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Investigations into the role of inflammation in tumorigenesis
Sheryl Coutermarstt

ABSTRACT

Inflammation has been found to play a role in the development of many different
tumors However, a t ummume@alrecaghitiohcantbg intég@ltoe v a d e
its progressioras well. Thefollowing 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 2uses on a review and discussion of
current HS literature. Our investigations into the role of inflammation specifically in HS
areinitiated in Chapter 3 where we expldhe role of the regulatory NLR, NLRXin
the development dfiSin mice. NLRX1 is anintracellular patter recognition receptor
thatfunctions to regulate prmflammatory cell pathwaysOur studies reveal that in
carcinogerAnduced HS in mice, NLRXhck as a tumor suppressor. Moreover, when
NLRX1 is lost, tumors thadevelop are ass@ted withincreass inexpression ofenes
inNF-e B a n dpatlwiyE. Though uncommon, HS is a clinically relevambiun
dogs. InChapter 4we further investigate the roté the pathways identified in Chapter 3
in canine patients. Not only were these pathways increased, but ows aésulltevealed
previously unreported differences in tumors diagnosed as HS versus thosesedgs
hemophagocytic HSTo improve the use of canine HS both as an experimanthl
translational model, we sought to creatawinexenograft model. In Kgpter § we
discuss the development of our model and the results of pilot studies using targeted drug
therapy. The focus @hapters &b is to further explore the role of inflammationthre
development of HS. Howevas aforementioned, the role of inflmation in
tumorigenesis iguite complicated. In Rapter 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 traditionallycegnized as being highly immusgppressive. In this
final chapter, we investigate the use of an attenuated strain of bacteria to treat these
tumors by way oshifting theimmunosuppressiveimor microenvironment tom@ore
pro-inflammatory state.
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GENERAL AUDIENCE ABSTRACT

The role of inflammation in the development and pregien of cancer has been
studiedfor many years. It is wekcceptedhatchronic inflammation can lead to an
environment thatsi favorable for tumor development. However, more recently it has
been shown that being able to escape the immune system and avoid initemoaiat
also be important in tumor developmefithe aim of this work was to further investigate
thesedichotomousoles. In Chapters-3 wereview and further explorerole of
inflammation in a poorly studied tumor called histiocytic sarc@a). Through our
studies we have found that a receptor prof@esent irnany cells, NLRX1, is important
in the developmedrof chemicallyinduced HSn mice. Moreover, thdevelopment of
these tumors is associated with increases ifirglammatory 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 Chapte, we sought to investigate the other potential role of inflammation in
decreasing tumorigenesis. In these studiesysed a mouse model of breast cataer
investigae whether or not we coultecrease tumorigenesis by increasing the immune
sy st e lindtsrecaghize the tumor.
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Chapter 1
Introduction

Inflammation and tumorigenesis haeewdl-recognized relationshigirst suggested by
Rudolf Virchow in 1863. His initial observation of lyshocytes within tumotissue lel him to
suggest that was chronic inflammation at these sites that led to the development of Hncer
Concurrent with these observations, large bodies of research currently exist to support the fact
that sites of chronic inflammation are oftaraamuch higher risk for the development of tumors
of the bladder, stomach, liver, colon, mesothelium, lung, and ofeftk However, we also
now know that, dpending on a host of genetic and environmental factoflammatory cells
and cytokines can play a dichotomous role in the initiation and progression of turha@ss no
better summari zed t han i n Hanahan and Wei nb
Ge n e r $3}. iindhis deview, 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 showerimental animals lacking an immune system are
at a much higher risk of developing tumors compared to those with intact immune gg@jtems
Thus, it is clear that the role of inflamrmat in tumorigenesis is much more complicated than
originally thought.

Tumorpromoting inflammation as set forth by Hanahan and Weinberg is consistent with
Virchowdés initial observations and, since the
of tumors have been shown to support this role. One verydsstiribed 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, persistenionfedth hepatitis C virus leads

to a persistent but ineffective immune response against infected hepaf8tytdhis leads to



repeated cycles of hepatocyte destruction with subsequent attempts at regenaraion i
microenvironment dominated by DNdamaging reactive oxygen species produdi@n In this
environment, patients with hepatitis C virus are 17 times more likely to develop liver cancer than
patients without hgatitis C infectio{10]. A similar link has been made in woodchucks infected
with Woodchwek 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
humang11]. Another good examplef the link between inflammation and tumorigenesis is the
predisposition of human chronic obstructive pulmonary disease (COPD) patients to the
development of lung cancdgii2]. COPD is characterized by chronic daye 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 prioaflammatory and prdibrotic cytokines such as TGl , -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 ofsmoal cell lung cancef12].

In fact, smokers with COPD are 5 times more likely to develop lung cancer than those with
normal lung function and nesmokers with COPD are still twice as likely to develop lung
cancer ashose without COPIPL3].

Whether the liver, the lung, or any other orgaheve chronic inflammation has been
shown to drive tumorigenesis, the mechanisms by which inflammation can lead to neoplastic
change are twold. First, the presence of persistent inflammation typically leads to an
environment where cells are constanthgargoing damage. In the case of viral hepatitis, it is in
an attempt to destroy virally infected cell

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



increae in repair signals within the tiss{i2]. Repair means increasing proliferation and/or
growth of progenitor cells or remaining cells, which can be an important facilitator of neoplastic
change. Secondly, thegsence 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 (Hfsis 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 pnflammatory cell signaling pathwaysould 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 & focus on our investigains 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 carcinogenducedHS in mice. Moreover, the development of these tumors is
associated with increasén signaling pathways involved inflammation and cell proliferation.
BecauseHS 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 wieether th
signaling pathways we identified in mice were relevant to the disease in cfbifjeAs
described in Chapter 4, we were aldeshow 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 4ype. Though the disease in canines can be a useful tool



to continue tostudy, 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 discusslitie of
pilot studies using our xenograft model to investigate novel therapeutics.

Though tumoipromoting inflammation has been shown to be an enabling characteristic
in the development of tumors of the liver and lung, as well as, tumors of histiodgiic, an
emerging hallmark is the ability to evade recognition by the immune system and subsequent
destruction by inflammatory cellg8]. The purpose of the immune system is to mainta
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 includitemhation, 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 amyeloid derived suppressor cells and (MDSC) and
macrophages polarized to an M2 phenotyp4DSCs 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 metastd&ig, 18] Another mechanism by which
tumor cells evade the immune system is through the recruitmelMt2omacrophages (also
known as tumecassociated macrophages or TAMs). M2 macrophagesete a variety of
immunosyppressive substancesuch as IE10 and TGFb t h a't prevent I mmune

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



example of a tumor known to be immunosuppressive through these mechanisms and others is
breast canced0, 21] In Chapter 6 we use a mouse model of breast canaevdstigate this
opposite role of inflammation in potentially decreasing tumorigenesis through the use of an
attenuated strain oSalmonella typhimuriumThe supposition of these studies is that the
inoculation of bacteria will facilitate a shift in the imunosuppressive 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.

Collecively, 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
CoutermarsfOtt, SL
Abstract

Histiocytic sarcomdHS) is an uncommon and poorly studied disease in both human and
veterinary medicine. It is weltharacterized to arise from a dendritic cell or malcage 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 stsdinvestigating 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 sarcomdHS) is an uncommuly diagnosed tumor imeterinary medicine and an

exceptionally rare tumor in humansBecause of this, a paucity of information is currently
available investigating this disease. The majority of information in human medicine comes from
scattered case refis 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 walkfined. In the following pages, we attempt to review
the current literature available for HS in human and vetgyimedicine.
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 describefll-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 tissy&s9]. 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. Howeverspecifc symptoms such as lethargy and
inappetence are comm@h]. The disease can occur in any age, breed, or sex of dog but is most
commonly diagnosed in older, large breed animals. There aredealmented breed
predispositions in the Bernese mountain dog and-délated retriever; however, other
predispositions are potentially emerging such as recently described in a population of Miniature

schnauzergl0-12]. Histologicaly 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 cytand karyomegaly, frequent and often bizarre mitoses, and
marked pleomorphismF{gure 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 uksed 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 wliilese diagnosed with a st§ype termed hemophagocytic

HS are associated with a grave prognfisss 14]

The Bernese mountain dog and Fiaated retriever are wellescribed as having breed
predispositions to # development of HEL]. 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 degtls respectiveljl1, 15] The Dutch study
also evaluated causes of death in-Etzdted retrievers and found that 14.3% succumbed to the
diseasd11]. Though common iboth 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 histio¢¥&}sisOne
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 wehe most common sites involvgt7]. This is different than
in the Flatcoated retriever where the most common clinical manifestation is a localized mass
within the muscle of the limb or adjacent to a jqid, 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 orgHi&. However, of those visceral tumors,

the spleen and lung were the most commagans involved, which is similar to what is seen in
Bernese mountain dod%8]. Initial studies looking for predisposing causes of HS in Bernese
mountain dogs found that, in cases of periarticular HS;epigting joint inflanmation was

found to be highly correlated with the development of a tumor in that sam¢1®jr20] 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 breedl6]. These include a loss of heterozygosity mutation in the
region of theCDKN2A/Blocus deletions of regions dRB1, and deletions of regions &TEN

[16]. All three are important tumor suppresssoCDKN2A 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 inTtRé&3locus. TP53 is also a tumor suppressor that acts
through multipledifferent pathways and the relevance this gain of function mutation is unknown
[16]. Recent studies have identified an additional gdifunction mutation in the gerleTPN11

in northemophagocytic histiocytic saamas from Bernese mountain dof2]. PTPN11
encodes for the nereceptor protein tyrosine phosphatase, SHP2, which has been shown to be
involved in a wide array of biological functions including growth factgnaling[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 facthat, at least in dogs, HS can derive from two different types of histiocytic cells.
HS, or norhemophagocytic HS, arises from tissue specific interstitial dendritic[gégllSThese
are histiocytic cells of myeid 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 sponsible for sampling circulating antigens and phagocytosing senescent cells
[24]. Owing to the nature of the cell type, Amemophagocytic HS can be diagnosed in many
different tissue types including lung, lymmiode, skin and subcutis, spleen, and periarticular
tissueqd1l]. HHS is diagnosed in the spleen and is often associated with significant hematologic
abnormalities including thrombocytopenia and anemia due tohthgogytosis of patient blood

cells by tumor cell§24]. A variety of immunohistochemical markers have been investigated to
aid in the diagnosis of these tumors and have included CD18, 62204, CD163, and otlge

[1, 25, 26] CD18 is the b subunit of a famil-y of
leukocyte marker that will positively stain most leukocy#4. It is useful in distinguishing HS

from a carcinoma or a ndmematologic sarcoma but otherwise cannot differentiatent fother
hematologic malignancies such as lymphoma.-1llii& a calciurrbinding protein that has been
shown in previous studies to be a marker of microglia as well as cells of the
monocyte/macrophage system in mj28]. Investigations in canine round cell tumors showed
that it was a good marker of canine HS with no cresstivity in other canine round cell tumors
and/or hematologic malignancigb]. It is, however, unae to differentiate between neoplasms

of dendritic cell versus macrophage orig@]. CD204 is a macrophage scavenger receptor that
has also been evaluated as a diagnostic marker. Studies investigating kieis mage shown

that all HS samples evaluated stained strongly positively while only one sample out of 81 other
round cell tumors and sarcomas was positdé 29] However, tumors that were determined to

be hemopagocytic and thus of macrophage origin were also po$&Bje Thus, improvements

in IHC markers for differentiating HS from other mesenchymal tumors have been made, but the

only marker currently able to differgate HS of dendritic cell versus macrophage origin is
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CD11d. CD11d is the alpha subunit of the2 i ntegrin protein and
inflammatory macrophagd80]. 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. Alsdhe canine CD11d antibody performs best on frozen tissue samples which are not
as commonly available as formafimed, paraffirembedded 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 possilda, Oft
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 metastasifhe most common
chemotherapeutic currently in use is lomustine (CCNU); however, doxorubicin, combination
protocols, liposomal clodronate, and bisphosphonates, have been used with variabld3liccess
35]. In gereral, chemotherapy response rates range from 29% to 56% and overall survival times
average from 55 to 391 dayd43, 32, 36] Beyond surgery and chemotherapy, other
experimental approaches have yielded optimigsults. 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 (IREjJ]. In thiscase, surgical excision was not
possible due to tumor size and javasting osteoarthritis. IRE treatment in combination with
CCNU chemotherapy was ultimately curative for this patient (personal communication).

Despite the published variation in treatmsuatcess 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 noperiarticular HS (all other forms) found that periarticular HS is
associated with a betterqgnosis, 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 owneFumors located in the viscera often produce
nonspecific, 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 athe 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 treatittent w
corticosteroids were found to be negative prognostic indicators with decreased guival
Histiocytic sarcoma in humans

The incidence of HS, formerly knowns as 0t
exceptionally low and has been reported to make up less than 1% of all hematopoietic tumors
diagnosed in human patienf88]. As in dogs, it is defined to arise from cells thie
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 ackpmibsent cases of non
Hodgkin like lymphomaq38]. However, recently, better immunohistochemical and genetic
techniques have improved diagnostic accuracy and consistency. dralgéfS in humans can
be diagnosed in any age group but is more common in adult to geriatric indiJBRjaldn one
study evaluating 18 cases including both nodal and-exidal HS, the median patient age was
46 yearsold with a range from 6 months to 74 yeald [39]. A second study evaluating 14

cases of only extranodal HS found similar results with a median patient age of 55aapk a r
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from 15 to 89 yearsld [40]. HS most commonly involves the lymph nodes but can also occur

in extranodal sites such as the spleen, gastrointestinal tract, uterus, lung, soft tissue, skin, and
CNS [38, 41, 42] Like in dogs, HS in humans cdie 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 histiocytisarcoma, and/or disseminated histiocytqdi3, 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 dejdeg on the primary organ affected. The most
common presenting signs are often systemic signs such as fever, lethargy, weight loss and
weaknes$38].

