains of S. Typhimurium have been investigated for the purpose of tumor
targeting and chemotherapy delivery, including VNP20009, Al-R, and CRC2631 ([12-14],
reviewed in[15]). VNP20009 was constructed by Low et al. from strain 14028 through selection
of hyperinvasion by chemical and UV mutagenesis, targeted deletions resulting in purine
auxotrophy, and attenuation by modification of lipid A [16]. Success of the strain, due to its
anticancer effects and high safety profile in pre-clinical animal models, resulted in a Phase 1
Clinical Trial in 2001. In this study, VNP20009 was introduced as a treatment to patients with
nonresponsive metastatic melanoma or renal cell carcinoma. Although colonization was
observed for some patients, treatment with VNP20009 did not result in tumor regression [17].
However, attempts to maximize bacterial tumor colonization and anticancer effects continue to
be investigated.

Many virulent properties of S. Typhimurium have been evaluated for optimization of
bacterial localization and retardation of tumors. These include components of virulence such as
pathogenicity islands SPI-1 and SPI-2, motility, chemotaxis, biofilm formation and metabolism
([18, 19], reviewed in [20]). Utilization of chemotaxis is a particularly interesting concept,
because the machinery can be manipulated to facilitate bacterial colonization of specified regions
of tumors based on the nutrient content. Generally, it has been found that bacterial chemotaxis is
favorable for tumor spheroid colonization in vitro, with specific receptors facilitating tumor
microenvironment localization [21, 22]. In contrast, the role of chemotaxis in vivo is
controversial, reasons for which may include the use of different bacterial strains, cancer cell
lines, and experimental conditions. In a CT26 colon carcinoma model, intravenously injected S.
Typhimurium SL7207 with a functional chemotaxis system yielded an advantage to tumor

colonization over chemotaxis deficient strains 12 hours after injection, but no differences were
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observed after 24 hours [18]. A few studies have assessed bacterial chemotaxis in an in vivo 4T1
mammary carcinoma model. Using high-throughput screening of single-gene deletion mutants of
S. Typhimurium 14028, chemotaxis was found to be beneficial for tumor colonization 2 days
after infection [8]. However, chemotaxis had no significant influence after 2 days for strain
SL1344 [23]. VNP20009 was recently discovered to be deficient in chemotaxis, due to a non-
synonymous SNP in the gene encoding the chemotaxis two component response regulator, cheY
[24]. Upon replacing the deficient copy of cheY with the wild-type copy, chemotaxis was
recovered to 70% of the parental strain [24].

In the present study, we sought to evaluate the effects of VNP20009 and VNP20009 with
restored chemotaxis in the context of 4T1 mammary carcinoma progression. The 4T1 cell line in
mice is an attractive model of triple-negative breast cancer due to its high degree of clinical
relevance, the ability to use immunocompetent mice, and the fact that metastasis occurs through
a highly predictable mechanism that accurately mimics human breast cancer malignancies [25].
Previous studies have evaluated VNP20009 in other models of tumorigenesis, including diverse
sub-types of cancer in mouse models, prostate, pancreatic, and breast cancer, as well as sarcoma
and glioma [13, 26-30]. However, the majority of these prior reports were focused on xenograft
studies using immunocompromised animals inoculated with minimally aggressive tumors and
nominal assessments of either metastasis or systemic pathology. Here, we provide a robust
evaluation of 4T1 cancer progression in the presence of chemotaxis positive or chemotaxis
deficient VNP20009 as indicated by morbidity and mortality evaluations of wild-type BALB/c
mice, assessments of primary tumor burden, measurements of metastatic cell potential in the
lungs, immune system function, and comprehensive pathological evaluations over the time

course of the experiment. Our results reveal that treatment with VNP20009 does not have a
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significant effect on primary mammary tumor growth or pulmonary metastasis. While we did
observe tumor colonization, this process appeared to be independent of chemotaxis. Furthermore,
tumor bearing mice infected with VNP20009 demonstrated increased morbidity that was
associated with significant liver disease. Together, these data suggest that VNP20009 may not be
safe or efficacious in models of highly aggressive, metastatic cancer.
Materials and Methods
Experimental animals

All experiments were conducted under institutional IACUC approval and in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. All experiments were
conducted with 6-10 week-old, female BALB/C mice purchased from Jackson Laboratories.

Animals were allowed to acclimate in the facilities for one week prior to tumor injections.

