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(Abstract) 

 
 Cancer research is evolving. Historically concerned with the mechanisms by which malignant 

cells circumvent cell death signaling and maintain unchecked proliferation, focus has shifted to the 

complex interactions between the tumor cell and the surrounding microenvironment. Ovarian cancer has 

one of the highest incidence-to-death ratios of all cancers, and is typically asymptomatic until the later 

stages, often resulting in metastasis prior to discovery. Naturally occurring phenotypes like lactation and 

child-bearing (parity) reduce ovarian cancer incidence, but the mechanisms are not understood. As the 

primary site for ovarian cacner metastasis, and a secondary lymphoid organ capable of mounting potent 

innate and adaptive immune responses, we believe the omental fat band (OFB) provides a unique 

opportunity to study complex interactions within the tumor microenvironment. Additionally, we 

hypothesize that once understood, leukocyte populations within the OFB could be modulated to disrupt 

the pro-tumorigenic cascade. Using fluorescence-activated cell sorting (FACS) and quantitative realtime 

PCR (qRT-PCR), we comparatively evaluated the changes in the compositional immune profile of the 

OFB as a result of parity and cancer. Parous mice were associated with a reduction in macrophages and 

neutrophils in the OFB, resulting in an inherent “protective state” that was refractory to metastatic cancer 

cell growth after intraperitoneal implantation. This indicates that the leukocyte populations within the 
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OFB play an important role in tumor development. Therefore we utilized the potent TH1-type 

immunomodulatory cytokine IL-12 in a membrane-bound form to circumvent reported side effects, such 

as hepatic and renal damage, cardiotoxicity and death. Targeted IL-12 delivery to the OFB resulted in 

delayed disease development, although not protection from subsequent challenge. This was also 

associated with a reduction tumor-associated macrophages (TAMs) and neutrophils (TANs) within the 

OFB. Kinetic studies demonstrated that these changes were induced by a significant reduction in 

neutrophil and macrophage chemoattractants early on in the pro-tumorigenic cascade (7 days post-

implantation). This work demonstrates that the OFB is a functionally plastic tissue that can be harnessed 

and re-mobilized to display an anti-tumorigenic microenvironment.  
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CHAPTER 1. Literature Review 

 
OVARIAN CANCER 

 

The remarkable diversity of neoplastic cells as they transform towards a malignant phenotype has 

been well documented.  Weinberg et al describe the ten hallmarks of tumor pathogenesis, which catalog 

the capabilities tumor cells develop in order to survive and progress. Currently, these hallmarks of cancer 

include i) resisting cell death, ii) sustaining proliferative signaling, iii) inducing angiogenesis, iv) enabling 

replicative immortality, v) activating invasion and metastasis, vi) evading growth suppression, vii) 

avoiding immune destruction, viii) tumor-promoting inflammation, ix) genome instability and mutation, 

and x) deregulating cellular energetics
1
. Ovarian cancer is the most deadly gynecological malignancy and 

ranked fourth in cancer-related fatalities among women in the Western world
2
. In 2012, there were 

roughly 22,280 new cases of ovarian cancer diagnosed in the United States, and 15,500 deaths. The 5-

year survival rate is only 44%, and has improved by just 6% in the past 40 years, despite research and 

development
2
.  In 2012, an estimated 138 million dollars will be spent by the NIH in ovarian cancer 

research alone
3
. Ovarian cancer has one of the highest death-to-incidence ratios in the US, and most 

deaths are attributed to relapse 
4, 5

. Multimodal therapy with surgery and chemotherapy may initiate 

complete remission, but chemo-resistant disease recurs in most patients, and the prognosis is dismal
6
.  

 The high mortality rate of ovarian cancer is primarily due to a lack of early detection tools. In 

addition, ovarian cancer is largely asymptomatic until the more advanced stages, when the disease has 

metastasized throughout the peritoneal cavity (PC)
7, 8

. However, in the small percentage of cases that are 

caught early (usually due to accidental discovery during another procedure), the 5 year survival rate is 

>90%. Therefore, novel strategies are urgently needed to improve early detection and treatment 

outcomes, as well as an improved understanding of disease pathogenesis from its inception.  