Diagnosis of HS in humansan be di ffi cult and is curre
proliferation of cells showing morphologic and immunophenotypic features of mature tissue
hi st i ¢§38]ly Undike on dags 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 histiaytic cells efface normal tissue architecture. Neoplastic cells are often pleomorphic
with multinucleation and bizarre cells being fairly comni®8]. These tumors can be infdted
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 systefi38, 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,

morphologicaly similar tumor types such as B and T cell markers for lymphoma, CD1a for
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Langerhans cell origin, CD21 and CD23 for follicular dendritic cell origin, pancytokeratin for
carcinomas, and Melan A for melanocytic tumi@8].

In humans, unlike in dogs, there have been no-deflhed subtypes of HS such as HHS
in dogs. However, it appears that there is a poorly defined continuum of histiocytic
proliferations associated with host gellagocytosis. 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, ocedlgiathe leptomeninges
[47]. These proliferations wereytologically benign, expanded but did not efface tissue
architecture, and were associated with marked erythrophagoct@kis 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 ecytes and leukocytes. A
subsequent case report documenting a splenic HS in a #blgesoman described a concurrent
proliferation o f phagocytic hi stiocytes i mo
ma c r o p M8].g Ehese cells exhibited marked erythemd lymphophagocytosis and were
found throughout the tumor and unaffected splenic parencig8ja In a second report, the
authors describe a case of a 24 yaldr man diagnosed concurrently with a malignant
histiocytosis of the spleen, a mediastinal germ cell tumor and concurreqéBPSn this case
report it is unclear if the authors consider the HPS a direct @suigjestion 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 origamd that tumor cells will actively phagocytose the red and white
blood cells of the hosf24]. This leads to secondary cytopenias, most notable anemia and
thrombocytopeni§24]. In humans, however, hemophagocytic syndromerisidered a primary
or secondarypenign proliferation and activation of histiocytes ultimately leading to a large
release of cytotoxic chemokines and cytokif48]. In both previously mentioned reports,
patients suffered from severe anemia and thrombocytop&hi@9] These findings are similar
to the hemophagocytic form of HS described in dogs. However, IHCCEik1d was not
performed in either case. Many of the immunohistochemical markers used for diagnosis in these
cases can crosgact among different histiocytic cells. Thus, additional case studies using
CD11d are necessary to characterize whether or R&8tiH 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 beemwesdtigated in
dogs is a proposed relationship between HS and lymphomgal tlassification of HS by the
World Health Organization (WHO) 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 fiduin lymphoma$38]. However, a study published in 2008
suggested that histiocytic/dendritic cell neoplasms occurring concurrently or up to 12 years
following the development dbllicular 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 algtin 2009 evaluating the presence of
clonal immunoglobulin receptor gene rearrangements in HS patients with no concurrent or
previous history of any type of lymphorfal]. Indeed, these authors were able to sttt in

11 out of 23 tumors, there were clonal rearrangements in the B cell ref®ptorin 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 thesmowed nuclear positivity for Oct2 via immunohistochemi§bd).

Oct2 is a B cell transcription factor important in the proliferation and differentiation of B cells.
Since then, numerous case reports of HS gahe rearrangements either in conjunction with or
following mantle zone lymphoma, chronic lymphocytic/small lymphocytic lymphoma, and
diffuse large B cell lymphoma have been repoifte2t56]. Though the signifiaace of these
findings is largely unknownhtse reportsuggesthat hematopoietiderived 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 humansOne study utilized immunohistochemistry to evaluate the
expression of the tumor suppressors PTEN and'fff6n human HS samples and found that
there was loss of these proteins in 40% and 50% of evaluated cases respgdtjvelVhey
subsequently found, through nested PCR, deletions of exons 6 toPYEN and through
methylationspecific PCR identified methylations of the promoterspib@"K42 and p14*RF[57].
Anothe author investigated somatic mutations in 5 cases of38F In these studies, several
BRAFmutations were identified in 3 out of 5 ca§ge8]. BRAFis a proteoncogenencoding for
the protein Braf. Braf is a seringhreonine kinase involved in the regulation of cell growth
through the regulation of MAPK/ERK signaling. This study also revealagitionsin KRAS
PTPN1 andPIK3CA each in a single patient samgi&8]. Other studies have confirmed the
presence oBRAFmutations in HS, however, these studies have collectively identified a specific
amino acid substitution identified &RAF®°°F not identified in the aforementied 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 surgieatision is possible or not, treatment includes the
use of radiation or chemotherapy. Case reports have described treatment with combination
chemotherapies and autologous stem cell transplantgd@®4]. Despie treatment, most
patients succumb to the disease within 2 years of diagf88isOne retrospective study found
that there were no significant differences in overall survivasrdbr patients diagnosed with
localized or metastatic diseab]. Moreover, of those with localized disease who underwent
surgical excision with complete margins, there were no significant differences inl suevalal
with the use of adjuvant or nemljuvant chemotherafg@5].
Mechanisms of Disease

Because HS is an uncommon disease in veterinary medicine and extremely rare in
humans, a paucity of research has beeredwaluating 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 [Bice In these studies,
Ptert’- Ink4a/Arf" mice developed biphasic tumors composed of both lymphomatous and
histiocytic cellular componen{&7]. PTEN is an important tumor suppressor in all species that
is responible for the dephosphorylation of PIP3, an important substrate involved in AKT
signaling. Ink4a/Arfis a locus that encodes for the tumor suppressof8gtand p14=~which
are responsible for regulating pRB and p53 respectively. Interestingly, exsunated by
Southern blot analysis, the histiocytic portions of these tumors had deletidttenfin
approximately 13/40 tumors evaluafé&d]. This is opposed to the lymphomatous tumors where

31/32 maintained #hwild type allelg57]. 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 wheompared to normal wHtype 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 biopsty mentioned
studies identifying the presence of gene deletionBTiEN in HS of Bernese mountain dogs,
Flatcoated retrievers, and humdas, 57]

Recently, studies have implicated a novel tumor suppressthe development and
progression of carcinogenduced HS in mic¢66]. NLRXL1 is a regulatory NLR that has been
best characterized in its regulation of dFB si gnal i ng, autophagy, Typ
and ROS signaling in host viral infectiof/-69]. Recently it has beenggested to play a role
as a tumor suppressor by regulating cell deah71] 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 [6é&jiod hese
mice developed marked splenomegaly that was subsequently diagnosef6é$ HEsinggene
expression analysis, these studies also showed that the development of these tumors was
associated with increasesinfdFB and AKT66]si gnal i ng

Additional studies in mice evaluating novel chemotherapgutiave further revealed
potential mechanisms of HS development and progression. Recent studies have evaluated the
use of the novel therapeutic dasatinib for the treatment di7BS Dasatinib is a BeAbl and
Src family tyrosine kinase inhibitor approved for humans diagnoséddaohitonic myelogenous
leukemia or Philadelphiehromosome positive acute lymphoblastic leuke[@ 74] Initial
studies screened 171 compounds, including dasatinib, in an attempt to identify novel drugs that

would inhibit growth of multiple canine HS cell lineg2]. 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 fof#2& In an attempt to determine mechanism

of action, the authors wegeble to successfully generate a mouse xenograft model by injecting a
previously characterized canine HS cell line, GHSnto nude mice. Their results confirmed

that indeed treatment with dasatinib did reduce overall tumor volume, which was assodfated wi
a decreased mitotic index, decreased6Kiexpression, and increased apoptotic infi&X.
However, the mechanism of action was not defined. Another study sought to investigate the
drug YM155 as a potential novel chemotherapeutic. YM15%eapantronium bromides a

small mdecule 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 secreéa HS cell lines when
compared to normal canine fibroblagf®]. When the survivin gene was knocked down using
siRNA, HS cells exhibited a reduced viability, higher levels of apoptosis, and enhanced
susceptibity to the chemotherapeutic drugs lomustine and doxoruli¢sj. 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 expresdio@]. 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 tumosedisivity

to the chemotherapeutic lomustine, and reduced the incidence of pulmonary mef@gtasis
Overall, the recent development of novel mouse models of HS have resulted in a significant

expansion of potdial 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 icedratig
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 methodsrbagatly 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 andke it difficult to study and fully characterize clinical
characteristics of HS in humans. Thankfully, the importance of translational medicine and
comparative oncology is increasingly wedicognized. Thus, HS in dogs may very well provide

a frameworlkfor 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 bynultiple criteria of
malignancy. These include: marked pleomorphism, eyand karyomegaly (thin arrows),

frequent and often bizarre mitoses (inset), and multinucleation (thick arrowmage

photographed at 200x, inset photographed at 400x.
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Chapter 3
NLRX1 Suppresses Tumorigenesis and Attenuates Histiocytic Sarcoma through the
Negative Rgulationof NF-e B Si gnal i ng
This chapter wapublishedn Oncotarget:
CoutermarsfOtt S, Simmons A, Capria V, LeRoith T, Wilson JE, Heid B, Philipson CW, Qin Q,
HontecillasMagarzo R, Bassagaryriera J, Ting JP, Dervisis N, Allen IC. NLRX1 suppresses
tumaigenesis and attenuates histiocytic sarcoma through the negative regulationaoB NF
signaling.Oncotarget2016 May 31;7(22):3309610. doi: 10.18632/oncotarget.8861. PMID:
27105514.
Abstract

Histiocytic sarcomgHS) is an uncommon malignancy in bothrhans 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 suppressors&a on these prior findings, we hypothesized
that NLRX1 would function to inhibit tumorigenesis and thus the developmerdBofio test
this, we utilizedNIrx1” mice and a model of urethaimeuced tumorigenesidNIrx1” mice
exposed to urethane devedmpsplenicHS that was associated with significant-tggulationof
theNF-HUB s i gpatlaviayi Additionally, development of these tumors was also significantly
associated with the increased regulation of genes associatedKilitsignaling, cell death ad
autophagy. Together, these data show that NLRX1 suppresses tumorigenesis and reveals new

genetic pathways involved in the pathobiologyH&.
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Introduction

Histiocytic sarcoma(HS) is a rare, malignant neoplasm with a phenotypic profile
consistent withan 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 stdia2h 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 studid$ bfve 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, treatmentoften 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 ssciated molecular patterns (PAMPS) and/or damage associated molecular
patterng DAMPSs), which areproducts released by stressed or dying cells. PRRs that have been
shown to significantly modulate the pathogenesis of neoplasia, include thik& akcepors
(TLRs) and the NOBike 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 wtlldied in the context of colitis
associated colorectal cand& 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 imf iuma
the majority of which have yet to be functionally character{a€}l. Of the characterized NLRs,
the majority appear to function as molecular effectors tham fmulti-protein complexes. For
example, the most widely studied NLR family members form a rputtiein complex with the
adaptor protein ASC and caspdsetermed the inflammasome that is responsible for the
production of the mature forms of the pndlammatory cytokines It1 b  a #18 Hdweéver, a
second sulgroup of NLRs has recently been characterized that primarily function as non
inflammasome forming, regulatory NLRs. Members of thisgrtdup include NOD1 and NOD2,
NLRX1 and NLRC3 (reviewed if9]).

NLRX1 has been shown to be an important regulator of critical pathways associated with
both inflammation and tumorigenesis. These include roles in the inhibitiNiF@ B s i gnal i n¢
Typel IFN production, and ROS production, as well as, the promotion of autophagb|.
However, beyond these initial characterization &sid many questions remain unanswered
regarding the function of this unique protein. The majority of studies investigating NLRX1 have
focused on its role in heglathogen interactions. However, the pathways modulated by NLRX1
are also typically dysregulateduring tumorigenesis. Thus, we hypothesized that NLRX1
significantly inhibits tumorigenesis through regulating one or more of these previously
characterized pathways. Here, we utilizBirx1” mice in a model of urethane induced
tumorigenesis. Our dataveal thaiNIrx1” mice are sensitive to urethane treatment and develop
HS in the spleen that is associated with increaseebNB- s i gnal i ng. We al so i
range of genes associated with common cancer pathwd¢ys, signaling, cell death, and

autophagy that are also significantly-tggulated in theNIrx1”- mice duringHS. Collectively,
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our results further confirm that NLRX1 functions as a tumor suppressor and extends these
findings toHS, which is an understudied cancer with few biomarkers.

Materials and Methods
Experimental Animals

The generation and characterization of Nfrxfice have been previously descrijéd).
All experiments were conductedttv 6 - 22 week old C57BI/6 female mice. All animals were
maintained under SPF conditions ardeived 5010 chow (LabDiet) and water ad libituki.
experiments were conducted in accordance with the NIH Guide for the Care and Use of

Laboratory Animals andiere conducted under institutional IACUC approval.

Bone Marrow Derived Macrophage Studies

Bone marrow derivedhacrophages (BMDMs) were isolated from the femurs of C57BI/6
andNIrx1” mice using standard procedufé§]. The cell s were cultured
Eagleds medium ( DMEM) with 10% {fcenditmried delovi ne
culture supernatant, 1x-glutamine, andlx nonessential amino acids for5days. BMDMs
were subkcultured 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
guantification with an autoated cell counter (Cellometer Vision from Nexcelom Bioscience)
foll owing the manufactureros protocol s. A  mi
treatment were counted using the automated system. Supernatants were removed for cytokine

measurements andtal 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 BS 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 weeksefiuste
exposure or when moribundn the day of harvest, mice were euthanized via &phyxiation
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 tB8 for RNA/protein analysis. Samples of spleen were

also prepared for flow cytometry.

Histopathologic Examination

Formalinfixed tissues were routinely processed for histopathology. The paraffin
embedded tsues were sectioned at 5 em and prepar
staining. H&E stained sections were evaluated and scored by a-destfiéd 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 Fast RNA Pro Gr een Ki
Biomedicals). The purified RNA was quantified and 1pg of RNA was pooled frebn 3
individual mice prior to the cDNA reaction, for analysis using the RT2 Profiler PCR Array

Pl atform (SABiosciences). Sampl es werredheeval ua
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following arrays: PAMMO033Z; PAMM084Z; PAMM-011Z; PAMM064Z; PAMM-025Z.