Cell culture and injection

4T1 cells were grown under standard cell culture conditions in Roswell Park Memorial
Institute (RPMI 1640) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin,
and 100 pg/ml streptomycin. Cells used for injection were grown for 4-6 generations, washed,
and re-suspended in sterile phosphate-buffered saline (PBS) prior to injection. Mice were
anesthetized and maintained on isoflurane anesthesia throughout the tumor injection procedure.
1.2 x 10° cells were injected into the mammary fat pad of each mouse. Control mice received the
same volume of sterile PBS. Mice were recovered on room air. Mice were monitored 3 times
per week, and weights and tumor measurements were recorded twice weekly. Calipers were
used to measure two perpendicular diameters of each tumor. These were used to then determine

a calculated tumor diameter [25]. Animals were euthanized when (i) weight loss exceeded 10-

132



15% of original body weight, (ii) tumor growth reached 1.4-1.6 cm of calculated diameter, or
(iii) if considered clinically moribund. In our experience with this model, measurable
subcutaneous mammary tumors develop within 2-4 days of injection. These tumors progress
reliably with evidence of metastatic disease present in the lungs by week 2 (unpublished data).

By the end of 30 days, the tumors are approximately 1.4-1.6 cm in calculated diameter.

Bacterial strains, growth and injection conditions

S. Typhimurium VNP20009 and VNP20009 cheY* were grown in MSB media (1%
tryptone, 0.5% yeast extract, 2 mM MgSO4, 2 mM CaCl,) at 37 °C to an ODeoo 0f 1.0, washed 3
times with PBS and adjusted to the final concentration of 2 x 10° CFU/mL. A 100 pL dose of
this final concentration was injected i.v. via the tail vein at day 16 post tumor-injection, or
directly into the tumor at day 6 post tumor-injection. Control mice were injected with an equal

amount of PBS.

Tissue collection and processing

At euthanasia, whole blood was collected via cardiac puncture and a full necropsy was
performed. The large lung lobes were partially inflated in formalin and, along with samples of
primary tumor and liver, fixed in formalin for at least 24 hours (h). They were then submitted
for histopathology. Individual liver and primary tumor specimens were also collected for
bacterial enumeration and storage at -80 °C for downstream protein and nucleic acid extraction.
For bacterial enumeration, specimens were weighed, homogenized using a hand held pestle
system, serially diluted in PBS, plated on MSB plates, and incubated for 14 h at 37 °C. The

remaining smaller lung lobes were enzymatically digested using Type IV collagenase
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(collagenase from Clostridium histolyticum, Sigma-Aldrich) and porcine elastase (elastase from
porcine pancreas, MPBiomedicals). After a series of washes in Hank’s buffered saline solution
(HBSS), cells were resuspended in Dulbecco's modified eagle medium (DMEM) with 10% FBS,
100 units/ml penicillin, and 100 pg/ml streptomycin, 60 uM 6-thioguanine, and plated onto cell
culture plates. After 5-10 days of incubation at 37 °C and 5% CO3, media was removed, cells
were briefly fixed in methanol, stained with 0.03% new methylene blue, and tumor colonies

were counted (Figure 1).

Histopathology

Formalin-fixed tissues were embedded in paraffin and stained with routine hematoxylin
and eosin (H&E) staining for histopathologic examination by a board certified veterinary
pathologist (S.C.0). For lung sections, numbers of individual pulmonary tumors were counted
in a single, 5 um section. For each animal, the entire right lung lobe was embedded and
sectioned at the level of the mainstem bronchus. For liver sections, a single, 5 um section was
evaluated. Amounts of inflammation, EMH, and necrosis were scored individually as follows: 0;
no inflammation/EMH/necrosis identified, 1; 1% to 33% of the examined section was composed
of inflammation/EMH/necrosis, 2; 34%-66% of the examined section was composed of
inflammation/EMH/necrosis, and 3; greater than 67% of the section was composed of
inflammation/EMH/necrosis. These individual scores were then summed to give a total

composite score for each animal.

Results
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S. Typhimurium infection in combination with the presence of mammary tumors increased
morbidity

It is well known that multiple strains of bacteria can colonize a variety of in vivo tumors.
S. Typhimurium VNP20009 has been previously reported to exhibit preferential tumor
colonization and dosage-related safety in a variety of tumor-infected animals including monkeys,
pigs, and mice, as well as, humans [12, 17, 31]. The recently constructed VNP20009 derivative
with restored bacterial chemotaxis, VNP20009 cheY*, has yet to be assessed in vivo for tumor
colonizing ability [24]. We therefore evaluated the effects of intravenously (i.v.) injected S.
Typhimurium VNP20009 on primary tumor burden and pulmonary metastasis in the 4T1
mammary carcinoma model over the course of 8 days. Mice were injected with 1.2 x 10° 4T1
mammary carcinoma cells and tumors were allowed to grow for 16 days. Animals were then i.v.
injected with 2 x 10* CFUs of either S. Typhimurium VNP20009, which is non-chemotactic, or a
chemotaxis-restored derivative VNP20009 cheY®. Control animals were injected i.v. with the
same volume of PBS. Our results showed that animals with both tumors and either VNP20009
strain had a markedly increased morbidity when compared to all other treatment groups (Figure
2). Animals that received both tumors and VNP20009 had an 8-10% decrease in weight
compared to either VNP20009 strain or 4T1 groups alone, suggesting a synergistic effect
between the tumor and bacterial infection (Figure 2). The effect was independent of the

chemotactic ability of the VNP20009 strains.