Ovarian cancer is an extremely heterogeneous disease, usually developing from the surface 

epithelium of the ovary. Epithelial ovarian cancer (EOC) is further subclassified into four major 

categories based on histology: i) serous are the most common, resembling normal epithelial cells, ii) 
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endometrioid, which derive from the endometrium, iii) mucinous, which derive from the cervical glands, 

and iv) clear cell, which derive from the vaginal rests. Of all EOCs, Serous tumors represent 80-85% of 

total cases, while endometrioid make up 10%, mucinous less than 3%, and clear cell 5%
9, 10

. Serous 

tumors can be even further categorized as low-grade (Type I) or high-grade (Type II), and all of the above 

subtypes have differing genetic and protein alterations and molecular pathogeneses
11, 12, 13

. High-grade 

malignancies tend to be fast growing and chemo-sensitive while low-grade tumors tend to grow more 

slowly and be less sensitive to chemotherapy
12

. Despite distinct differences in response to conventional 

chemotherapeutics between subtypes, the organ of origin (and not the tumor histology) still determines 

the treatment regimen. Indeed, while ~70% of tumors of serous histology show clinical response to drugs, 

only ~15% of clear cell tumors are responsive
14

. This is another example of the importance of the 

incredible heterogeneity of ovarian cancer, highlighting the need for a more thorough understanding of 

the disease.  

 Ovarian cancer is unique in that as the epithelium transforms into a more malignant phenotype, it 

becomes more differentiated, instead of less
15

. Acquisition of invasiveness is accompanied by the loss of 

epithelial features, and the gain of a more mesenchymal phenotype, called the epithelial-to-mesenchymal 

transition (EMT). This more invasive phenotype is driven by a combination of downregulated E-cadherin 

and E-cadherin promoter activity, as well as increased levels of β-catenin, Snail and other mesenchymal 

markers
16

. Hereditary mutations are only responsible for about 10% of ovarian malignancies, and usually 

involve BRCA1 or BRCA2. The remaining ~90% of cases are termed ‘sporadic’ EOC. The incessant 

ovulation hypothesis was put forth by Fathalla in 1971, and suggests that with every ovulatory cycle, 

ovarian surface epithelial cells acquire stress injuries. Continual repair and the necessary release of 

cytokines, chemokines, and matrix remodeling enzymes, as well as recruitment of activated immune cells 

result in a recurring inflammatory and oxidative state thought to predispose ovarian epithelial cells to 

transformation
17, 18, 19, 20

. Use of oral contraceptives that inhibit ovulation, multiparity (giving birth 

repeatedly) and the length of lactation negatively correlate with the development of EOC, supporting this 

hypothesis
21, 22, 23, 24, 25

. However, progesterone-only contraceptives, which do not inhibit ovulation also 
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reduce the risk of EOC development. For this reason the gonadotropin hypothesis was described, in 

which exposure to gonadotropin hormones stimulates EOC proliferation.
26

   

In a study to determine potential early tumorigenic changes in the ovarian surface epithelium, 

comparative molecular and morphological analyses of early tumors and normal tissue indicated that 

EOCs originate from precursor lesions within ovarian inclusion cysts
27

. However, recent evidence 

supports a paradigm shift, in which high-grade serous ovarian cancers, as well as endometrioid and clear 

cell cancers actually originate from the fallopian tube epithelium
28, 29

. The oxido-reductive fallopian tube 

epithelial damage hypothesis postulates that iron-induced oxidative stress derived from retrograde 

menstruation provides the inflammatory conditions required to encourage the development of EOC at this 

site.   