Ingenuity Pathways Analysis (IPA) software was utilized to evaluate the array data. In addition

to the profiling studies, RNA samples (5 pug) were also individually archived) wsioDNA

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 expressionwas deteemd ut i | i zi ng t he q

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

Human Metadata Analysis

HumanNLRX1expression was evaluated using a publically accessible microarray meta
analysis search engine ftfit/www.nextbio.com/b/search/ba.nb), as previously descrith&fd
The following array dataeries 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 Amlysis

Data are presented as the meanstandard error of the mean (SEM). Analysis Of
Variance (ANOVA) followed by either Tukeiramer HSD or Newmai#euls Post Test for
multiple comparisons was performed on complex data sets for both individual exgsrand
composite dat a. Statistical significance f ol

two-tailed ttest. Survival curves were generated utilizing the product limit method of Kaplan
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and Meier and comparisons were made using the log rankliteall cases, ayalue 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 ealuation of publically available gene expression metadata compiled from 18
human studiesRHigure 1A). Each study focused on a specific type or-sype of cancer and
evaluated gene expression levels between the tumor specimen and either adjacentdseathy ti
or specimens from comparable tissue in unaffected subjects. The chadgBXiexpression
was deemed significant based on the parameters of each individual study. Our data analysis
revealed thaNLRX1is differentially regulated in a diverse rangehofnan cancerd={gure 1A).
For example, at the extremdd¢l RX1was found to be upegulated 2.72 fold in squamous cell
carcinoma of the skin compared to normal skin, while being dwmguolated 8.1 fold in high
grade myxoid liposarcoma tumors compared aontal adipose tissud-igure 1A). While no
human HS studies have been conductddl.RX1 gene expression data was evaluated for
malignant fibrous histiocytomaFi{gure 1A). Malignant fibrous histiocytoma, likeHS, is
controversial in origin though histiocyteells 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 inhumar HS. Together, these dateeveal that NLRX1 plays acomplex 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 CelProliferation 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 apopt$si; 20]. In one study, NLRX1 expression was found to
differentially regulate resistance to extrinsic and intrinsiopagtic signals in transformed, but
not primary murine embryonic fibroblag@0]. In the other study, NLRX1 was found to function
as a tumor suppressor by reguigtTNF 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 ardirx1” mice and allowed to differentiate for7 days
following standard protocolgl6]. Cells were quantified and -mated at 275,000 cells/ml in
standard growth media without the addition ofS~@igure 1B). Over the course of 24 hours,
cells were counted using both trypan blue and a hemacytometer, as well as, propidium iodide
(P1) staining and assessments with an automated cell co&igerg 1B). Both live cells and
dead cells were counteding 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 ofNIrx1” macrophages over the 24 hour time courSgure 1B). The Nirx1”
macrghages more than doubled the number of wild type macrophages 16 hoursifiénge

(Figure 1B). Further assessments of gene expression revealed that chemokines associated with
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macrophage proliferation and recruitment, includ@g2 (MCP1) andCsf3 (GCSF), were up
regulated inNIrx1”- macrophages compared to the wild type cdfigyre 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 stimulatighycolysis inhibition, increased cytosolic
calcium flux, and endoplasmic reticulum str¢$8, 20]. The currenstudy evaluated cells with
minimal stimulation beyond the overnight incubation in seftee conditionsThus, itis highly

likely that the differences in cell death are associated with cell type, temporal, and stimulation

specific mechanisms.

NLRX1 Att enuates Disease Pathogenesis following Urethane Exposure

To better characterize the role of NLRX1 in cancer, we subjadted” mice to a
urethane (ethyl carbamateduced tumor model Higure 2A). Urethane induced tumor
formation is a prototypical andlighly reproducible animal model of carcinogenesis that is
traditionally utilized to study lung cancgl7, 21, 22]. Repeated urethane exposure consistently
results in pulmonary adenoma and adenocarcinoma formgti@n Similar to some human
adenocarcinomas, urethane induces specific mutatiodsasiat codon 61 and mutations in p53
during later stages of disease progres$gij. Wild type andNIrx1” 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, rad 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 inj¢ion (Figure 3). However, by week 14, 50% of tiéirx1” mice had

developed palpable masses in their peritoneal cavity and required euthdhgsra @B).
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Additionally, the urethane treatedirx1” 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 ureth&iguf(e 2C). At necropsy, the palpable
masses originally detected in tNdgrx1” animals were identifiedsamarkedly enlarged spleens
(Figure 2D). Spleens from all animals were weighed and those from the urethane hbafdd

mice were indeed significantly larger than all of the other genotypes and treatRigute QE).

No gross lesions were identifiech iany additional tissues or organs. Following urethane

treatmentNIrx1 expression was increased in wild type animals that were resistdBt(tigure

2F).

NLRX1 Suppresses the Development of Histiocytic Sarcoma

The increased urethane semnyi observed in theNIrx1” 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 Meaie¢dmice
were chaacterized by a significant expansion of the white pulp by high numbers of pleomorphic,
mononuclear cells with frequent mitotic figures, thus consistent with a diagndsi (#figure
4A-B). No significant pathology was observed in the spleens from tive dadated wild type
and NIrx1”- mice or the urethane treated wild type anim&lgyre 4A). A semiquantitative
assessment of spleen histopathology, based on number of lesions and percent area affected
(scored on a scale ofi03), revealed a significa increase in the spleen lesion score for the
urethane treatetNlrx1”~ mice compared to all other genotypes and treatméfitgire 4C).
Additional flow cytometry assessments of spleen cellularity, conducted at the time of harvest,

confirmed the increasemumbers of monocyte derived cells in tEx1” spleens compared to
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the wild type. Tcell, B-cell, and Nkcell populations were not significantly different between

wild type andNIrx1’” spleens data not showr. Immunohistochemistry for MAC387 was
performed and neoplastic cells showed strong cytoplasmic positive staiqgd 4D). Based

on these results, our data suggests that macrophages are the dominate cell population associated
with HS in theNIrx1” mice. Together, these data suggest that NLR¥ctions to attenuatdS

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 mudbveer 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 tikex1” mice to urethane and the rapid
development oHS in the spleen, wevaluated 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 expoBiger¢ 5A). Similar lesions were also
observed in th&lIrx1” mice Figure 5A). However, in the urethane treatdtix1” 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 bronchialbasddymphoid
tissue (BALT) not seen in the wild type animalsgure 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, cemswgith the morbidity data and findings in
the spleen, th&Irx1” 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 @matopoiesis (EMH) and perivascular inflammation in all of the treated
animals when compared to untreated aninmfiguie 5C). Moreover, we observed a significant
increase in both parameters in thiex1”- mice compared to the wild type animals. In additio

the increased EMH and inflammation, we also observed a significant increase in liver necrosis in
the urethane treatedirx1” mice Figure 5C). This necrosis was not observed in the wild type
animals. The increased mass formation in the lung andased inflammation in the lung and

liver observed in the urethane treatttx1” mice is consistent with previous reports that
identify NLRX1 as a negative regulator of inflammatory signaling pathJy2§]s 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 metafdjsm

19.

Genes Associated with Cancer, Cell Death and Autophagy are Significantly tRpegulated
in Histiocytic Sarcoma inNIrx1”- Mice

NLRX1 has been previously shown to modulate inflammatory signaling pathways, cell
death, autophagy, and reactive oxygen species (ROS) prod{®&tib8l. To better address the
signaling pathways that are dysregulated inNir&1”- mice during tumorigenesis, we profiled
gene expression in the spleen following urethane exposure. Spleens were haroesteottir
urethane treated and untreated wild type Akl animals and total RNA was extracted
(Figure 6). The RNA from 35 randomly chosen spleens from each genotype and treatment were
pooled in equal amounts and cDNA was generdigglife 6). Differert 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 previoussgrdeed by the authofd.4]. Gene expression

was determined following the manufacturerds p
The expression of each gepa 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 andirx1” spleens was determined. The change in gene expression between

the wild type andNIrx1” 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 dysregulatedH$. Thus, we initially sought to
evaluate genes commonly associated with cancer signaling. This initial evaluation revealed that
64 genes associated with tumorigenesis were significanthegudated inNIrx1”- spleens with
HS compared to the wild typ@-igure 7A). The genes with the greatest differences in expression
(>1000 fold increase) includebsp Sox10Q Ccl2, Ocln, Pgf, Epo, Foxc2 andAdm(Figure 7A).
Interestingly, all of these genes, with the exceptiofr@fc2 have been previously associated
with various types of sarcoma in either human or rodent studies and inc@@s€dgene
expression has been directly correlated within canine patientf24]. In addition to increased
expression of cancer associated genes, we also observed increased expression of 76 genes
associated with autophagiigure 7A). The genes with the greatest differences in expression
(100-199 fold increase) includedRps6kbl Tgfbl Ctsh andHspa8(Figure 7A). NLRX1 has
been previously shown to positively regulate autophagy following virus expdstiréeHowever,
in the current study, DNRX1 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 gessierp
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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 gesesiaed with cell deatlrigure 7B).
These genes were further stratified based on general roles in either necrosis or apoguosis (
8). Together, these data suggest that NLRX1 negatively regulates gene expression associated
with autophagy, and moreroadly 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 apoptos[49].

Significant increases in serum CCL2 levels have been found in canine cases of
disseminatedS [24]. Likewise, Ccl2 appeardo be upregulated in macrophages fraxirx1™”
mice and was identified as being one of the genes with the greatest levelegiulgiion in the
spleen durindHS (Figures 1C and A). Thus, we evaluated serum protein levels of CCL2 by
ELISA (Figure 7B). Cansistent with the increased expressio©ol2 in the spleen, we observed
a significant increase in serum CCL2 levels following urethane treatmeNiril’ mice
compared to the wild type animalBigure 7B). Prior studies have also evaluated other pro
inflammatory cytokines in the context BfS, including IL-6 [24]. While these studies did not
find any correlation between 1& and tumor progression, thigtokine has been reported to be
increased in the absence of NLRXH]. Thus, we also evaluated serum protein levels f Hy
ELISA and found that the levels tiis cytokine were significantly increased in urethane treated
NIrx17 mice compared to the wild type animaigure 7C). Together with the gene expression
findings, these data show that NLRX1 attenuates inflammation and tumorigenesis through the

negatve regulation of genes associated with cancer, autophagy, and cell deatiH&uring
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NLRX1 Negatively RegulatesNFe B and AKT Signaling in Histioc

In general, the genes and pathways that were fourrdgipated 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 ugtream from the genes evaluated. Prior studies have shown that NLRX1
negatively regulates the typeanterferon response and the MFB s i gcasaadd follgwing
virus exposurg14, 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 fFB s i ¢ Xv,a2b].i Evguation of the gene expression data
did not reveal any significant differences in expression among genes generally associated with
IFN signaling between the wild type ahNdrx1” spleens.Further analysisf pathways that were
enriched in the spleen following urethane treatmasb did not identify the IFN signaling
pathway as being significantly dysregulateldté not shown. Thus, IFN signaling does not
appear to play a role in eithétS or NLRX1 functon in this model. However, unlike the
findings of IFN signaling, we did observe significant differences in genes associated with the
NF-a B s i gn al iFiguge 9&).aCaircanatyss revealed that 54 genes associated with NF
9B signal i ng uwpeeguatedsti2-fpld indrease a expresgion) in the spleens from
urethane treateMIrx1” mice compared to the wild type animalsgure 9A). Two genesCsf2
and Csf3 were found to have the highest fold change in expression (>1000 Fadye 9A).

Seven additional genes had greater thanfb@D changes in expression between ki1’ and
wild type spleens, includinédgt, Fos Tnfrsf10b 1110, Ccl2, Egrl, andEgfr (Figure 9A). All
expression data was analyzed using Ingenuity Pathway Analysis t@HAgntify relationships

and pathways that were enriched in the urethane trédted’”~ spleens compared to the wild
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type spleens. The IPA analysis confirmed thatthesNB s i gnal i ng pat hway w
up-regulated duringdS in the NIrx1” mice (Figure 9B). These data are consistent with prior
studies supporting a role for NLRX1 in the negative regulation 6bNg14]. The IPA analysis

also revealed a@nificant increase in TNF signalingriGure 9B), which is consistent with the
recent study that suggested NLRX1 functions as a tumor suppressor through modulating this
pathway in cancer cel[49]. Our IPA analysis further revealed a significant increase in the AKT
signaling pathway Kigure 9B). This was unexpected, as no prior studies have shown an
association between NLRX1 function and AKT signaling. Each pathwasnstream of AKT
signaling was found to be tnegulated in the absence of NLRX1 durid§ (Figure 9B). While

more studies are clearly necessary, these findings suggest that NLRX1 may also function, either
directly or indirectly, to negatively regulate AKSignaling during cancer. Together, these data
suggest that the sensitivity of thérx1” mice to urethane is at least in part associated with the

up-regdation of gene transcription associated with increaseéNs- and AKT signal in

Discussion

Traditionally, the roles of NLRX1 have predominately been studied in the context of
hostpathogen interactions. However, recent studies have expandéthttien of this unique
NLR to includerolesin the regulation of metabolism, cell death, and caft2rl9, 20]. The
results obtained in the present study support previndesgs and strongly suggest that NLRX1
functions to attenuate tumor progression. Mechanistically, our data suggest that this is through
the downregulatio of NFa B s i ¢ asaHisi patlgway isignificantly upregulated in the
NIrx1” mice following urethane exposure. Thus, in the current study, we have identified NLRX1

as an important tumor suppressor and characterized a groggne$ downstream of N& B
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signaling that aresignificantly upregulated in theNIrx1” animals thatcontribute to the
development oHS.