Systemic exposure to S. Typhimurium had no effect on primary tumor size
Because multiple studies suggested the importance of S. Typhimurium chemotaxis on

both the ability of bacteria to colonize tumor tissue and to influence tumor growth, we
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investigated the effects of VNP20009 and VNP20009 cheY™ on primary mammary tumor growth
in the 4T1 model. Mice were monitored three times per week and tumor size was recorded twice
per week (Figure 3A). All animals injected with 4T1 cells developed mammary tumors that
progressed as expected [25]. Control animals receiving PBS injections into the mammary fat
pad instead of 4T1 cells did not develop spontaneous mammary tumors. Grossly, tumors
appeared as spherical, raised, firm masses with an ulcerated surface (Figure 3A). Histologically,
mammary tumors from all tumor-bearing animals appeared similar. All of the mammary tumors
were composed of typical neoplastic epithelial cells with marked atypia and numerous mitotic
figures (Figure 3B). Large areas of necrosis were also present (Figure 3B). There was no
statistically significant difference in the size of the primary tumor between animals infected with

either VNP20009 strain or those only bearing 4T1 mammary tumors (Figure 3C).

Systemic exposure to S. Typhimurium had no effect on the presence or amount of
pulmonary metastasis

Systemic metastasis is an important cause of death in women with breast cancer.
Previous publications proposed that the use of attenuated, tumor-targeting S. Typhimurium
strains can decrease metastatic tumorigenesis in mice without having systemic effects [32, 33].
The 4T1 model is not only a well-established and commonly used model for primary mammary
tumorigenesis, but also for systemic metastasis [25]. In our experience, tumor cells reliably
metastasized to the lungs by the end of week 2 following 4T1 cell injection (data not shown). To
investigate this phenomenon further, we evaluated pulmonary metastasis using both qualitative
and quantitative methodologies. At necropsy, the large lung lobe was removed and prepared for

histopathology evaluation by a board certified veterinary pathologist (S.C.O.). Individual tumor
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cell aggregates (classified as metastases) were identified and counted. Histopathological analysis
of pulmonary metastasis revealed no differences between the number of tumor cell aggregates
identified histologically among any of the tumor-bearing groups, regardless of exposure to either
S. Typhimurium strain (Figures 4A and 4B). 4T1 cells are unique in their inherent resistance to
6-thioguanine, a purine agonist that is lethal to most cells. Therefore, 4T1 metastatic cells can be
grown in media supplemented with 6-thioguanine until they form small colonies, which enables
a quantitative evaluation of lung metastasis. Concurrent with our histopathologic evaluation, our
results confirm that no significant differences in numbers of metastatic colonies were identified
among any of the tumor-bearing groups (Figure 4C). We attempted to discern the presence of

Salmonella in fixed lung samples by reverse transcription followed by 16S RNA PCR
amplification and by immunohistochemistry. However, we were unsuccessful in verifying the
presence of VNP20009 in our lung tissue specimens using these approaches. It is possible that
we did not detect the Salmonella due to technical limitations of our assay (low amounts or poor
quality of RNA) or the quantity of Salmonella in the lungs were below the level of detection for

our methodology.

All animals bearing tumors and infected with S. Typhimurium developed significant liver
disease

A very important finding in this study was the presence of significant morbidity in tumor-
bearing animals exposed to either VNP20009 strain (Figure 2). S. Typhimurium VNP20009 has
not previously been associated with significant morbidity in animal models, but instead is
considered a safe strain to evaluate the effects of bacterial colonization on tumor development

[34, 35]. Additionally, we found it interesting that the morbidity seen in tumor-bearing animals
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exposed to S. Typhimurium was not also seen in the non-tumor bearing animals exposed to the
same bacteria (Figure 2). The increased morbidity cannot be explained by differences in
primary tumor size or numbers of pulmonary metastases, because these were not significantly
different from 4T1 tumor-bearing animals not exposed to S. Typhimurium (Figures 3 and 4).
To evaluate the potential systemic effects of S. Typhimurium, livers of all animals were
examined grossly and histologically. At necropsy, tumor-bearing animals infected with S.
Typhimurium had gross evidence of liver damage. Livers from this animal group had large,
sharply demarcated foci that were pale yellow and most often present at the edges of liver lobes
(data not shown). No gross abnormalities were identified in the livers of any other treatment or
control groups. Liver samples from all animals were processed for histopathology. These were
then evaluated and scored by a board certified veterinary pathologist (S.C.0.) for amounts of
inflammation, extramedullary hematopoiesis (EMH), and necrosis. Histopathological
assessments revealed that liver lesions were significantly different in each of the treatment
groups (Figure 5A). Livers from control animals were characterized by no or rare, small
aggregates of mononuclear cells that made up less than 1% of the section (Figure 5A). Livers
from animals only infected with either strain of S. Typhimurium were characterized by randomly
scattered, variably-sized foci of inflammation composed of aggregates of mononuclear cells
often admixed with neutrophils (Figure 5A). Livers from animals bearing mammary tumors
only (with no exposure to S. Typhimurium) were characterized by multiple, variably-sized foci
of EMH composed of aggregates of both immature myeloid and erythroid progenitors (Figure
5A). These aggregates were most commonly isolated to portal tracts; however, aggregates could
be also identified randomly scattered throughout the parenchyma. Livers from tumor-bearing