Whether or not it is responsible for the initiation of neoplastic growth, inflammation is certainly 

an important factor in cancer progression. Of the total global cancer burden, about 15% is ascribed to 

chronic infection, of which inflammation is a major component
30

. There is also increased cancer risk as a 

result of inflammation due to chemical and physical agents and autoimmune reactions
31, 32

. Pelvic 

inflammatory disease has also been associated with an increased risk of ovarian cancer
33

. Many 

inflammatory cytokines and chemokines (ie: TNFα, IL-1β, IL-6) are inducible by hypoxia, which is a 

common physiological state within tumor tissue
34

. These inflammatory cytokines can then stimulate the 

production of VEGF, an important angiogenic factor, making the signaling environment cyclic and 

tumor-sustaining
35

. TNFα is a diverse signaling molecule; it can induce angiogenic factors or destroy 

blood vessels, stimulate fibroblast growth or induce programmed cell death in diseased cells
36, 37

. TNFα 

also regulates MMP9, an important factor in the degradation of extracellular matrix components thus 

initiating tissue invasion within the ovarian tumor microenvironment. TNFα, IL-1β, IL-6 and MCSF have 

all been detected in human EOC tumor microenvironments, as well as in the microenvironments of other 

cancers
36, 38

. Further, TNFα mRNA in human EOC is positively correlated with tumor grade
38

. Signaling 

is thought to occur in both a paracrine and an autocrine manner due to the existence of the p75 receptor in 

tumor-associated leukocytes and the p55 receptor found on both tumor cells and stromal cells
38

. In animal 



 

4 
 

studies, mice that did not have the TNFα gene were resistant to the development of skin cancer, and the 

overexpression of TNFα increases the invasive phenotype in some cancer cell lines.
39, 40

 Similarly, mice 

that were IL-1β deficient were resistant to metastasis, and IL-6-deficient mice were resistant to the 

development of an inflammation-induced cancer model
39, 41

.  Clearly these inflammatory mediators play 

an important role in cancer pathogenesis.  

 In order for tumor cells to receive the requisite oxygen and nutrients for survival and 

proliferation, they must be within 100 µm of a capillary
42

. Thus, angiogenesis is another important 

regulating factor in EOC growth and metastasis, and signaling can occur in both an autocrine and 

paracrine manner. High levels of vascularization within the host tissue have thus been correlated with 

aggressiveness of tumor growth, and tumor cells have even been shown to migrate to the nearest 

microvessel and begin dividing from there
43, 44, 45, 46, 47

. Vascular endothelial growth factor (VEGF)-A is 

the main regulator of angiogenesis, and has been correlated with poor prognosis clinical trials
48

. VEGF is 

in fact a vascular permeability factor, meaning that it can lead to persistent extravasation of fibrin and 

fibronectin, along with a continuous generation of extracellular matrix
49

. VEGF signaling and 

angiogenesis promotion play an important role in the progression and prognosis of EOC
48, 50

. Conversely, 

VEGF also exerts an immunosuppressive effect in cancer models, being correlated with low levels of IL-

12, inhibition of dendritic cell (DC) maturation, low numbers of natural killer T (NKT) cells and the 

upregulation of regulatory T cells (Tregs)
51, 52, 53

. 

 Ovarian cancer is unique in that cells do not need to go through the process of extravasating and 

intravasating through various tissues to metastasize. Instead, tumor cells can simply slough off of the 

primary tumor and become free-floating within the PC. The natural flow of the peritoneal fluid then 

disseminates these cells throughout the PC, where they begin to develop pro-tumorigenic niches at 

alternative sites
54, 55

. While a primary tumor may shed a large number of metastatic cells every day, only a 

limited number of these cells will survive. This is largely dependent on their ability to acquire traits that 

promote survival, as well as their ability to induce changes in the target tissue that provide a pro-

tumorigenic microenvironment
44, 56, 57

. The tumor microenvironment (TME) is a complex system 
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consisting of tumor cells, inflammatory cells, stromal cells and matrix components. Although genetic 

alterations within the tumor cells are important, stromal constituents in the microenvironment also play a 

crucial role in tumor development. In EOC patients that undergo surgical debulking of tumors, the 

omental fat band (OFB) is typically removed as a preventative measure because it is a well-known site of 

cancer cell seeding and outgrowth, making it a TME of crucial importance
54, 55, 58, 59, 60, 61

.   