In addition to our current findings, prior studies have also evaluated NLRX1 in cancer
utilizing either xenograft models or models of imflaation driven colorectal canci®, 20, 26,
27]. In the xenograft study, nude mice were injected with RKO colon carcinoma cells, where
NLRX1 was either stably knocked down or overexpre$&6 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 andNIrx1” mice by treating the animals with the chemical carcinogen azoxymethane
(AOM) immediately prior to dextran sulfate sodium (DSS) expoE20e26, 27]. In this model,
inflammation associated with DSS exposure furdias a tumor promoter. The results show
that Nirx1” mice were significantly more sensitive to inflammation driven tumorigenesis
compared to similarly treated wild type animf2§, 26, 27]. Significantly higher numbers and
largersized polyps were observed in tRéx1” mice[20]. TheNIrx1” mice were also found to
have increased colon inflammation associated with DSS exp[&ijreln 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 NLRXppears to sensitize the cells to TNF induced cell death
through a Caspas® dependent mechanism and maintains ATP levels through the regulation of
mitochondrial Complex | and Complex Il activiti¢$9]. A similar mechanism is described in
the colitis associated cancer (CAC) stud2g. In the CAC studiesn vivo tumorigeresis 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 signal0].

The results of the current study support a role for NLRX1 in mediating cell dadtr
neoplasticconditions,but notin primarymacrophages Our study identified 44 genes associated
with cell death that were upregulated in the spleensliofl” mice withHS. 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 idient 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 thdsedings, 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 wildyipe and\Irx1”- macrophages. Rather, we noted a significant increasbxf
I 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 cd#rptn and reduced
cell death are commonly observed when essential pathways associated with tumorigenesis are
disrupted[28]. The ncreasedNIrx1’- macrophage proliferation is consistent with the increased
splenic macrophage proliferation observed by histopathology in the spleens diing
Likewise, the increase in expression of genes, su€@ltandCsf3 whichareNFe B r edgul at e
cytokines associated with macrophage proliferation and recruitment, are also consistent with our
in vivofindings. 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 NLRyrswip and functions to
inhibit inflammatory signaling cascades, including IFN anddNB s i gnal i n[@])). (r evi e
While we did not observe any role for dysregulated IFN signaling in the developmidBtiof
theNIrx1” mice, we did find a strong correlation between tumorigenesis and tfegulation of
genes associated with N\FB  si gnal i ng. Pr i ove showa dhataNbLRX4t i ¢ s
interacts with TRAF6 to negatively regulate dFB s i g[fhdh [ThenNFa B s i gnal i n:
pathway directly regulates a wide range of biological fiens beyond inflammation and is
associated with almost every hallmark of carf@8f. In the context oHS, there is a paucity of
dat pertainingto N B signal i ng. Beyond a few incident.
have comprehensively evaluated this signaling pathwaySnHowever, NFe B si gnal i ng
been evaluated in other types of sarcoma. For example, in human hemargiama
angiosarcoma lesions, high levels of RelA and strong activation of the BIF-6/STAT3
signaling axis has been previously reporfgd]. These human data werensplemented by
studies usingnk4a/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 inhibitionkokl b ;6 orlSIAT 3 significantly inhibited
angiosarcoma growtf29]. In other sarcomas, inhibition of the NFB pat hway has al
shown to significantly attenuattumorigenesis. In a study utilizing a myxoid liposarcoma cell
line, inhibition of the NFe B si gnaling pathway was shown to
phosphorylation of Nfe B proteins, a n-@ regutatede apoposigB0]. c as p a s

Interestingly, the human metadata analysis described in the current study found the greatest
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decrease in NLRX1 expression in myxoid liposarcofigure 1). This suggests a psiblelink
between reduced NLRX1 levels and increaseebNBE s i gnal i ng in this neop

In addition to upregulation of the N B cascade, we al so obser
signaling duringHS in the NIrx1”- mice. This result was quite unexpected as no priatiestu
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 re#cing A
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 ibktor, suggesting that wgegulation of this pathway is
associated with tumorigenesj81]. Unlike the NFe B pat hway, the contri
signaling inHS hasbeen previously reportd®2]. In human specimens, immunohistochemistry
revealed high levels of-AKT expression in 9 of 1HS sampleq32]. These human data were
further supported using a noveteri’~ Ink4a/Arf” double mutant mouse model HS. In this
model, loss of PEN results in aberrant activation of the PI3K/AkKignaling pathway, as well
as, the RAS/MAPK pathwal32]. Ultimately, this results in increased AKT, ERK1 and ERK2
phosphorylation and the eventual developn@ritiS [32]. Interestingly, lymphomas arising in
the Ink4a/Arf"” mice did not show this increase in AKT signaling compared with normal tissue
from wild type anmals, suggesting that increased AKT signaling is specifiéSan this model
[32].

We identified 194 genes wegulated in theNIrx1” mice following urethae
administration that were associated with cansignaling, autophagy and B s i gnal i n¢
Many interesting targets were identified that have not been previously associated withi8ither

or NLRX1 function. Of the individual genes and proteins that were found to be significantly
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dysregulated, It6 and CQ2 are highly interesting. We observed increased systemic levels of
IL-6 in the serum of th&llrx1” mice Figure 7). In canine patients, previous reports have
observed significant increases in6Lin metastatic splenic hemophagocys [33]. Likewise,
as mentioned above in human patients and mouse models, prior studies evaluating tBe/ NIF L
6/STAT3 axis in other types of sarcoma have reported increaséditynaling and attenuation
of tumorigenesis following gatment with IL6 inhibitors[29]. Together, these findings suggest
a major role for IL6 in disease pathogenesis. Increaseb llevels have been previously
reportal in theNIrx1” mice in other models associated with pathogen infedtigh The direct
association between NLRX1 and-@.signaling is presumed to result fromcieased NfB
signaling found in the absence of NLRX1. A recent paper showed that enhar@éa Nlrx1™
mice is consequential, as atitbR therapy completely reduced colon polyps in these animals
[26]. However, it is also important to note that increase@ tould also be an indirect response
to the animal dés clinical decline, rather than
Additional meclhanistic insight will be necessary to better define the relationship between
NLRX1, IL-6 and HS pathogenesis. The increase in CCL2 (MIZBothex vivoandin vitro is
also an intriguing observation. Transcription @€L2 is highly regulated by N B and t he
cytokine displays potent monocyte chemotactic activity. Increased CCL2 has been previously
reported in veterinary patients withS [24]. In this prior study, serum levels of CCL2 were
significantly increased in dogs diagnosed with disseminet8compared to healthy control
animals[24]. While we focused on H6 and CCL2, many of the other genes identified are also
highly interesting and should provide significant insight relatddSpathogenesis.

NLRX1 is a novel member of a unique regulatory-gobup of NLRfamily members

that functions to negatively regulate diverse biochemical signaling cascades. Members of this
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regulatory sukgroup function to control aberrant inflammation and other biologically relevant
pathways associated with a variety of human disgaseluding cancer. Here, we have shown

that NLRX1 functions to suppress tumorigenesis, in part, througheiiy@ive regulation of NF

aB signaling. These findings are consistent w
as a tumor suppressor in other cancer models. We anticipate that future studies will better define
the role of NLRX1 in cancer. Adddnally, we have uncovered an extensive number of genes

and pathways that have not previously been associatedH\8itfThus, further studies of these
pathways and dysregulated genes should identify novel targets for future therapeutic strategies to

attenuag HS progression.

Acknowledgements

We would like to thank Dr. Gregory R. Robins (UNC Chapel Hill) for providing technical

assistance.

57



References

1. Laviv Y, Zagzag D, Fichmahlorn S, Michowitz S. Primary central nervous teys
histiocytic sarcoma. Brain Tumor Pathol. 2013; 30:-59d0i: 10.1007/s1001@12-0123z.

2. Lee D, Kim YB, Chung SH, Lee SR, Byun CS, Han SU, Han JH. Primary gastric
histiocytic sarcoma reminiscent of inflammatory pseudotumor: a case report witw kEvilbe
literature. Korean J Pathol. 2014; 48: 288 doi: 10.4132/KoreanJPathol.2014.48.3.258.

3. Chatterjee S, Crozet L, Damotte D, Iribarren K, Schramm C, Alifano M, Lupo A,
Cherfils-Vicini J, Goc J, Katsahian S, Younes M, Didosjean MC, Fridman WHgt al. TLR7
promotes tumor progression, chemotherapy resistance, and poor clinical outcomesrnmton
cell lung cancer. Cancer Res. 2014; 74: 5088doi: 10.1158/0008472.canl3-2698.

4, Samara KD, Antoniou KM, Karagiannis K, Margaritopoulos G, ttastaki |, Koutala E,
Siafakas NM. Expression profiles of Tdike receptors in nosmall cell lung cancer and
idiopathic pulmonary fibrosis. Int J Oncol. 2012; 40: 1-3®@4. doi: 10.3892/ij0.2012.1374.

5. Xu L, Wen Z, Zhou Y, Liu Z, Li Q, Fei G, Luo Ren T. MicroRNA7-regulated TLR9
signalingenhanced growth and metastatic potential of human lung cancer cells by altering the
phosphoinositide&-kinase, regulatory subunit 3/Akt pathway. Mol Biol Cell. 2013; 24582

doi: 10.1091/mbc.EXP7-0519.

6. Bhaelia K, Singh K, Singh R. TLRs: linking inflammation and breast cancer. Cell
Signal. 2014; 26: 235@. doi: 10.1016/j.cellsig.2014.07.035.

7. Sipos F, Furi I, Constantinovits M, Tulassay Z, Muzes G. Contribution of TLR signaling
to the pathogenesis of dm-associated cancer in inflammatory bowel disease. World J

Gastroenterol. 2014; 20: 12723. doi: 10.3748/wjg.v20.i36.12713.

58



8. Allen IC. NonlInflammasome Forming NLRs in Inflammation and Tumorigenesis. Front
Immunol. 2014; 5: 169. doi: 10.3389/fimmQ14.00169.

9. Davis BK, Philipson C, Hontecillas R, Eden K, BassagaRiaa J, Allen IC. Emerging
significance of NLRs in inflammatory bowel disease. Inflamm Bowel Dis. 2014; 20:-22.12
doi: 10.1097/mib.0000000000000151.

10. Bryant CE, Monie TP. Mice, en and the relatives: crespecies studies underpin innate
immunity. Open Biol. 2012; 2: 120015. doi: 10.1098/rsob.120015.

11. Arnoult D, Soares F, Tattoli I, Castanier C, Philpott DJ, Girardin SE. Arridinal
addressing sequence targets NLRX1 to theachbndrial matrix. J Cell Sci. 2009; 122: 3181

doi: 10.1242/jcs.051193.

12. Lei Y, Wen H, Ting JP. The NLR protein, NLRX1, and its partner, TUFM, reduce type |
interferon, and enhance autophagy. Autophagy. 2013; 9348@i: 10.4161/auto.23026.

13. Lei Y, Wen H, Yu Y, Taxman DJ, Zhang L, Widman DG, Swanson KV, Wen KW,
Damania B, Moore CB, Giguere PM, Siderovski DP, Hiscott J, et al. The mitochondrial proteins
NLRX1 and TUFM form a complex that regulates type | interferon and autophagy. Immunity.
2012;36: 93346. doi: 10.1016/j.immuni.2012.03.025.

14.  Allen IC, Moore CB, Schneider M, Lei Y, Davis BK, Scull MA, Gris D, Roney KE,
Zimmermann AG, Bowzard JB, Ranjan P, Monroe KM, Pickles RJ, et al. NLRX1 protein
attenuates inflammatory responses to infectlwy interfering with the RIG-MAVS and
TRAF6-NF-kappaB  signaling  pathways. Immunity. 2011; 34: 854 doi:
10.1016/j.immuni.2011.03.026.

15. Moore CB, Bergstralh DT, Duncan JA, Lei Y, Morrison TE, Zimmermann AG,

Accavitti-Loper MA, Madden VJ, Sun L, Y&, Lich JD, Heise MT, Chen Z, et al. NLRX1 is a

59



regulator of mitochondrial antiviral immunity. Nature. 2008; 451. -373 doi:
10.1038/nature06501.

16. Davis BK. Isolation, culture, and functional evaluation of bone maderved
macrophages. Methods Molds. 2013; 1031: 2435. doi: 10.1007/978-62703481-4 3.

17. Bauer AK, Cho HY, MillerDegraff L, Walker C, Helms K, Fostel J, Yamamoto M,
Kleeberger SR. Targeted deletion of Nrf2 reduces uretlmtheed lung tumor development in
mice. PLoS One. 2011; 626590. doi: 10.1371/journal.pone.0026590.

18.  Kupershmidt I, Su QJ, Grewal A, Sundaresh S, Halperin I, Flynn J, Shekar M, Wang H,
Park J, Cui W, Wall GD, Wisotzkey R, Alag S, et al. Ontolbgged metanalysis of global
collections  of higkthroughput pulic data. PLoS One. 2010; 5. doi:
10.1371/journal.pone.0013066.

19. Singh K, Poteryakhina A, Zheltukhin A, Bhatelia K, Prajapati P, Sripada L, Tomar D,
Singh R, Singh AK, Chumakov PM, Singh R. NLRX1 acts as tumor suppressor by regulating
TNF-alpha inducedapoptosis and metabolism in cancer cells. Biochim Biophys Acta. 2015;
1853: 107386. doi: 10.1016/j.bbamcr.2015.01.016.

20.  Soares F, Tattoli I, Rahman MA, Robertson SJ, Belcheva A, Liu D, Streutker C, Winer S,
Winer DA, Martin A, Philpott DJ, Arnoult D, Bardin SE. The mitochondrial protein NLRX1
controls the balance between extrinsic and intrinsic apoptosis. J Biol Chem. 2014; 289: 19317
30. doi: 10.1074/jbc.M114.550111.