animals infected with either S. Typhimurium strain had large areas of inflammation similar to the
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bacteria-only treated groups and large amounts of EMH similar to 4T1-only animals (Figure
5A). However, these mice additionally displayed large coalescing foci of necrosis characterized
by dead hepatocytes and replacement by fibrin (Figure 5A). To more quantitatively evaluate
these histologic changes, scores were generated to reflect levels of inflammation, EMH, and
necrosis. These individual scores were then totaled to generate a composite score for each
animal (Figure 5B). All animals receiving any experimental treatment exhibited composite liver
scores >1 while control animals exhibited composite liver scores equal to 0. Results revealed
that the composite liver scores from those tumor-bearing animals exposed to either strain of
VNP20009 were significantly higher than any other treatment group (Figure

5B). These results suggested that the presence of two types of disease may lead to a more

complicated systemic health status than either disease alone.

S. Typhimurium chemotaxis did not contribute to mammary tumor colonization

The efficiency of bacterial tumor-targeting was evaluated by the ratio of tumor to liver
colonization. Tissue homogenates were serially diluted and dilutions were plated on nutrient agar
to obtain bacterial colony counts. No differences were present upon comparing liver colonization
of mice that did not receive 4T1 cells, but were only infected with S. Typhimurium (data not
shown). Primary tumor and liver colonization by VNP20009 and VNP20009 cheY?*, respectively,
were not significantly different (Figure 6). We observed a significant increase in numbers for
both bacterial strains in tissues, with tumor:liver colonization ratios ranging from 675:1 and

2,800:1 for mice exposed to VNP20009 or VNP20009 cheY™, respectively.

Route of S. Typhimurium injection did not significantly affect disease pathobiology
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To investigate whether the delivery route of S. Typhimurium to the animal could
influence its effects on tumor growth and disease pathobiology, experiments were repeated
following direct injection of the bacterial strains into the tumor. Tumors were allowed to
develop and progress for 6 days before VNP20009 or VNP20009 cheY* (or PBS for control
animals) were injected directly into the tumor at a concentration of approximately 2 x 10
CFU/mouse. Similar to the previous experiment, tumor-bearing animals injected with either
VNP20009 strain displayed decreased weight gain when compared to the remaining groups
(Figure 7A). No clinically relevant differences were present in the calculated diameter of the
mammary tumors in tumor-bearing animals independent of S. Typhimurium presence (Figure
7B). Tumor-bearing mice infected with either strain of VNP20009 presented a higher liver
composite score than tumor only bearing mice or the PBS-control mice (Figure 7C). Primary
tumor and liver colonization by VNP20009 and VNP20009 cheY* did not differ significantly
(Figure 7D). However, both bacterial strains were retained in the tumor, with tumor:liver
colonization ratios ranging from 195:1 and 820:1 for mice exposed to VNP20009 or VNP20009

cheY™, respectively.

Discussion

We have presented a detailed report on the status of mice bearing 4T1 mammary
carcinoma treated with S. typhimurium VNP20009. Historically, this strain of Salmonella has
been attributed as a safe anticancer agent in the context of several murine tumor models [34, 35].
These studies culminated in the 2001 phase 1 human clinical trial using VNP20009 for the
treatment of metastatic melanoma which ultimately found that though VNP20009 appeared to be

safe for the use in human patients, its anti-tumor effects were equivocal [17]. Based on this, we
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formulated an experimental design to test both the safety and efficacy of S. Typhimurium as a
treatment in the 4T1 mammary carcinoma model, as well as, the potential contribution of
bacterial chemotaxis to primary tumor localization and metastatic potential to the lungs. Gaining
a better understanding of how the bacteria react in different tumor microenvironments will be
essential to future uses of VNP20009 as a cancer bio-therapeutic agent.