 

THE TUMOR MICROENVIRONMENT 

 

 The tumor microenvironment (TME) is a complex signaling milieu composed of epithelial cells, 

fibroblasts, mast cells and immune cells, as well as the tumor cells themselves
62, 63

. Tumor cells are able 

to hijack resident and recruited normal cells to serve as contributing members of the TME; this constant 

crosstalk supports tumor initiation and progression in a variety of ways. These accessory cells have had a 

demonstrable effect on sustaining tumor cell proliferative signaling, resisting cell death, evading growth 

suppressors, inducing angiogenesis, activating invasion and metastasis, reprogramming metabolism and 

evading immune destruction –in other words, the aforementioned hallmark characteristics of cancer. 

(Figure 1)TME dynamics include neoplastic cells that are constantly proliferating, a vascular network of 

endothelial cells that promotes neoangiogenesis, and the extracellular matrix scaffolding produced by 

fibroblasts. Additionally, immune cell components that propagate an immunosuppressive phenotype, 

preventing tumor cell recognition and clearance
64, 65

.  Tumor development is completely dependent on the 

TME, making it important to understand the constantly shifting pathophysiology of the system as a 

whole, instead of focusing on specific “key” signaling events or cell-to-cell interactions in an attempt to 

modulate it in a therapeutic manner
66

. Extensive and sometimes redundant signaling networks exist 

between the tumor cells, immune cells and the tumor stroma; thus it is important to understand these 

interactions as a constantly shifting whole.  
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Figure 1.1 The effects of the tumor microenvironmental on the Hallmarks of cancer
66

. 

**Reproduced from Cancer Cell, March 2012, Vol 21, No. 3, Pages 309-322 with 

permission from Elsevier Publishing. 

 

Within the TME, neoplastic cells are able to hijack signaling pathways that are critical for normal 

homeostasis of the immune system to evade host immune responses, thus maintaining tolerance
67, 68

. One 

of the most widely researched cell types in the tumor microenvironment is the tumor-associated 

macrophage (TAM). Macrophages are an incredibly plastic immune population, and can alter their 

activation status or phenotype as a result of various signaling cues
69

. Macrophage subsets are structured to 

mimic the T cell categories: pro-inflammatory (M1s) and anti-inflammatory, or alternatively activated 

(M2s), with further subdivisions also based on functionality
65

. M1s are polarized by TLR2/4 ligands and 

IFNγ, and mediate innate immunity; they secrete pro-inflammatory cytokines to promote TH1 responses 
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via antigen presentation, have high expression of FcγRs, and are capable of cell destruction
70, 71

. M2s are 

polarized as a result of IL-4 and/or IL-13 signaling (M2as), immune complexes (M2bs) or IL-10 (M2cs)
72, 

73, 74
. Further, M2s are responsible for the secretion of anti-inflammatory cytokines (IL-10), and TH2-

promoting chemokines (CCL17, CCL22), and thus are involved in immunoregulation, promotion of 

angiogenesis and tissue remodeling, all of which can be useful in tumor progression.   

Due to their re-education within the TME, TAMs are considered pro-tumorigenic and M2-like
74, 

75, 76
. They secrete a host of factors that support tumor growth and development, and are found distributed 

throughout the tumor mass
33

. These pro-tumorigenic signals include angiogenic factors (VEGF), matrix 

destruction factors (MMP1, -2, -7, -9, and -14), immunosuppressive signals (IL-10, CCL22 and TGFβ) to 

decrease reactive oxygen species released by tumoricidal macrophages, as well as to recruit regulatory T 

cells (Tregs) that will then dampen cytotoxic T cell (TC) responses
69, 76, 77, 78, 79, 80, 81, 82

. They also secrete 

factors that promote tumor growth, such as CCL2, CCL5, CXCL9, CXCL10 and CXCL16
70

. Several 

chemokines are responsible for recruitment of blood monocytic precursors to different areas of the TME 

prior to differentiation, including CCL2, CCL5, CCL7, CXCL8, and CXCL12
83

. Tumor cells can also 

secrete various colony-stimulating factors that prolong the survival of existing TAMs
84

. Finally,  TAMs 

show a downregulation of CCR2, which is hypothesized to support the retention of TAMs in the TME.
85

 

 In early carcinogenesis, macrophages are typically more M1-like, and it is not until the later 

stages that M2-like TAMs are prevalent
86

. Thus, it seems that in the pro-tumorigenic niche, a re-education 

of macrophages from an M1 to an M2-like phenotype occurs in a dynamic fashion. This process is 

dependent on a wide variety of receptors, signaling pathways, and transcription factors. Briefly, the 

pathways implicated in the M1-TAM transition include NFκB, TLR-MyD88/TRIF, HIF-1, Notch and 

various cytokine signaling networks
87, 88, 89, 90, 91, 92, 93, 94, 95, 96

.  Wong et al has also recently proposed that B 

cells play a role in the differentiation of TAMs in the tumor microenvironment, via IL-10 secretion
97

. 