21. Horio Y, Chen A, Rice P, Roth JA, Malkinson AM, Schrump DS:r& and p53
mutatons are early and late events, respectively, in ureththesed pulmonary carcinogenesis

in A/J mice. Mol Carcinog. 1996; 17: 2PB. doi: 10.1002/(sici)1098

2744(199612)17:4<217::aithc5>3.0.co;2a.

60



22.  Shimkin MB, Polissar MJ. Some quantitative obsgors on the induction and growth

of primary pulmonary tumors in strain A mice receiving urethan. J Natl Cancer Inst. 1955; 16:
75-97. doi:

23. Xia X, Cui J, Wang HY, Zhu L, Matsueda S, Wang Q, Yang X, Hong J, Songyang Z,
Chen ZJ, Wang RF. NLRX1 negatiyelregulates TLRnduced NFkappaB signaling by
targeting TRAF6 and IKK. Immunity. 2011; 34: 883. doi: 10.1016/j.immuni.2011.02.022.

24.  Nikolic Nielsen L, KjelgaareHansen M, Kristensen AT. Monocyte chemotactic prefein

and other inflammatory parametein Bernese Mountain dogs with disseminated histiocytic
sarcoma. Vet J. 2013; 198: 484doi: 10.1016/j.tvjl.2013.07.030.

25.  Stathopoulos GT, Sherrill TP, Cheng DS, Scoggins RM, Han W, Polosukhin VV,
Connelly L, Yull FE, Fingleton B, Blackwell TS. Epéhal NFkappaB activation promotes
urethaneinduced lung carcinogenesis. Proc Natl Acad Sci U S A. 2007; 104: 1B5ddi:
10.1073/pnas.0705316104.

26. Koblansky AA, Truax AD, Liu R, Montgomery SA, Ding S, Wilson JE, Brickey WJ,
Muhlbauer M, McFadden R'Hu P, Li Z, Jobin C, Lund PK, et al. The Innate Immune Receptor
NLRX1 Functions as a Tumor Suppressor by Reducing Colon Tumorigenesis and Key Tumor
Promoting Signals. Cell Rep. 2016; 14: 2562 doi: 10.1016/j.celrep.2016.02.064.

27. Tattoli I, Killackey SA, Foerster EG, Molinaro R, Maisonneuve C, Rahman MA, Winer
S, Winer DA, Streutker CJ, Philpott DJ, Girardin SE. NLRX1 Acts as an Epithetiaisic
Tumor Suppressor through the Modulation of FTMEdiated Proliferation. Cell Rep. 2016; 14:
2576:86. doi 10.1016/j.celrep.2016.02.065.

28. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144:

646-74. doi: 10.1016/j.cell.2011.02.013.

61



29. Yang J, Kantrow S, Sai J, Hawkins OE, Boothby M, Ayers GD, Young ED, Demicco
EG, Lazar AJ, ev D, Richmond A. INK4a/ARF [corrected] inactivation with activation of the
NF-kappaB/IL-6 pathway is sufficient to drive the development and growth of angiosarcoma.
Cancer Res. 2012; 72: 4688. doi: 10.1158/0008472.canl2-0440.

30. Willems SM, Schragé&M, Bruijn IH, Szuhai K, Hogendoorn PC, Bovee JV. Kinome
profiling of myxoid liposarcoma reveals Né&ppaBpathway kinase activity and casein kinase |l
inhibition as a potential treatment option. Mol Cancer. 2010; 9: 257. doi: 10.118615%9%8-

257.

31. Wilson JE, Petrucelli AS, Chen L, Koblansky AA, Truax AD, Oyama Y, Rogers AB,
Brickey WJ, Wang Y, Schneider M, Muhlbauer M, Chou WC, Barker BR, et al. Inflammasome
independent role of AIM2 in suppressing colon tumorigenesis via{PKAand Akt. Nat Med.
2015; 21: 90613. doi: 10.1038/nm.3908.

32. Carrasco DR, Fenton T, Sukhdeo K, Protopopova M, Enos M, You MJ, Di Vizio D,
Nogueira C, Stommel J, Pinkus GS, Fletcher C, Hornick JL, Cavenee WK, et al. The PTEN and
INK4AA/ARF tumor suppressors maintain myelolynggh homeostasis and cooperate to
constrain histiocytic sarcoma development in humans. Cancer Cell. 2006; 90.309i:
10.1016/j.ccr.2006.03.028.

33. Soare T, Noble PJ, Hetzel U, Fonfara S, Kipar A. Paraneoplastic syndrome in
haemophagocytic histiocytisarcoma in a dog. J Comp Pathol. 2012; 146:-7468doi:

10.1016/j.jcpa.2011.05.006.

62



Figures

Figure 1.

T T
3 o ™ ©

(abuey pjod) uoissaidxa LXHIN

63



B Wild Type Cclz Csf3
1200, 3
O Nirx1” 5
€ 1000/ e -T-
= * * L 5l
g 800 * L%
= 600 * * * .g 1
‘n el
2 400/ ‘ i 5
O [+’
200! : : ol L
0 -16 20 24 «%QGQQF,; &SQ@ _
Time (hours) ‘é\\b O & Nirx1

Figure 1: NLRX1 Gene Expression is Significantly Dysregulagk in Diverse Human
Neoplasms.(A) A retrospective analysis of gene expression metadata from samples collected
from human subjects revealed tidiLRX1expression was significantly dysregulated in a diverse
range of cancer subtypes. Data shown were determined to be significant chahdd®Xih
expression between the tumor sample and either adjacent tissue from the gt csua
comparable tissue from an unaffected control subject based on the specific parameters
established in each individual studi-C) Macrophages fronNIrx1” mice rapidly proliferate

and release increasegtakines associated with cell growth andgration. (B) Bone marrow
derived macrophages fromIrx1’” mice significantly expand under standard tissue culture
conditions. (C) Significant increases irCcl2 (Monocyte Chemotactic Protellj and Csf3
(GCSF) gene expression were observedNinx1” meacrophages 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 Follo wing Urethane Exposure.(A)
Schematic of the urethane modelrx1”- and wild type mice received 7 injections of 1g/kg body
weight of urethane in saline over the course of 7 we@sKaplanMeier plot of NIrx1” and

wild type mouse survivalC) NIrx1” mice demonstrated a significant decrease in weight gain
over the course of the model compared to the wild type anit@jl®ecropsy revealed palpable
masses in the peritoneal cavity associated with hypersplenomegaly Mirki¢  mice. (E)
Urethane reatment resulted in significant increases in spleen weight inNthel” mice
compared to wild type animal@:) Urethane treatment increaddbx1 expression in wild type
mice. Data are representative of 3 independent stubliegl” urethane, n=10wild type

urethane, n=28\lIrx1”" 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 revewlegioss

or histologic evidence of splenomegaly or tumorigenesis irfAhapleen or (B) lung. (C) No
significant differences in gene expressionAdtl, Tnf, II-6, NiIrx1, and Ccl-2 were identified
betwveen the experiment al and control groups.
all data was standardized to the average gene expression for 18s and normalized to therespecti

untreated wild type spleens.
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Figure 4.
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Figure 4. NLRX1 Attenuates the Development and Progression of Histiocytic é&8coma.
Evaluation of histopathology revealed that urethane treatment resulted in the development of
histiocytic sarcoma inNIrx1” mice. (A) Evaluation of H&E stained sections revealed a
significant expansion of the white pulp and increased monocytelgimms in spleens from
urethane treatedlirx1” 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 ptegphic monocytes containing multiple mitotic
figures (arrow). (C) Sermuantitative scoring of histopathology revealed a significant increase

in spleen lesions in thBlirx1”- mice compared to the wild type animals following urethane
treatment. (D) Immurtastochemistry using MAC387 (Abcam) was utilized to better classify the
predominate cell populations present in the spleen. All of the monocytes associated with spleen
lesions were strongly positive for MAC387, suggesting that they are predominately
macrghages. Data are representative of 3 independent sthithek!” urethane, n=10; wild type

urethane, n=28\lIrx1” saline, n=3; wild type saline, n=3. *p < 0.05.
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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) Senrgjuantitative scoring revealed a significant increase in
bronchial associatl lymphoid tissue (BALT) hyperplasia and the number of lesions in lungs
harvested from urethane treatsttx1” mice. (C) In addition to the lungs, urethane exposure
also resulted in increased liver lesions in the wild typeNinxl”- mice.NIrx1” mice developed
significant increases in extramedullary hematopoiesis, perivascular inflammation, and necrosis
compared to wild type animals. Data are representative of 3 independent shici@g.

urethane, n=10; wild type urethane, n=Rirx17 saline,n=3; wild type saline, n=3. *p<0.05.
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Figure 6.
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Figure 6. Schematic lllustrating the Experimental Design for Expression Profiling Multiple

mice from each genotype and condition were exposed to urethane. Spleens were harvested 14
weeksfollowing the initial urethane exposure. The total spleen RNA from each mouse was
guantified and pooled in equal amounts. The pooled RNA was converted into cDNA and
expression profiling was conducted using a panel of Superarrays (Qiagen). Expressicaisdata w
verified by evaluation of gene expression changes of a subset of individual genes using rtPCR

from both pooled and upooled 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 wildype andNIrx1” spleens 14 weeks following the initial
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saline or urethane exposufé-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 signifcantly upregulated in the spleen following urethane treatmenNiok1’”~ mice
compared to the urethane treated wild type ar
where all data was standardized to the average gene expression for a panel ek8epi

genes and normalized to the respective untrebliextl” and untreated wild type spleens.
Greater than a-Bld change in gene expression was considered significant. Fhfiee
randomly selected spleens from each genotype and treatment gnaupeleeted and pooled for
profiling studies. (C) A significant increase in serur6lland CCL2 levels were detected in the
NIrx1” mice comparedo wild type animals 14 weeks after the initial urethane injection.
Cytokine levels were determined by ELISWIrx1” 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.
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Figure 8. Genes Associated with Both Apoptosis and Necrosis are dWegulated During
Tumorigenesis.Heatmap refleting the change in gene expression of genes associated with cell
death segregatednto those associated with apoptosis versus necrosis. These genes were
identified as being significantly ugegulated in the spleen following urethane treatmeniliofl”
"mice compared to the urethane treated wild
method, where all data was standardized to the average gene expression for a panel of 8

housekeeping genes and normalized to the respective untMiatéd and untrated wild type
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spleens. Greater than dd@d change in gene expression was considered significant. Thvee
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 NFe B and AKT Signaling durin
(A) Heatmap and fold change in expression of all genes associated wadhBNFs i gnal i ng
were identified as being significantly wpgulated in the spleen following urethane timeent of

NIrx1’- mice compared to the urethane treated wild type animals. Analysis was based on the
p@pCt met hod, where all data was standardi zed
housekeeping genes and normalized to the respective untMiaté? and untreated wild type

spleens. Greater than &dd change in gene expression was considered significant. T Hiree

randomly selected spleens from each genotype and treatment group were selected and pooled for
profiling studies. (B) Evaluatn of all gene expression data using Ingenuity Pathway Analysis
revealed a significant increase in FB and AKT Blixly nspldens rfajlowingn
urethane exposure compared to wild type. Pink icons represents genes that were significantly up
regulated %2 fold change in expression) in tidrx1” spleens compad to the change in
expression observed in the wild type spleens following urethane treatNiext!” urethane,

n=5; wild type urethane, n=BlIrx1” saline, n=5; wild type saline, n=>5.
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Chapter 4
NFeB Signaling and AKTo ti®iPgtmgehesis a CaGimerHistiocyticu t e
Sarcoma
CoutermarsfOtt, SL, Dervisis, NG, Klahn, SL, Parys, M, Gregdsyson, E, Kiupel, M,
YuzbasiyarGurkan, V, Eden, K, Lahmers, K, Allen, IC
Abstract

Histiocytic sarcomdHS) is a highly malignant neoplasai macrophage or dendritic cell
origin. Itisa rare tumor in humans and uncommonly found in dogs. In dogs, dricamate in
a variety of different organs including spleen, lung, skin, and othiersll species,reatment
options are limited and a@&h unsuccessful. Despite this, very little is known about the
pathogenesis of this disease. Previous studies in our lab have suggested adbaileN&ro B
and AKT signalingin HS development in mice. The current study aimed to test the hypothesis
that those pathways found to bmportantin mice would also contribute to the disease in
canines. To test this, we usadcombination of gRIPCR and microarray analysis on canine
patient samples to evaluate the expression of notable genes within both-th& NFand AKT
signaling pathways Interestingly, our initial esults reveal a significant increase in the
expression ofL-1B, IL-6, TNF, MTOR, AKT1andPIK3Rin canine patientdiagnosed with HS
whose primary tumor arises in the spleen but no changes eygression 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 hemophagocytipsub
of HS of macrophage origin uginmicroarray analysis Relative gene expression in these
patients show that multiple genes inthe-8lB and AKT signaling pathw

patients diagnosed with the hemophagocytictyple whereas similar increases are not seen in
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those with norhemophagocytic HS Collectively, hese data suggestat 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 mghant 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 gterinary patients. In veterinary medicine, HS is primarily a tumor of dogs though
there are case reports in other spefde8]. It can occur in any breed, age, or sex of dog, but is
most common in older, largereed 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 fdith The Iaalized form typically arises as a solitary
tumor located in the spleen, subcutis, areas surrounding joints, and/or thé¢lJungrhe
disseminated form is characterized by a diffuse infiltration of neoplasticinathultiple 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 treatmelfif, 8]. Most of these tumors arise from tisspecific interstitial dendritic
cells. These will stain positive for immunohistochemical markers such as CD18, Cd11g, Iba
and CD2041, 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 gaognosis and multiple paraneoplastic syndromes

such as thrombocytopenia, anemia, and hemoritage
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Despite the poor prognosis in both dogs and humams,studies have been published
investigating thepathogenesis of this disease. One of the earliest studies was done using
knockout mice deficient in the tumor maressorsPten and Ink4a/Arf [11]. Mice partially
deficient inPtenand completely deficient ilnkda/ARFwere found to spontaneously develop
neoplastic proliferations of histiocytic cells identified as macrgpbasia immunohistochemistry
[11]. Subsequent evaluation of humd8 samples also showed a similaaativation of these
tumor suppressor gengkl]. Additional geneticstudies in dogs have shown that mutations in
the tumor suppressor genédSDKN2AB, RBL, and PTEN are associated with breed
predispositions to H$iBernese mountain dogs and Fdatted retrievergl2].