The majority of research analyzing the use of Salmonella as an anti-cancer agent has
focused on its primary tumor burden effects. Fewer studies have been undertaken evaluating its
ability to attenuate metastatic tumor burden. The 4T1 mammary carcinoma model represents a
more natural study of metastatic tumors, as it accounts for the heterogeneity of cells in a primary
tumor and allows for the biological selective pressures encountered by tumor cells to drive
metastatic potential. This is opposed to artificial metastasis models that are based on the direct
intravenous injection, where all tumor cells are placed into circulation to settle and grow into
new tumors [36]. Perhaps the most relevant data pertinent to the present study evaluated S.
Typhimurium A1-R in the 4T1 model using nude mice [36]. Here, the authors orthotopically-
injected mice and surgically resected the primary tumor once it was established to maximize
evaluation of brain metastasis [36]. In this particular model, S. Typhimurium Al-R was able to
arrest the growth of breast-cancer associated brain metastasis and increased the survival of the
orthotopically-transplanted, primary tumor resected mice [36]. In our present study, we chose to
focus on lung metastasis, as the lung is the most common metastasis site of breast cancer found
at autopsy and lung metastasis is also a prominent feature of the 4T1 model [25, 37]. While we
observed a trending decrease in lung metastases in one of the quantitative assessments for the
VNP20009 cheY* strain (Figure 3C), the consensus data revealed only a minor reduction in

metastatic burden (Figure 3). There are a variety of suggested reasons for the discrepancies
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found between the A1-R and VNP20009 studies, including the Salmonella strains utilized, the
site of metastasis evaluated, the aggressiveness of the tumor model (surgically resected primary
tumor versus non-resected), and the immune status of the animals. Together, these data
emphasize the need to not only better define the genetic and phenotypical differences of S.
Typhimurium strains in the context of different cancer sub-types, but also in the context of
metastasis.

Beyond the ability of attenuated Salmonella strains to combat various types of cancer,
assessments associated with the safety of the bacterial strain for use as a bio-therapeutic agent is
also paramount. Many prior studies have been conducted evaluating the safety of VNP20009 and
this particular strain likely has the best characterized safety profile of any of the therapeutic
Salmonella strains. However, even though this strain of Salmonella is considered attenuated,
there are significant clinical side effects related to its use [17, 38]. Indeed, one of the most
striking aspects of our study is the observation that all tumor bearing animals exposed to
VNP20009 exhibited significant morbidity associated with severe liver disease, which was not
observed in any other experimental group of animals (Figure 4). One possible explanation for
the increased morbidity and liver disease in tumor-bearing mice exposed to bacteria is that the
mammary tumor could be acting as a reservoir for bacterial infection. We were unable to
identify evidence of significant differences in bacterial burdens in tumor tissues taken at
necropsy via immunohistochemistry. Moreover, no significant differences were identified in
bacterial CFU identified in the livers from tumor-bearing versus non tumor-bearing mice (data
not shown) suggesting that the systemic bacterial burdens were similar between the two groups.
A second explanation for the observed morbidity and liver disease is that 4T1 mammary

carcinoma cells have been previously reported to secrete soluble factors inducing
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immunosuppression[39]. Thus, it is possible that tumor-bearing animals exposed to bacteria
were unable to control their systemic bacterial infections as well as those animals that did not
have tumors and exposed to bacteria.

While some prior studies have reported increased morbidity and liver pathology
accompanied by VNP20009 treatment, this particular side effect has not been extensively
characterized and the significance of these liver outcomes has typically been underestimated [40,
41]. A previous study evaluating the administration of VNP20009 using the B16F10 tumor
model, found that bacteria treatment mildly attenuated tumor growth and reported the presence
of small foci of neutrophilic inflammation throughout the liver that increased over time and
occurrence of hepatocyte necrosis [40]. However, this pathology was presented as mild and the
liver appeared to recover over the course of the model [40]. Similarly, in another study
evaluating the toxicity of VNP20009 and A1-R strains of Salmonella in a Lewis lung carcinoma
model in nude mice, non-tumor bearing animals were intravenously administered two different
doses of each bacterial strain [41]. By day 3, hemorrhagic foci were identified in the livers of all
mice injected with bacteria, but no evaluation of liver histopathology was performed in tumor-
bearing mice exposed to Salmonella [41]. Consistent with these prior studies, we also observed
relatively mild liver lesions following VNP20009 treatment when administered alone (Figure 4).
However, in the 4T1 mammary carcinoma model, we detected large areas of EMH in the liver,
which was not reported in the other cancer models (Figure 4). Likewise, the combination of 4T1
mammary carcinoma and VNP20009 treatment appeared to act synergistically, causing
significantly increased inflammation, EMH, and liver necrosis that ultimately resulted in
increased morbidity (Figure 4). Thus, despite the clinical potential of VNP20009, more data

associated with the safety of this bacterial strain is clearly necessary.
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Despite the absence of anticancer effects by the S. Typhimurium strains tested, bacteria
were retained in the tumor after 8 days, with an average tumor to liver colonization of 580:1 and
2,800:1 by VNP20009 and VNP20009 cheY*, respectively (Figure 5). For a variety of in vivo
tumor models and timelines, including murine melanoma after 3 days and human melanoma and
human colon carcinoma after 5 days, VNP20009 has been reported to have a tumor to liver
colonization ratio at >1,000:1 which is in line with our data [12]. The targeting of Salmonella to
tumor tissue remains a significant barrier in therapeutic applications (reviewed in [20]). Any and
all improvements in this regard are critical. Our data reveals that chemotaxis does not
significantly contribute to S. Typhimurium VNP20009 colonization of the primary 4T1
mammary tumor (Figure 5). The nature in which VNP20009 was constructed, by UV and
chemical mutagenesis, left the strain with several genetic alterations, including 50 non-
synonymous SNPs and the loss of 128 genes in the Suwwan deletion region [42]. Since
restoration of one of the genes containing a non-synonymous SNP, cheY, did not significantly
facilitate the promotion of tumor colonization by VNP20009, this raises the question if the
remaining alterations in the genome are assisting or hindering the strain from its full tumor
targeting potential.