Cancer cell induction of TAM over-expression of IRAK-M, an immunosuppressive transcription factor 

that negatively regulates TLR signaling is mediated by TGFβ and has also been implicated in the evasion 
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of host immune surveillance
98, 99, 100

. Not surprisingly, in several human cancer models, high TAM 

incidence correlates with poor prognosis
76, 78, 101, 102

.  

 Dendritic cells (DCs) also play a crucial role in the maintenance of immunological tolerance, as 

well as in the activation of antigen-specific immunity, and thus provide a link between innate and 

adaptive immunity
33

. Tumor-associated DCs (TADCs) typically have an immature phenotype and are 

unable to stimulate T cells
103

. Structurally, immature TADCs are usually found throughout the tumor 

mass, while mature DCs are confined to the peritumoral region
104

. Mature TADCs also express T cell 

inhibitory programmed death ligand 1 (PD-L1) which promotes T cell anergy or apoptosis when engaged 

to its receptor, PD-1 on T cells
105, 106

. The disruption of this suppressive pathway through the blockade of 

PD-L1 enhanced DC-mediated T cell activation, boosting efficacy of adoptive T cell immunotherapy 

against EOC has been evaluated with some success
106

. Higher PD-L1 expression has been negatively 

correlated with patient survival
107

. 

Myeloid-derived suppressor cells (MDSCs) are also a crucial player in the immunosuppression of 

the TME, responsible for antagonizing tumor immunosurveillance
78, 108, 109

. This population is described 

as a phenotypically heterogeneous mixture of myeloid cells at different states of maturation. They have 

been identified as a major component of several cancer types in animal models, as well as in a clinical 

setting, and are shown to accumulate as tumors progress
110, 111, 112

. Additionally, MDSCs are able to 

dampen T cell IFNγ production, disrupt TCR antigen recognition, and overproduce reactive oxygen 

species (ROS)
113, 114, 115

.  Murine MDSCs are identified by their cell surface expression of CD11b, Ly6G 

and Ly6C, and can be further characterized as monocytic (CD11b
+
Ly6G

+
Ly6C

hi
) or granulocytic 

(CD11b
+
Ly6G

+
Ly6C

lo
)

116
.  In a breast cancer model, MDSCs were found to accumulate in the blood, 

bone marrow, and secondary lymphoid organs, as well as in the tumors themselves as the cancer 

progressed
117, 118, 119, 120

. MDSCs have also been shown to correlate with poor prognoses in pancreatic, 

esophageal, hepatocellular, and colorectal cancers
111

. In the TME, they mediate suppression of 

endogenous T cells via secretion of IL-10, producing a TH2-type T cell response, and through the 

inhibition of macrophage pro-inflammatory IL-12 secretion
121, 122

.  
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In ovarian cancer patients, the presence of tumor-infiltrating T cells (TILs) is correlated with a 

positive prognosis after surgery and chemotherapy
123

. Conversely, increased numbers of 

immunosuppressive CD4
+
CD25

+
 Tregs are correlated with decreased susceptibility to chemotherapy and 

thus reduced survival
82

. Further, the ratio of TILs:Tregs within the primary tumor significantly correlates 

with patient survival.
82

 In advanced ovarian cancer patients, the reduced presence of CD3
+
CD56

+
 NKT 

cells was correlated with increased VEGF in the ascites fluid, platinum resistance and poor prognosis
50, 51

. 

Further, it has been shown that the formation of ascites in late stage ovarian cancer may be inhibited by 

CD1-mediated NK cell activation
107

. Taken together this data indicates a significant role of different T 

cell subtypes in EOC progression, providing justification for the development of therapeutics that target 

these cells within the tumor microenvironment.  