More recently, ouresearch tearhas implicated aemerging tumor suppressor, NLRX1,
in murine HS[13]. NLRX1 is an intracellular receptor in the NLR family responsible for
recognizing cytosolic pathogassociated molecular patterns (PAMPs) and damage associated
molecular patterns (DAMPs) and subsequently modulating numerous downstream signaling
pathways includindNF-e B s i gnal i flg-17]. immow studieshmeige $acking this gene
developed marked splenomegaly 14 weeks following exposure to the carcinogen urethane.
Subsequent histopathologic evaluation showed efffi@nt of the normal splenic architecture by
cells consistent with HEL3]. We further showed that the development of these tumors was
associated with increases in gene expression in a multiple pathways involeadcar, cell
death, and autophad¥3]. Most notably, increases in expression afegewithinthe Nl B a n d
AKT signaling pathways were identifig¢di3].

TheroleofNFe B signal i ng i n-edtablished andjstudies pavesshows we |
it to play a role in multiple tumor typd48-23]. 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 microenvironmefit8]. This central, pranflammatay, cell signaling

pathway can be initiated by ligands binding different types of cellular receptors inclueled): T

receptors (TCRs), tumor necrosis factor receptors (TNFRs)likelreceptors (TLRs), NOD

like receptors (NLRs), Interleukih receptorgIL-1Rs) and others. Once these receptors are
bound, a cascade of events takes place ultim
release of transcription factors RelA and p50 to enter the nucleus. Once these enter the nucleus,
they bind to mulple target genes and initiate increased expression of a variety of substances
including preinflammatory cytokines such as-g, TNF, andIt1 b as wel | as cell
proliferation pathways.

Like NFe B signaling, AKT s i g noaplay a givotdd sole ina |l s o
neoplastic transformation and progressi@4]. 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 endingnithe phosphorylation of downstream targets that promote cell
growth, cell cycle progression, and limit apoptosis. UnlikeeNB si gnal i ng, t his
been previously implicated in HS in both dogs and hunjaths 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 oKA 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 NFe B and AKT si gnal i HSg We ailizédvpatigns tumomsangplasnand e
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both gRFPCR and microarray analysis to evaluate the expression of relevant genes in both
pathways. Indeed we do show that primary HS of the s@edpatients diagnosewith HHS

do exhibit increases in expression angs in both signaling pathways, wherehose patients

with primary lung HS and/or nehemophagocytic HS do not. These results further our
understanding of the pathogenesis of HS and sutjgedtifferantiating 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 WAD College of Veterinary Medicine (VMCVM)
teachig hospital were searched for patients admitted or seen between January 2008 and June
2016 in which the keyword #Ahistiocytico was
reviewed and those patients diagnosed with HS via histopathology from a bropsgropsy
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 diagnosisHS, 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 werbosen 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, unsted 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

84



samples, all available spleen or lung tissue was isolated. The tissues were then deparaffinized
using xylene ad RNA was extracted usingQuickRNAE Mi ni P rZgrpo RésBdrch,s )
R105%. 0.50.7 pug of RNA was then diluted in RNAse free water and utilized in a cDNA
reaction. The resulting cDNA was used in a ¢RIR reaction using the following canine
probes:18S, AKT1, PIK3R, MTOR, NLRX1, TNF;1L¢bandIL-6. Relative fold change was
cal cul ated wusi ng 188as angrgi@sic camteok andondrmal sssua gamples
(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 CDZ1ghistiocytic sarcoma) and CD11d (hemophagocytic
histiocytic sarcoma)y a single pathologist (MK). Samples were collected at the time of biopsy
or surgery with the written consent of the owners (between 2007 and 2012rdizest in
liquid nitrogen and stored aB0°C. Samples were homogenized, extracted witholreagent
(Invitrogen, Carlsbad, CA, USA) and purified with RNeasy clean up (Qiagen, Valencia, CA,
USA) per the manufacturersd protocol s. Resul t
and assayed for quality on Agilent (Santa Clara, CA, USA) blgaeraat 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 randomired nner at MSUb6s RSTF per Af
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 purdid, quantified and fragmented before hybridization with the
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GeneChips. Hybridized chips were washed, stained using streptagitjungated phycoerythrin

dye (Invitrogen, Carlsbad, CA, USA) and enhanced with biotinylated goat antistreptavidin
antibody (Veodr 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
dACTIN as an endogenous control and canine dendritic cells or macrophages as experimental
controls for HS and HHS respectively. Data was then analyzed using Ing&aiiiway
Analysis (IPA) software.

Statistical analysis.

Statistical analyses were penmed using GraphPad Prism 5. For gene expression
calculations on patient samples, significant outlierD(@5) for each gene were identified using
GraphPad Quickalcs (an odine tool) and removed. Each relative fold change was evaluated
using a nofparametric ManAWhitney test and deemed to be significant<.p5.

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 r(datghown). 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 spteilS (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 werepresented 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)
hadevidence of metastasis to the liver or other organs. Eight control samples weréalded (

2). The average age of these animals was-&4lL years with a range from <1 to 14 years old.
The population included 4/8 neutered males, 2/8 spayed femaldntddt 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 FbIlé 1). The
averageage of these patients was 16.8.3 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 repedsant 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 samspté lung tissue used as control@ble 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).
Pathdlogic findings

Microscopically, these patients had an unencapsulated, densely cellular, infiltrative
neoplasm composed of sheets of round to spindle cells on scant-exigineg fibrovascular
stroma that effaced normal tissue architectligure 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 neopfagften 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 exhil@td membranous or cytoplasmic stainifgy(re 1).
Gene expression profiingforNFe B si gnal i ng

Previous work in our lab has suggestedthatdNB s i gnal i ng may be i nc
HS, thus we chose to focus our initial investigations on this patfji@ly 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. Weed the expression of key targets of-&lB t r anscr iTNMFt i on f
IL-6, and IL-1 b 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_-1 fndIL-6. Additionally, there was an increasing trend T but this did
not reach statistical significancEigure 2). We did not, howver, 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 spigeng(2).
Gene expression profiling for AKT signaling

In addition to finding increases in expressionTMF, IL-6, and IL-1 b our previos
studiesalso showedhcreases imgenes reflectind\KT signaling[13]. Therefore, to evaluate thi
in our patient samplesve utilized primer probes fohKT1, PIK3R, andMTOR and compared

relative gene expression in those patients with splenic HS to the expression of these genes in
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normal spleensHigure 3). AKTL, PIK3R andMTORare genes that encode for kinases integral
to the activation and progression of this pathway and thus insreas&pression of these genes
were used as a surrogate to detect activation of the AKT signaling pathway. In our splenic
patientswe observedstatistically significant increases in the expression of all three genes
(Figure 3). When we evaluated theseimper 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 tr@figare 3).
Microarray data

Genes in the N B a n d sighalkin@ 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 ofarchived 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 inste tiResults 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 arisenf splenic macrophages. Nbemophagocytic 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 gened interest reflecting N B and AKT activation wer €
histiocytic tumors arising from the spleen and not the lung, that these may represent the

hemophagocytic sutype and be of different cell origin with different pathogenetic mechanism
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To test this, we utilized microarray analysis on 25 canine patients diagnosed with HS and 5
patients diagnosed with the hemophagocytictype (Table 3). Fold change in fluorescence

values were calculated after all values were normaliz&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 differexttd 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 diagnosexs the hemophagocytic stype. We then used IPA analysis to
identify import@ant 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 sanfjitpsd 4). 7 out

of 12 genes ealuated were increased in expression in HHt8or samples copared to canine
PBMC-derived macrophages and includddiR1, MYD88, NFKB1, IRAK1, TRAF6, TN&hd

IL-1 b(Figure 4). These are all genes encoding proteins necessary fas BIF si gnal i n
suggesting an overall increase in the activation of this pathwayremaning 5 genes included

IKBKB, NFKBIA, RELA, andL6 which exhibited no changes in expression, HridA which

was decreased in expressigrigure 4). IL1A is a preinflammatory protein that is not only
produced as aresult of \FB s i g n a lisialsogan impmrant cytokirte that can initiate-NF

aB signaling. Studi es i n HLiAthatreducd thevabilitysoh o wn
mMiRNAs to bind and negatively regulate gene expression are associated with the development of
hepatocellular aainomas and gastric carcinomf3, 34] The reason for this has been
postulated to be related to IL1A playing a more significant role intantor immunity[35].

Thus, arr findings of decreases in expression of this gene in HHS patients is supportive of tumor

development.In HS, however, when compared to PBME€rived dendritic cells, there was no
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clear increase or decrease in the overall pathwaythese samples, 4 oof 12 genes showed
increased expression and includeeb, TRAF6,JKBKB, and NFKBIA (Figure 4). 1 out of 14
genes waslecreased and includetiNF (Figure 4). The remaining 7 genes showed no changes
in overall expressionHgure 4). For AKT signaling,8 genes were evaluated that reflected
expression of the AKT signaling pathway and include@FR, 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 dndediEGFR, PI3CA, MTOR, PDK1,
PTEN,and BCL2L1 (Figure 5). BCL2L1encodes for Bekl, a member of the an#ipoptotic
Bcl-2 family of proteins whileCDKN1A encodes for P21, a cyctorependent kinase inhibitor
and involved in cell cycle arresiheremaning genes showed no changes in expressimguie
5). For HS, 3 out of 8 genes were elevated and inclUdi&CA, PDK1,andPTEN (Figure 5).
1 out of 7 genes showed a decrease in expression and incLDEMN1A (Figure 5) while the
remaining genes exhtled 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 campg tumors arising in specific tissues to +hseased,
essentially normal tissue from that same organ in a control dog popul@tiese results showed
increases in expression in genes reflecting botkeN&= and AKT signaling in
from the spleen but not those arising in the lung. This was initially unexpected. However,
canine HS is accepted to arise from two possibletgees. HS (norhemophagocytic) 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 arisesdm 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
thrombocytopela and anemia due to the active phagocytosis of patient blood cells by neoplastic
cells[7, 10]. Since HHS is characterized as a-sye of HS, further characterization studies are

not often pursued following thieitial 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, N6kB s i gnal i ng, may be i mport e
chosetoevaluate N&#B si gnal i ng by ULs6, TNg andlb-E fasesurpgate s s i o n
markers of pathway activation. Levels DNF andIL-6 have been previously evaluated in a
single case of HHS in a Golden retrie\J@6]. Similar to our initial methods, this study
compared gene expression DNF and IL-6 from tumor tissue versugpkenic tissue from a
normal control dog. However, they identified increasdé i6 but decreases INNF [36]. This
significantly differs from our results that identified no changel_and increases imNF in
our HHS patients.Sincethere is often marked vation 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 vans preinflammatory cytokines including H6 and TNF in the serum of
Bernese mountain dogs diagnosed with disseminatefBAHS Results of this study showed no
significant differences in serum4& or TNF comparetb levels in control dog7]. This study

differs significantly from our study in that they evaluated circulating levels of these cytokines.
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This is a more accurate reflection of systemic levels of inflammatiowgever, 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 huy@8jnsThree human

patients diagnosed with malignant histiocytosis were included in the study and cytokines

measuredincluded TNF, 11 b, a6 [@8]. | Aside from increases in 16 (relative to

reference ranges), the authors found no consistent changes in circulating cytokine levels among

these patient38]. 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 faind 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

humang11, 12] In fact, some of the firgtudies looking at the pathogenesis of HS were done

in mice. These studies found that mice genetically modified to have reBteednd absent

Ink4a expression developed biphasic neoplasms composed of both a lymphoid and a histiocytic

compartmenfl1]. Further analysis of these tumors illustrated a complete IdB&enfn tumor

cells and a subsequent increase in phosphorylation of JAKIT 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, mutatbns in PTEN have been identified in the Bernese mountain dog, a

breed predisposed to the development of the tya®jr Despite this, our results show that, in

both our HS and HHS populations of do§S,EN expres®n is slightly increasedHgure 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 raat distinction between the two. Moreover, we attempted to
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more accurately reflect changes in gene expression of these tumors by utilizing d&BiVELDl
dendritic cells or macrophages as controls. Despite finding increases in the expreB3iah of

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 teseseXiBCL2.1, a

target gene of AKT signaling. BCL2L1 encodes for the antipoptotic protein BCiXL.
Previous studies using knockout mice have shown that loss of this protein reduces susceptibility
to colorectal cancgB9].

Gene expression studies are somewhat limiting as they only reveal what is happening at
the transcription level. ldeally, we would like to be able to evaluate protein levels as translation
and postranslational modifications can have sigeéfint 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 thug 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 neededt® evalu
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 athe 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 balBNFa nd AKT
signaling when compared to noroplastic, noidiseased, histologically quiestt splenic tissue.

However, the argument could be made that these quiescent tissues are composed of a variety of

94



different cell types which have a variety of different baseline signaling. Therefore, in subsequent
studies we attempted to evaluate genp exe ssi on changes using the
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 ttdifferent 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 anecbhted retriever have been thay 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. Simifaitdtions 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 heterogeitg.

This report summarizes our investigation of inflammatory pathways important in canine
HS. We utilized gene expression studies and evaluated key genes as surrogate marker8 of NF
and AKT signaling activation. Indeed we found that not only are thatdevays 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 ayqu# of HS and thus a distinction

between the two is not often pursugdur 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 analysiBata for patients diagnosed with histiocytic

sarcoma and used foelative gene expressn analysisusing tumor tissue compared to tissue

specific controls.