To evaluate the possibility that the route of administration could have negatively
influenced S. Typhimurium VNP20009 effectiveness in the 4T1 breast cancer model, we
evaluated both intravenous and intratumoral injection. We originally speculated the following: (i)
a direct injection into the tumor would be less likely to be associated with negative systemic
affects, including liver lesions; and (ii) direct injection of a chemotaxis null strain would increase
tumor colonization compared to the same strain systemically administered. However, we

observed similar results between the two injection models. In both cases, tumor-bearing animals
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exposed to either VNP20009 strain had increased morbidity due to a high frequency of severe
liver lesions not identified in the other treatment groups and no significant differences in tumor
colonization regardless of the route of administration. In sum, we were unable to identify any
significant differences in disease pathobiology between intravenous and intratumoral injection.
The data presented here expands the growing body of literature that suggests that
individual S. Typhimurium strains with unique phenotypical characteristics will have differing
levels of success as a cancer bio-therapeutic agent, depending on the cancer sub-type being
targeted and the specific tumor microenvironmental niches present in the model. Additional
studies are both necessary and ongoing to determine the safest and most efficacious utilization of

S. Typhimurium VYNP20009 in future anticancer therapies.
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Figures

Figure 1

Figure 1. Metastatic 4T1 cells can be isolated from organs of interest and grown in
supplemented media to yield quantitative evaluations of metastatic tumor burden.
Following necropsy, the small lung lobes were enzymatically digested, filtered, and grown on
cell culture plates in media supplemented with 6-thioguanine. 4T1 cells are inherently resistant
to 6-thioguanine and, thus, individual metastatic cells are able to grow into tumor cell colonies

and manually counted.
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Figure 2
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Figure 2: Weight change following exposure to Salmonella. 4T1-tumor bearing animals or
non-tumor bearing control animals were injected intravenously with S. Typhimurium
VNP20009, S. Typhimurium VNP20009 cheY*, or PBS. Animals were monitored three times per
week and weights were measured twice weekly. PBS control, n=3; S. Typhimurium only, n=4;
Tumor only, n=3; VNP20009 and tumor, n=8; VNP20009 cheY* and tumor, n=8. Data points and
error bars denote mean + SEM. Statistical significance was determined in relation to the tumor

only sample by a two-tailed Student's T-test (* p<0.05, ** p<0.01).
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Figure 3

A

Calculated diameter of tumor (cm)

1.6 -

1.4 S

1.2 4

0.4

—/N— VNP20009/tumor

—— VNP20009 cheY' /tumor
—&— Tumor only

Days after Salmonella administration

154



Figure 3. Mammary tumors developed in all 4T1-injected animals. A. Grossly, tumors
appeared as spherical, raised, firm masses with an ulcerated surface. B. Histologically, tumors
were composed of a pleomorphic population of neoplastic epithelial cells with numerous mitotic
figures (arrows) and large areas of necrosis (inset, asterisk). C. All animals injected with 4T1
cells developed mammary tumors. Tumors were monitored three times per week and
measurements were recorded twice per week. Measurements were taken using calipers and
measuring two perpendicular diameters. The square root of the product of these two
measurements was taken to give a calculated diameter for each tumor. PBS control, n=3; S.
Typhimurium only, n=4; Tumor only, n=3; VNP20009 and tumor, n=8; VNP20009 cheY* and

tumor, n=8. Data points and error bars denote mean + SEM.
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Figure 4
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Figure 4. All 4T1l-tumor bearing animals developed pulmonary metastases. A.
Histologically, pulmonary metastases were identified as random accumulations of neoplastic
epithelial cells often centered on small airways (arrow). Neither control animals nor animals
injected with S. Typhimurium alone developed histologic evidence of metastasis. B. The large
lung lobe from each animal was placed in formalin and processed for H&E staining. The number
of individual pulmonary metastases were counted per histologic section. C. The small lung lobes
from each animal were taken at necropsy and subsequently enzymatically digested. Cell
suspensions were plated on cell culture plates and grown in media containing 6-thioguanine.
After 8 days, metastatic colonies were fixed in methanol, stained with 0.03% methylene blue,
and counted. PBS control, n=3; VNP20009 only, n=4; Tumor only, n=3; VNP20009 and tumor,