As mentioned, Tregs are another significant player in this signaling network, and are either 

recruited by tumor cells or polarized from endogenous TILs via tumor cell production of IL-10 and 

TGFβ
124

. Tregs then suppress effector T cells via either direct contact or through their own secretion of 

inhibitory IL-10 and TGFβ
125

. Tregs have also been shown to markedly downregulate the activity of both 

NK cells and B cells
126, 127

. Several strategies have been implemented to attempt to circumvent the 

suppressive TME or render it more conducive to effector T cell function, proliferation and persistence. 

One such example is the administration of lymphodepleting chemotherapies, such as cyclophosphamide 

or fludarabine which may eradicate Tregs within the TME and generate a more favorable signaling milieu 

for the development of effector T cells through enhanced levels of IL-2 IL-7, IL-12 and IL-15
128, 129, 130, 131, 

132, 133
. Additionally, inhibitory ligands, or infusion of pro-inflammatory IL-12 have been utilized in 

hostile tumor microenvironment modulation to target the deactivation of Tregs and encourage effector T 

cell function
134, 135, 136

.  

Upregulated humoral immunity also plays a role in the pro-tumorigenic microenvironment
137

. 

This is partly attributed to an increase in TH2 cells with concomitant IL-4 and IL-10 signaling, a pattern 

also associated with inflammatory conditions that are associated with an increased risk of cancer 

development
138, 139, 140, 141, 142

. B cell hyperactivity has been targeted in adult acute lymphoblastic leukemia, 
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non-Hodgkin’s lymphoma and advanced colon cancer via an anti-CD20 chimeric monoclonal antibody 

(Rituximab) with varying degrees of success
143, 144, 145

. The involvement of pathogenic B cells in the tumor 

microenvironment is not surprising, given the suppressive nature of many humoral- and TH2-associated 

cytokines 
146

.  For instance, IL-10 stimulates angiogenesis, and IL-13 promotes survival of neoplastic 

cells while suppressing cell-mediated immunity
147, 148

. In a B cell-deficient mouse model, resistance to a 

variety of histologically diverse syngeneic tumors was associated with enhanced TH1 cytokines and 

protective cytotoxic T lymphocyte (CTL) responses
149

. B cell depletion also showed increased efficacy in 

a vaccine against a melanoma line, again associated with increased cell-mediated immunity.
150

 

Additionally, immunoglobulins (Ig) released by B cells play a role in the pro-tumorigenic 

microenvironment
150, 151

. The incidence of tumor-associated antigens is actually a poor prognostic 

indicator in a number of cases
152

. It is hypothesized that increased Ig levels in the microenvironment 

result in the accumulation of immune complexes (ICs), and that these Ig-ICs promote pro-tumorigenic 

inflammatory responses
153, 154

. High circulating IC levels are also correlated with poor prognosis in a 

number of cancers, and have long been associated with the initiation of inflammatory cascades and tissue 

destruction in autoimmune disorders, although the underlying mechanism is not completely understood
146, 

155, 156
. This pro-inflammatory cascade is thought to involve receptors for the Fc portion of IgG, which 

plays a central role in regulating immune responses following interaction with ICs
155

. Thus, FcyRI and 

FcyRIII mediate immune cell activation via an intracellular tyrosine-based activating motif (ITAM) 

which triggers oxidative bursts, antibody-dependant cell-mediated cytotoxicity (ADCC) by NK cells and 

degranulation by mast cells
155

. Alternatively, FcyRII inhibits inflammatory responses through 

engagement of immune tyrosine-based inhibitory motifs (ITTIMs). Further, ICs activate the complement 

cascade, resulting in formation of lytic factors and potent inducers of leukocyte recruitment
157

. Therefore, 

prolonged humoral activity promotes the tumor microenvironment both directly and indirectly as another 

component in this complex signaling milieu. As we have described, there are several redundant 

mechanisms by which EOC is able to polarize the tumor microenvironment, creating an 
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immunosuppressive, pro-tumorigenic niche. The flux of these processes needs to be understood as a 

complex, interacting, dynamic system in order to develop effective therapies. 