103




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 neoplasa
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 paents chosen as control tissuesgene expression analystemparing

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
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Figure 1. All canine samples wee confirmed to be histiocytic sarcoma Tumor tissue from

patients with primary splenicAj and pulmonary B) HS was histologically similar and

composed of pleomorphic histiocytic cells that effaced normal tissue architecture and stained

positively with COL8 immunohistochemistry. Images are at 400x magnification.
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Figure 2
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Figure 2. Genes reflectingNFe B si gnal i ng exhibited differing
splenic and pulmonary tumors. (A) Gene expression changes in splenic histiocytic sarcoma

when compard to normal splenic tissudl-1b andll-6 show statistically significarincreases

expression, ®10. (B) Gene expression changes in pulmonary histiocytic sarcaman

compared to normal lung tissue. No statisticallynigant changes are identified, n&

*=p<0.05.
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Figure 3
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Figure 3: Genes reflecing AKT signaling exhibited differing relative expression between
splenic and pulmonary tumors. (A) Gene expression changes in splenic histiocytic sarcoma
when compared to normal splenic tissu&ktl, Pik3r andMtor show statigcally significant
increses, ¥10. (B) Gene expression changes in pulmonary histiocytic sarcoma compared to
normal lung tissue. No statistically sifioant changes are identified, n=#*=p<0.0005

*=p<0.05.
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Figure 4
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Figure 4: Genes reflecting NFe Bsignaling 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 increasm expression and green a 2 fold or greater decrease in expression when

compared to contral$lS, 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 lstiocytic 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 control$HS, n=25, HHS, n=>5.

111



Chapter 5

Generation of a Murine Xenograft Model to Study Histiocytic Sarcoma

CoutermarsfOtt, SL, Qin, Q, Dervisis, NG, Allen, IC.

Abstract

Histiocytic sarcoma (HS) is an aggressive tumor in both human antheeyespecies. 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 havedohrefficacy. 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. Adglitional
we found that these tumors are able to metastasize to the lungs of these mice. We were able to
perform pilot studies using the PI3 kinase inhibitor, LY294002, in our model and found that a 24
hour exposure to the drug does not appear to significanpppét AKT signaling within tumor

tissue.
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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, sofissues, and skifi-3]. In veterinary patients, primarily dogs, it is most
common in the spleen, lung, skin, periarticular soft tissues, and, more recently, the central
nervous systen]. Most of these tumors arise from tisspecific interstitial éndritic 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 treatomiuns. 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 thesuliterature
focuses on the naturatlyccurring 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 mutstidentified in humang5]. 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 ca@neer 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 likeipo&ting 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 obgeumportant trends.
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To address these shortcomings, multiple cell lines have been developied Vitho
experiments. Both immortalized and primary cell lines can be useful in studying disease
mechanisms but also allow for some experimental manipaolat@ne of the earliest developed
lines is the DHB82 cell line. This is an immortalized canine cell line derived from a single,
spontaneous case of malignant histiocytosis in a 10-oldamale Golden retriever (ATCC).
These cells were originally charadzed as histiocytic by the presence of-réceptors,
phagocytosis of latex particles, and plastic adherence in cell culture as well as their consistent
histologic and ultrastructural morpholo¢§]. The advantag 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 ithegsgo models are the
inability of the cell growthvessel to neither recapitulate theD3environment 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
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 metastdmit 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 necegsarinvestigate 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
Labomtory 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 46 weekold, female, NOD scid gamma (NSG) mice derived from animals atjfiom
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& @d libitum and offered

autoclaved watead libitum
Tumor injections

Cells were originally purchased from ATCC (ATC@RRL- 10389E) and mai n
frozen stocks. DH82 <cell s were grown under
Minimum Essetial medium (EMEM) supplemented with 15% fetal bovine serum (FBS), 1%
nonressential amino acids, 100 units/ml penicillin, and 100 ug/ml streptomycin. Prior to
injection, cells were enumerated ford2generations, washed, andsuespended in Matrigel.

Mice were anesthetized with3% Isoflurane and 2.25 x 90ells/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 haathtumor status. Once
tumors were visible (@ 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]j apleen 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 LY2940D study

Tumor injections were performed as described above. Once tumors reach&d@i7b
calculated diameter, mice were intraperitoneally (i.p.) injected with 100 pl of a 25 mg/kg
LY294002 (Sigma) solution. Prior to injection, lyophilized LY29400Xwlgsolved 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 pessing. 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°xcdl®
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 nj@fleBriefly, two perpendicular
diameters are taken and the square root of the multiplication of these two numbers is calculated.
Mice develped palpable tumors approximately-86 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 Sigdye(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 Tamors located on

the flank showed no evidence of involvement with adjacent structures. Few tumors grew slightly
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caudally and ended up over the right hip joint or leg musculature. Rarely in these tumors there

was infiltration into the adjacent skedétnuscle.

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 unencapsulatedatingél densely cellular
neoplasm composed of sheets of malignant histiocytic cells expanding the sufigutis 2B).

These cells were markedly pleomorphic and characterized by moderate to abundant amounts of
eosinophilic cytoplasm with large round wwegular nuclei with a large magenta nucleolus.
They exhibited numerous features of malignancy similar to the tumor in canines including
cytomegaly and karyomegal§frigure 2B). Mitotic figures were frequent and often bizarre.
These are all features trere 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 leukocgtés an
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 positivityHigure 2C). No adjacent mouse tissues exhithisgaining.

Mice develop pulmonary metastases that are morphologically and immunohistochemically

consistent with canine histiocytic sarcoma.

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

Scattered throughout alveolar septa were few clusters of neoplasticFiglise(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 positivityKigure 3C). No adjacent mouse tissue ebited 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 dffgs8, 9] Therefore, we were interested in
utilizing our model in a small pilot study to evaluate the use of LY294002, a P13 kinase inhibitor,
to treat HS tumors. We hypothesized that treatment of these mice with this drug woutd lead t
decreases in AKT signaling within 24 hours following treatment. Therefore, we allowed tumors
to grow to 0.751.0 cm and i.p. injected all mice with 25 mg/kg of LY294002. Twédoty
hours following treatment, the animals were euthanized and fresh sammies were submitted
for protein extraction and Western blot for AKTFApK T GSK3 B SKa b-actinpvds
performed for normalization. No significant differences in the expression of proteins were

identified between animals treated with the drugehicle Eigure 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 @urvivin, 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 develofdO]. Similar to our studiesthese 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 lineg10]. More recently, Pfankuche et al has utilized a xenograft
model of canine HS to study the potential use of Morbillivirus as an oncolytic [dgéntThese

studies injected DH82etls 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 wglll]. 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 ans 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 advaageous oveiin vitro culture methods as they provide for aD3
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
ethicalconsiderations 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 S¥rkdc
I2rg™W/SzJ), but, as the previously mentioned studies have shown, other immune
compromised strains can be used as Ji€l) 11] Regardless of the strain, these mice all have
significant defects in theicellular and humoral immunity. This is important as the immune
system has been shown to play very important roles in tumor growth and proridjon

Additionally, housing these anats 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 usingyR94002 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 conditins. 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.r to dade
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 collabiora to use this model in investigations of
novel drug delivery vehicles such as nanopatrticles 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 therapsutithese 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 sitdi@n 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 treatstestegies such as higlequency

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 thgtudy, 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 wereoft to firm, pale white masses within the subcutis. (B)
Histologically, neoplastic cells were pleomorphic and often characterized by bothacyto
karyomegaly (thin arrow). Mitotic figures were frequent and often bizarre (thick arrow). (C)
Staining wth canine CD18 antibody revealed diffuse cytoplasmic staining within neoplastic

cells.
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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 cedl.
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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 tub®aring animals treated

with LY294002 and tumebearing animals treated with vele¢mock treated control).
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Chapter 6
Effect of Salmonella entericaserovar Typhimurium VNP20009 and VNP20009 with
restored chemotaxis on 4T1 mouse mammary carcinoma progression
This chapter wapublishedn Oncotarget:
CoutermarsfOtt, S.L.*, Broadvay, K.M.*, Scharf, B.E., Allen, I.C. Effect oSalmonella
enterica serovar Typhimuriuri NP20009 and VNP20009 with restored chemotaxis on 4T1
mouse mammary carcinoma progressi@ncotarget 2017 Apr 4;8(20):336013. PMID:
28431394
Abstract

A variety of Iacteria strains have been evaluated as-th®oapeutic and
immunomodulatory agents to treat cancer. One such stBatmonella entericaserovar
Typhimurium VNP20009, which is attenuated by a purine auxotrophy mutation and modified
lipid A, is characterize 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
malignaat 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 anticancer properties in this model system. Exposure to VNP20009 hsgnificant
effect on primary mammary tumor size or pulmonary metastasis, and the tumor colonizing
process appeared chemotaxis independent. Moreover, -headng mice exposed to
Salmonellaexhibited increased morbidity that was associated with signifitver 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 kilberapeutic agents for cancer treatmbas a long and
interesting history. Some of the earliest documented, large scale observations supporting the use
of bacteria as bitherapy came from William B. Coley over 150 years ago, who reported that a
significant fraction of cancer patients wentoimemission or were completely cured of their
cancer following the development of pagierative bacterial infectiorj4]. Indeed, early studies
between 1868 and 1944 evaluated thediinjection of bacterial toxins and bacterial broth
cultures to treat malignant tumors, with ample cases reported of both successes andZailures
4]. Over the last few decades, numerous studies have embejag@inhvigorated the field of
bacteriabased bieherapeutics for the treatment of cancer. Indeed, several bacterial genera have
been evaluated in pidinical cancer models, includin@ifidobacterium Clostridium and
Salmonella entericaserovar Typhimuum [5-7]. However, as evidenced by the volume of
studies in the current literatur&§almonellais by far the most extensively evaluated and
characterized bacterial genus currently being explored as a cantieeraipeutic ageris].

Salmonellais 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 regim to be colonized by bacteria (reviewed [B]). In addition, Samonella can be
manipulated genetically with relative ease and possesses a facultative intracellular [f€%tyle
Importantly, attenuate8. Typhimurium ha 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 livi|drl]. This is significant, as iteflects the specificity of the

bacteria to colonizing cancerous tissue as opposed to clearance from the host.
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Several strains oS Typhimurium have been investigated for the purpose of tumor
targeting and chemotherapy delivery, including VNP20009;RAand CRC2631 [{2-14],
reviewed if15]). VNP20009 was constructed by Low et al. from strain 14028 through selection
of hyperinvasin by chemical and UV mutagenesis, targeted deletions resulting in purine
auxotrophy, and attenuation by modification of lipid[26]. Success of the strain, due to its
anticancer effects and high safety profilepire-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 patienttreatment with VNP20009 did not result in tumor regresgi@h
However, attempts to maximize bacterial tumor colonization and anticancer effects continue to
be investigated.

Many virulent properties o8. Typhimurium have been evaluated for optimization of
bacterial localization and retardation of tumors. These include components of virulence such as
pathogenicity islands SHAI and SRR, 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 bacterighxisesno
favorable for tumor spheroid colonization vitro, with specific receptors facilitating tumor
microenvironment localizatiof21, 22] In contrast, the role of chemotaxia vivo is
controversial, reasorf®r which may include the use of different bacterial strains, cancer cell
lines, and experimental conditions. In a CT26 colon carcinoma model, intravenously ii§ected
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 houf$8]. A few studies have assessed bacterial chemotaxisimwwvo 4T1
mammary carcinoma mokeJsing highthroughput screening of singgene deletion mutants of

S Typhimurium 14028, chemotaxis was found to be beneficial for tumor colonization 2 days
after infection[8]. However, chemotaxis had no sigo#nt influence after 2 days for strain
SL1344[23]. VNP20009 was recently discovered to be deficient in chemotaxis, due te a non
synonymous SNP in the gene encoding the chemotaxis two component response refyahtor,
[24]. Upon replacing the deficient copy coheY with the wildtype copy, chemotaxis was
recovered to 70% of the parental stri@id].

In the present study, we sougbtevaluate 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 tripteegative breast cancer due to its high degree of clinical
relevancethe ability to use immunocompetent mice, and the fact that metastasis occurs through
a highly predictable mechanism that accurately mimics human breast cancer maligi2&ijcies
Previous sidies have evaluated VNP20009 in other models of tumorigenesis, including diverse
subtypes of cancer in mouse models, prostate, pancreatic, and breast cancer, as well as sarcoma
and glioma[13, 26:30]. However, tle 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 4Tlcancer progression in the presence of chemotaxis positive or chemotaxis
deficient VNP20009 as indicated by morbidity and mortality evaluations oftyplel 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 metastasise Waidid
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 dzgasithat 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 tB Care and Use of Laboratory AnimalsAll experiments were
conducted with €.0 weekold, 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 andnjection

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 grawrd6 generations, washed,
and resuspended in sterile phosphaigfered saline (PBS) prior to injection. Mice were
anesthetized and maintained on isoflurane anesthesia throughout the tumor injection procedure.
1.2 x 16 cells were injected into the mmanary 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 tweemendicular diameters of each tumor. These were used to then determine

a calculated tumor diametg25]. Animals were euthanized when (i) weight loss exceeded 10
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15% of original body weht, (ii) tumor growth reached M6 cm of calculated diameter, or

(i) if considered clinically moribund. In our experience with this model, measurable
subcutaneous mammary tumors develop withih @ays 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 approximatehl 54&m in calculated diameter.

Bacterial strains, growth and injection conditions

S. Typhimurium VNP20009 and VIR20009cheY were grown in MSB media (1%
tryptone, 0.5% yeast extract, 2 mM Mg6Q mM CaCl) at 37°C to an ORoo of 1.0, washed 3
times with PBS and adjusted to the final concentration of 2°xCEU/mL. A 100n_ dose of
this final concentration was mjted i.v. via the tail vein at day 16 post tusmgection, or
directly into the tumor at day 6 post turinjection. Control mice were injected with an equal

amount of PBS.