n=7; VNP20009 cheY* and tumor, n=8. Error bars denote SEM, N.D, not detected.
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Figure 5
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Figure 5. All experimental animals developed liver lesions. A. Animals receiving intravenous
S. Typhimurium developed mild to moderate, multifocal inflammation characterized by random
aggregates of mononuclear cells and neutrophils (arrows). Animals receiving 4T1 mammary
carcinoma cells developed large amounts of extramedullary hematopoiesis predominantly in the
area of large and small vessels, but also occasionally scattered throughout the parenchyma (large
arrowheads). These areas were characterized by a heterogeneous group of erythroid and myeloid
precursors as well as megakaryocytes. Those mice receiving both S. Typhimurium (regardless of
strain) and 4T1 cells had significant amounts of inflammation (arrow) and extramedullary
hematopoiesis (large arrowhead), as well as, large foci of liver necrosis (asterisk). B.
Inflammation, extramedullary hematopoiesis, and necrosis were individually scored for each
sample. Individual scores were then summed to create a composite liver histopathology score
for each animal. PBS control, n=3; VNP20009 only, n=2; VNP20009 cheY+ only, n=2; 4T1
only, n=3; VNP20009 and tumor, n=6; VNP20009 cheY*, n=8. Error bars denote SD. Statistical
significance was determined in relation to the tumor only sample by a two-tailed Student's T-test

(** p<0.01).
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Figure 6
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Figure 6: Bacterial colonization of tumor and liver tissue. Intravenous injected VNP20009 or
VNP20009 cheY* were respectively recovered from tumor and liver samples and enumerated.
No statistical differences were found between any groups. Data represents VNP20009, n=6;

VNP20009 cheY*, n=8., with error bars denoting SD.
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Figure 7
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Figure 7. Disease pathobiology was evaluated following intratumoral injection of S.
Typhimurium. Six days following 4T1 tumor cell injections into the mammary fat pad, animals
were administered either VNP20009 or VNP20009 cheY™ directly into mammary tumors.
Similar parameters were assessed as in the previous intravenous experiment including (A) weight
change, (B) calculated diameter of the primary mammary tumor, (C) histopathologic scoring of
liver sections, and (D) number of bacterial cells recovered from the liver or primary tumor of
infected animals. PBS control, n=2; Tumor only, n=4; VNP20009 and tumor, n=6; VNP20009
cheY* and tumor, n=7. Error bars denote SEM for A and B, SD for C and D. Statistical
significance was determined in relation to the tumor only sample by a two-tailed Student's T-test

(* p<0.05, ** p<0.01).
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Chapter 7

Conclusion

Collectively, these works will make clinically relevant contributions to the diagnosis and
treatment of neoplastic diseases. The majority of the work focused on histiocytic sarcoma (HS).
Both from the review in Chapter 2, as well as, the studies described in Chapters 3-5, it is obvious
that therapeutic options are limited for both canine and human patients diagnosed with HS.
Currently, options include surgical excision, radiation, and chemothetherapy. Surgical excision
aims to reduce the overall presence of gross disease while radiation and chemotherapy facilitate
the reduction of gross and microscopic disease through non-specific cell killing. Unfortunately,
these treatments have variable efficacy and impacts on overall survival rates illustrating the need
for more targeted therapies. However, targeted therapies are not possible without a better
understanding of disease pathogenesis. Recent studies evaluating new or re-purposed drugs like
YM155 and dasatinib (discussed in Chapter 2), as well as, LY294002 (discussed in Chapter 5)
have begun to address this need [1, 2]. The results of our studies in both Chapter 3 and Chapter
4 have suggested that NF-xB and AKT signaling are important in the development and
progression of HS in mice and dogs [3]. This suggests that there may be specific proteins within
these pathways that could be targeted by drugs. A great example of this is our pilot study
investigating LY294002 in Chapter 5. LY294002 is a PI3 kinase inhibitor which is one target
that we found increased in expression in patient samples. Our studies were unable to show any
changes in AKT signaling with this drug. However, we had some difficulties with drug delivery.
Future studies are planned to evaluate the possibility of packaging the drug in nanoparticles thus
enhancing the ability to reach the tumor to exert its affects [4]. Another potential therapeutic

target revealed by exploring mechanisms of HS could be IL-1B, a second gene shown to be
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increased in expression in patient samples. The drug Kineret (Anakinra) is an 1l-1R antagonist
currently approved for treatment of rheumatoid arthritis and cryopyrin-associated periodic
syndromes in humans. Theoretically, the hypothesis could be made that if IL-1p is increased in
HS than reducing its effects by blocking the receptor could reduce tumorigenesis. This is
somewhat of a broad, oversimplified claim. However, it illustrates the relevance of mechanistic
insight on therapeutic possibilities. Our studies in HS have begun to reveal these mechanisms
and targeted studies using qRT-PCR analysis on clinical samples are planned to refine important

targets in the NF-xB and AKT signaling pathways.