 

CANCER THERAPEUTICS 

 

General cytotoxic therapies such as chemotherapy and radiation after cytoreductive surgery are 

the standard of care for EOC patients. Chemotherapy regimens generally include intraperitoneal (i.p.) 

administration of a combination of paclitaxel (a microtubule, and thus growth inhibitor) and platinum-

based agents (carboplatin, cisplatin). Roughly 70% of new patients respond favorably to this primary 

treatment
158. Unfortunately, a further 70% of these remission patients eventually relapse, with the 

resultant disease being chemoresistant
159, 160

. Patients who experience progressive disease within 6 months 

of platinum-based therapy (as well as those who do not respond to therapy while on first-line platinum 

treatment) are considered platinum refractory/resistant
161. Ovarian cancer is an incredibly heterogenous 

and aggressive disease, and the current treatment strategy is evolving to incorporate a multi-modal 

approach, in which platinum-based cytotoxic therapies are combined with inhibitors against metabolism 

(gemcitabine), angiogenesis (Bevacizumab -VEGFR) or commonly disregulated growth factors 

(Panitumumab-EGFR,  ) in an effort to disrupt multiple pro-tumorigenic mechanims. In the case of 

platinum-resistant disease, doxorubicin or topotecan (topoisomerase inhibitors) are used as a second-line 

chemotherapeutic
161, 162

. However, the 5-year survival rate remains extremely low, and personalized 

medicine is in its infancy, highlighting a need for improved treatment modalities. 

The tumor microenvironment is an incredibly dynamic signaling milieu, with constant cell-cell 

signaling interactions that foster tumor progression. Increasing attention has been given to the addition of 

biologically active signaling molecules as adjuvant therapy in the treatment of various cancer models and 

the prevention of metastatic disease. Among these are granulocyte/macrophage-colony-stimulating factor 

(GM-CSF), IFNs, and IL-2. GM-CSF regulates the proliferation, differentiation and function of mature 

myeloid cells and thus has been used to try to induce macrophage tumoricidal activity in vivo
163, 164, 165, 166, 

167, 168
. In one study, i.p. administration increased the number of macrophages contained within rat OFB 
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milky spots (although not those free-floating in the PC), as well as improving the cytotoxicity of those 

macrophages against a colon cancer cell line
165. Further, GM-CSF can be safely administered i.p. in a 

clinical context in order to target disseminating gastrointestinal and gynecological cancers 
169. In 

combination with IFNγ and carboplatin, GM-CSF has shown promise in Phase II clinical trials against 

platinum-sensitive EOC
170. Several additional studies have been published evaluating the role of IFNs as 

either a first-line therapy or as a maintenance strategy, although not all resulted in protection (or provided 

positive responses)
171, 172, 173, 174

.  In particular, IFNγ has been shown to reverse the immunosuppressive 

properties of macrophages, suggesting the efficacy of local administration to tumor microenvironments
174. 

In a study by Curiel et al, a fusion toxin called ONTAK consisting of IL-2 fused genetically to the 

enzymatically active and translocating domains of diphtheria toxin was shown to deplete functional 

Tregs, and led to improved prognosis in a clinical setting
175. Clearly, there are a wide variety of 

immunomodulatory cytokines that could aid in disruption of the TME and tumor regression, if properly 

utilized.  

 Another growing area of cancer treatment has been the application of anti-tumor mAb 

(monoclonal antibody) therapies.
176

 The mechanisms of action are diverse and include inducing apoptosis 

or Fc-dependant recruitment of complement components or innate immune effector cells to promote 

tumor destruction, as well directly blocking specific functional targets, such as tumor growth factors
177, 178, 

179
. Oregovomab is an anti-CA125 (a common tumor-associated antigen) mAb which has already reached 

Phase III clinical trials
180. The most challenging hurdle in the use of anti-tumor antigens has been the 

weakly immunogenic nature of these markers due to immune recognition as “self”. Cancer-testis antigens 

(CTAs) have become a very popular anti-tumor target due their high immunogenicity and restricted 

expression in normal tissue
181. In a healthy host, CTAs are only expressed in testicular tissue and due to 

the blood-testis barrier these antigens are protected from exposure to the immune system
182. In this 

manner, CTA-specific T cells are not removed from the immune repertoire during negative selection, and 

high-affinity CTA-reactive precursor T cells remain to be utilized in tumor immunotherapy
183. CTAs are 
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found to be expressed in hematological malignancies, and are correlated with poor prognosis
184, 185, 186

. 