Tissue collection and processing

At euthanasia, whole blood was collected viedz 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. Indirdual liver and primary tumor specimens were also collected for
bacterial enumeration and storage&f °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 fron€Clostridium histolyticumSigmaAldrich) and porcine elastase (elastasan
porcine pancreas, MPBi omedi cal s) . After a se
(HBSS), cells were resuspended in Dulbecco's modified eagle medium (DMEM) with 10% FBS,

100 units/ml penicillin, and 100 pg/ml streptomycin, 60 pMhguanine, and plated onto cell

culture plates. After-80 days of incubation at 3 and 5% C@ media was removed, cells

were briefly fixed in methanol, stained with 0.03% new methylene blue, and tumor colonies

were countedHigure 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.O). For lung sections, numbers of individual pulmonary tumorsawered
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 wareeddndividually as follows: O;
no inflammation/EMH/necrosis identified, 1; 1% to 33% of the examined section was composed
of inflammation/EMH/necrosis, 2; 34%6% of the examined section was composed of
inflammation/EMH/necrosis, and 3; greater than 60# 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 varieity @0 tumors.
S. Typhimurium VNP20009 has been previously reported to exhibit preferential tumor
colonization and dosagelated safety in a variety of tummfected animals inclding monkeys,
pigs, and mice, as well as, humdhg, 17, 31] The recently constructed VNP20009 derivative
with restored bacterial chemotaxis, VNP20@®Y, has yet to be assessedvivo for tumor
colonizing allity [24]. We therefore evaluated the effects of intravenously (i.v.) injeSted
Typhimurium VNP20009 on primary tumor burden and pulmonary metastasis in the 4T1
mammary carcinoma model over the course of 8 ddyse were injected with 1.2 x $1T1
mammary carcinoma cells and tumors were allowed to grow for 16 days. Animals were then i.v.
injected with 2 x 1OCFUs of eithelS. Typhimurium VNP20009, which is nezhemotactic, or a
chemotaxigestored derivative MP20009cheY. 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 gigups (
2). Animals trat received both tumors and VNP20009 had atO®% decrease in weight
compared to either VNP2000&train or 4T1 groups alone, suggesting a synergistic effect
between the tumor and bacterial infectidriglre 2). The effect was independent of the

chemotacti@bility of the VNP20009 strains.

Systemic exposure t&. Typhimurium had no effect on primary tumor size
Because multiple studies suggested the importanc®@ dfyphimurium chemotaxis on

both the ability of bacteria to colonize tumor tissue and to inflaetumor growth, we
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investigated the effects of VNP20009 and VNP2060&Y 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 4TZells developed mammary tumors that
progressed as expectf2b]. Control animals receiving PBS injections into the mammary fat
pad instead of 4T1 cells did not develop spontaneous mamimaryrs. Grossly, tumors
appeared as spherical, raised, firm masses with an ulcerated shkiface 8A). Histologically,
mammary tumors from all tumdrearing animals appeared similar. All of the mammary tumors
were composed of typical neoplastic epital cells with marked atypia and numerous mitotic
figures fFigure 3B). Large areas of necrosis were also presEigute 3B). There was no
statistically significant difference in the size of the primary tumor between animals infected with

either VNP2000 strain or those only bearing 4T1 mammary tumbigure 3C).

Systemic exposure toS. 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, ttengetingS. Typhimurium
strains can decrease metastatic tumorigenesis in mice without having systemid22fe88§
The 4T1 model is not only a wedktablished and commonly used model for primary mammary
tumorigenesis, but also for systemic metastfZig. In our experience, tumor cells reliably
metastasized to the lungs by the end eékv2 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

histopathabgy evaluation by a board certified veterinary pathologist (S.C.0O.). 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 numinenasfdell aggregates
identified histologically among any of the turdoearing groups, regardless of exposure to either

S. Typhimurium strainKigures 4A and 4B. 4T1 cells are unique in their inherent resistance to
6-thioguanine, a purine agonist thateghal to most cells. Therefore, 4T1 metastatic cells can be
grown in media supplemented witktioguanine until they form small colonies, which enables

a quantitative evaluation of lung metastasis. Concurrent with our histopathologic evaluation, our
realts confirm that no significant differences in numbers of metastatic colonies were identified
among any of the tumdrearing groupsHigure 4C). We attempted to discern the presence of
Salmonellain fixed lung samples by reverse transcription followed 1S 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 th8almonelladue to technical limitatios of our assay (low amounts or poor
guality of RNA) or the quantity abalmonellan 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 stiagufe 2). S. Typhimurium VNP20009 has
not previously been associated with significant morbidity in animal models, headss
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 tubearing animals
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exposed td. Typhimurium was not also seen in the famor bearing animals exposed to the
same bacteriaFHgure 2). The increased morbidity cannot be explained by differences in
primary tumor size or numbers of pulmonary metastases, because these were notngiignifica
different from 4T1 tumobearing animals not exposed $o Typhimurium Figures 3 and 3.

To evaluate the potential systemic effects Sf Typhimurium, livers of all animals were
examined grossly and histologically. At necropsy, tuvesring anima infected withS.
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 weratifled 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, extrenedullary 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
aggregate of mononuclear cells that made up less than 1% of the seEtgure 5A). Livers

from animals only infected with either strain®fTyphimurium were characterized by randomly
scattered, variabtgized foci of inflammation composed of aggregates of ananolear cells

often admixed with neutrophild-igure 5A). Livers from animals bearing mammary tumors
only (with no exposure t& Typhimurium) were characterized by multiple, variabized foci

of EMH composed of aggregates of both immature myeloideayithroid progenitorsHigure

5A). These aggregates were most commonly isolated to portal tracts; however, aggregates could
be also identified randomly scattered throughout the parenchyma. Livers fromieanorg

animals infected with eithe® Typhimuium strain had large areas of inflammation similar to the
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bacteriaonly treated groups and large amounts of EMH similar to-dfl§ animals Figure

5A). However, these mice additionally displayed large coalescing foci of necrosis characterized
by dead hpatocytes and replacement by fibrifigure 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 compositiorseaish

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 tuiearirg animals exposed to either strain of
VNP20009 were significantly higher than any other treatment gfeigpre

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

complicated systemic health status than either disglase.

S. Typhimurium chemotaxis did not contribute to mammary tumor colonization

The efficiency of bacterial tumdargeting was evaluated by the ratio of tumor to liver
colonization. Tissue homogenates were serially diluted and dilutions were piatedrient 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 &itlyphimurium (data not
shown). Primary tumor and liver colonization by FRD009 and VNP2000sheY, respectively,
were not significantly differentHigure 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 VNP20009 or VNP20008&heY, respectively.

Route of S. Typhimurium injection did not significantly affect disease pathobiology
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To investigate whether the delivery route $f Typhimurium to the animal could
influence its effects on tumor growth and @ise 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 VNP26b8¥ (or PBS for control
animals) were injected directly tm the tumor at a concentration of approximately 2 £ 10
CFU/mouse. Similar to the previous experiment, tubearing 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 tumedsearing animals independent &f Typhimurium presence-{gure
7B). Tumorbearing mice infected with either strain of VNP20009 presented a higher liver
compasite score than tumor only bearing mice or the #B&rol mice Figure 7C). Primary
tumor and liver colonization by VNP20009 and VNP20@®@Y did not differ significantly
(Figure 7D). However, both bacterial strains were retained in the tumor, with riliveo
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 witls. typhimurium VNP20009 Historically, this strain oSalmonellahas
been attributed as a safe anticancer agent in the context of several murine tumof3apasls
These studies culminated in the 2001 phase 1 human clinical tneg M&IP20009 for the
treatment of metastatic melanoma which ultimately found that though VNP20009 appeared to be

safe for the use in human patients, its-&untmor effects were equivocfl7]. Based on this, we
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formulated an experimental design to test both the safety and effic&yTrgphimurium as a
treatment in the 4T1 mammary carcinoma model, as well as, the potential contribution of
bacterial chemotaxis to primary tumor localization and metastatic potenttad tungs. Gaining

a better understanding of how the bacteria react in different tumor microenvironments will be
essential to future uses of VNP20009 as a cancehbiapeutic agent.

The majority of research analyzing the useSalmonellaas an antcancer 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 astofor 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 irgction, 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 ev&8uated
Typhimurium AZXR in the 4T1 model usingude mice[36]. Here, the authors orthotopically
injected mice and surgically resected the primary tumor once it was established to maximize
evaluation of brain metastagi®6]. In this particular model$. Typhimurium AXR was able to
arrest the growth of breasaincer associated brain metastasis and increased the survival of the
orthotopicallytransplanted, primary tumor resected nii@&]. 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[2% &3] While we
observed a trending decrease in lung metastases in one of the quantitative assessments for the
VNP20009cheY strain Figure 3C), the consensus data revealed only a minor reduction in

metastatic burdenF{gure 3). There are a varietyfsuggested reasons for the discrepancies
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found between the AR and VNP20009 studies, including tBalmonellastrains utilized, the
site of metastasis evaluated, the aggressiveness of the tumor model (surgically resected primary
tumor versus nomesectell and the immune status of the animals. Together, these data
emphasize the need to not only better define the genetic and phenotypical differefces of
Typhimurium strains in the context of different cancer-sudes, but also in the context of
metastas.

Beyond the ability of attenuategalmonellastrains to combat various types of cancer,
assessments associated with the safety of the bacterial strain for use-t#sesabeutic agent is
also paramount. Many prior studies have been conducted evgltiaisafety of VNP20009 and
this particular strain likely has the best characterized safety profile of any of the therapeutic
Salmonellastrains. However, even though this strainSaflmonellais considered attenuated,
there are significant clinical sideffects related to its ugd7, 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 seVimer disease, which was not
observed in any other experimental group of aninfigufe 4). One possible explanation for
the increased morbidity and liver disease in tutearing mice exposed to bacteria is that the
mammary tumor could be acting as eservoir 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 iderfied in the livers from tumebearing versus non tumbearing 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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immunosuppressigB9]. Thus, it is possible that tumbearing 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 reporteccreased 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 undereptiinated
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 livéiat increased over time and
occurrence of hepatocyte necrofglf]. However, this pathology was presented as mild and the
liver gppeared to recover over the course of the md@de]. Similarly, in another study
evaluating the toxicity of VNP20009 and A stains of Salmonellan a Lewis lung carcinoma
model in nude mice, netumor bearing animals were intravenously administered two different
doses of each bacterial strfffi]. By day 3, hemorrhagic foci were iddi@d in the livers of all
mice injected with bacteria, but no evaluation of liver histopathology was performed in tumor
bearing mice exposed ®almonella41]. Consistent with these prior studies, we also observed
relatively mild liver lesions following VNP20009 treatment when administered akigeré 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 modétpu¢e 4). Likewisg 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 morbidityHigure 4). Thus, despite the clinicgdotential 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 bySthiEyphimurium strains tested, bacteria
were retained in the tumor after 8 days, with an averagertto liver colonization of 580:1 and
2,800:1 by VNP20009 and VNP200@8eY, respectively Figure 5). For a variety ofn vivo
tumor models and timelines, including murine melanoma after 3 days and human melanoma and
human colon carcinoma after 5 daydNR20009 has been reported to have a tumor to liver
colonization ratio al,000:1 which is in line with our dafa2]. The targeting oSalmonellato
tumor tissue remains a significant barrier in therapeutic applications (reviej&j)inAny and
all improvements in this regard are critical. Our data reveals that chemotaxis does not
significantly contribute toS. Typhimurium VNP20009 colonization of the primary 4T1
mammary tumor Kigure 5). The nature in which VNP20009 was constructed, by UV and
chemical mutagenesis, left the strain with several genetic alterations, including 50 non
symonymous SNPs and the loss of 128 genes in the Suwwan deletion fégjorSince
restoration of one of the genes containing a-symonymous SNRgheY, did not significantly
facilitate the promotion of tumor colardation 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 wghtine 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 injectirmdels. In both cases, tumlbearing 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 regaréss 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-thierapeutic agent, depending on the cancertygub being
targeted and the specific tumor microenvironmental niches presehe imaodel. Additional
studies are both necessary and ongoing to determine the safest and most efficacious utilization of

S.Typhimurium VNP20009 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 withiéguanine. 4T1 cells are inherently resistant

to 6thioguanine and, thus, individual metastatic cells are tbbtgow into tumor cell colonies

and manually counted.
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Figure 2
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Figure 2: Weight change following exposure t&Salmonella 4T1-tumor bearing animals or
norttumor bearing control animals were injected intravenously w#h Typhimurium
VNP20009 S.Typhimurium VNP2000ZheY, or PBS. Animals were monitored three times per
week and weights were measured twice weekly. PBS control, i33phimurium only, n=4;
Tumor only, n=3; VNP20009 and tumor, n38\P20009cheY and tumoyn=8. Data pimts and

error bars denote mean + SEM. Statistical significance was determined in relation to the tumor

only sample by a twiailed Student's -fest (* p<0.05, ** p<0.01).
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Figure 3
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Figure 3. Mammary tumors developed in all 4Tlinjected animals A. Grossly, tumors
appeared as spherical, raised, firm masses with an ulcerated sBrfatistologically, tumors

were composed of a pleomorphic population of nessapithelial cells with numerous mitotic
figures (arrows) and large areas of necrosis (inset, aste@isill animals injected with 4T1

cells developed mammary tumors. Tumors were monitored three times per week and
measurements were recorded twiceé meek. 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 contr8l, n=3;
Typhimurium only, n=4; Tumobonly, n=3; VNP20009 and tumon=8, VNP20009cheY" 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 4T1-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 metast@si§he 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 seCtidihe 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 contathioguanine.

After 8 days, metastatic colonies were fixed in methastained with 0.03% methylene blue,

and counted. PBS control, n=3; VNP20009 only, n=4; Tumor only, n=3; VNP20009 and tumor

n=7; VNP20009cheY and tumoyrn=8. Error bars denote SEM, N.D, not detected.
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Figure 5
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