The investigations into Salmonella in our breast cancer model described in Chapter 6 also
have significant therapeutic implications. Like in HS, surgical excision with chemotherapy or
radiation are often a mainstay for treatment of certain sub-types of breast cancer. However,
unlike HS, a great deal of research has been done investigating more successful, targeted
therapies. One of the more well-known of these is the anti-Her2 antibody, Herceptin. This drug
has been shown to be useful in those breast cancers with overexpression of the growth-factor
receptor Her2. Unfortunately, Her2 positive tumors only represent a percentage of all breast
cancer patients. Our study investigated the use of a therapy targeted at overwhelming the
tumor’s immunosuppressive abilities, a mechanism shared by most breast cancer sub-types.
Though there was no significant reduction in tumor burden or metastases, our results reveal the

need for thorough evaluation of bacterial strains in a variety of different models and tumor types
[5].

Another way in which the results here contribute to the overall clinical relevance of the
described works, is the potential implications for the diagnosis and differentiation of HS versus

hemophagocytic HS. As described in Chapters 2 and 4, the diagnosis of HS in general can be
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somewhat laborious. In both canines and humans, morphology alone is not often sufficient to
diagnose these tumor. Pathologists rely on a host of immunohistochemical methods to support
their diagnosis. Unfortunately, IHC is not always straight forward. It requires specialized
training and equipment not commercially available in clinical settings. Additionally, the
antibody required for diagnosing HHS, CD11d, performs best on frozen tissue which is often not
available. Since these often have to be sent to diagnostic labs, performed by specialized
personnel, and interpreted by experienced pathologists, many IHC tests take at least a few days if
not longer. The results of our canine gene expression studies (detailed in Chapter 4) found
differences in the expression of genes in HHS versus HS which could serve as candidate markers
for a PCR assay. PCR assays are a relatively inexpensive, rapid alternative to IHC that could be

done on frozen or formalin-fixed patient samples.

The preceding chapters add to the growing body of knowledge investigating the
complicated roles of inflammation in tumorigenesis. The transformation from a normal cell to a
neoplastic cell involves a host of genetic and environmental changes. These are eloquently
reviewed in Hanahan and Weinberg’s “Hallmarks of Cancer”. The authors describe tumor-
promoting inflammation as an enabling characteristic facilitating this transformation and evasion
of the immune system as an emerging hallmark of transformed cells. The studies described here
support these roles and further our knowledge of both of these disease mechanisms. Chapters 2
and 3 both reveal that the central pro-inflammatory cell signaling pathway NF-kB exhibits
increases in gene expression in both murine and canine HS [3]. This is a novel role pathway and
mechanism of disease for this tumor. Future studies will focus on refining these findings to
determine specific causative mechanisms. We have suggested that there are increases in overall

expression of genes from this pathway but have not identified the specific mechanisms upstream
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of this. Moreover, we would also like to perform protein analyses to support our gene expression
data. The current studies were limited by the fact that only FFPE tissues were available. Future
studies will utilize frozen samples received from the Canine Comparative Oncology and
Genomics Consortium (CCOGC) for protein analysis. Additionally, in Chapter 5 we discuss the
development of our xenograft model. This will be useful in future studies investigating both
therapeutic possibilities and further mechanistic data. For example, additional studies looking
into NLRX1 and its role in HS (described in Chapter 3) using knockdown methods are possible
in this model. DHB82 cells are an easily managed cell line making knockdown and
overexpression of NLRX1 possible. By injecting these modified cell lines into mice and
following tumor growth and analyzing downstream signaling patterns, we could better develop

mechanistic insight regarding NLRX1 and its contribution to HS tumorigenesis.

Though tumor-promoting inflammation and immune system evasion have been well-
studied, our results discussed in Chapter 6 also suggest that the balance between the two is an
important consideration. In our studies, we attempted to reduce tumorigenesis by creating
inflammation by way of bacterial infection. Though we succeeded, the inflammation ultimately
overwhelmed the animal leading to systemic disease and hepatic failure [5]. We also were
unable to see any significant changes in tumor growth or metastasis. Did we choose the wrong
bacteria? Were the immunosuppressive capabilities of the tumor cells so strong that a bacteria
with reduced virulence could lead to overwhelming systemic infection? These are interesting

questions that future studies will attempt to investigate.

Finally, our investigations into multiple models of HS provide translational relevance to a
rare and understudied human disease. Transgenic mouse models are important models for

investigating basic mechanisms of disease. However, the overall goal is to be able to produce
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data that is translatable to other species. In Chapters 3 and 4, we do just this. Our initial studies
in mouse models revealed important signaling pathways relevant to HS in mice. However, we
were also able to show that these pathways translate into a naturally-occurring disease model of
HS in the dog. By using these disease models, we can refine our hypotheses and make
predictions of what pathways are likely to contribute to the disease in humans. The goal of
research whether basic or clinical is almost always to have broad implications on human and
animal health and well-being. This is especially true for biomedical research. In the previously
described works, we have made clinically impactful conclusions and provided further support to

the claims that inflammation plays a dichotomous role in tumorigenesis.
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