Some of the commonly discussed CTA targets include MAGE-A, MAGE C1, and NY-ESO-1
187, 188

. In 

normal cells, most CpG dinucleotides at gene promoter regions are unmethylated while other CpG islands 

in other areas of the genome are methylated, preventing transcription
189

 Decreased levels of overall 

genomic methylation are found early in the pathogenesis of most cancers, and are responsible for the 

aberrant expression of CTAs
190, 191

. Clinically, the use of anti-tumor antigens has met with limited success 

due to the inherent heterogenous expression among individual patients, as well as the potent 

aforementioned immunosuppressive microenvironment
192

.
192

   

Attempts have also been made to alter the TME using antibodies that target pro-tumorigenic 

cytokines within the signaling milieu. In a breast cancer model, use of Met-CCL5, an agonist of CCR1 

and CCR5, significantly reduced macrophage infiltration to the tumor site, and slowed tumor growth. 

CCR1 and CCR5 are expressed on circulating leukocytes, and aid in migration to the tumor site as a result 

of CCL5 secreted by the mammary cells
193. In humans, a mAb against CCL2, and an inhibiting mAb 

against CCR2 are currently under clinical evaluation
194, 195

.  Bevacizumab, an anti-VEGF monoclonal 

antibody, has been effective in clinical studies of platinum-resistant disease
196, 197, 198

.  Much emphasis has 

also been focused on FcγR expression in patients recently due to the discovery that those with high-

affinity polymorphisms of FcγRIIa and FcγRIIIa had increased recurrence-free survival
199, 200, 201

.  

Despite the common conception that TAMs are pro-tumorigenic, in clinical settings macrophage 

engagement of FcyRs is a crucial component in the efficacy of mAb-mediated tumor suppression
202, 203, 

204, 205, 206, 207
, again indicative of macrophage plasticity given the signaling milieu. A recent study 

determined that TAMs in the presence of anti-tumor mAbs retain tumoricidal properties, and depletion of 

TAMs actually reduced mAb-mediated tumor suppression
208. DeNardo et al have shown that depleting 

microenvironmental IL-4 in a 3D culture system using an anti-IL-4 mAb reduced the invasive phenotype 

of mammary epithelial cells in the presence of CD4
+
 T cells and TAMs

209. While the depletion of NK 

cells and neutrophils had no effect, the depletion of macrophages blocked the anti-tumor effects of an 
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anti-CD40 treatment
205. In a human pancreatic cancer model, anti-CD40 mAb was shown to reverse the 

immunosuppressive cytokine profile of TAMs
210.  Zolendronic acid has also been shown to inhibit tumor 

progression, at last partly due to the inhibition of macrophage migration, proliferation and secretion of 

MMP9. It has also been shown to reverse the M2-like polarization of TAMs by increasing iNOS 

expression, while simultaneously downregulating IL-10 and VEGF
211, 212

.  In fact, targeting TAMs and 

other tumor-associated leukocytes has not only been shown to induce a tumoricidal effect, but also to 

restore the efficacy of radiotherapy, anti-angiogenic therapy and chemotherapy treatments
213, 214, 215

.  

  Despite the overwhelming amount of research dedicated to cancer, relatively little has been done 

to understand the effects of multiple, concurrent interactions on the tumor microenvironment, although 

this more closely resembles the physiological TME as a complex signaling milieu with pathway 

redundancies. Paclitaxel has been hypothesized to have a positive effect by directly downregulating 

Tregs, and the nucleoside analog gemcitabine was shown to reduce the number of myeloid suppressor T 

cells without altering effector T and NK cell populations. However, when gemcitabine was administered 

in combination with oxaliplatin, IL-2 and GM-CSF, it also suppresses Tregs
216, 217, 218

. This synergistic 

effect highlights the need for an improved understanding of the dynamic TME as tumors progress, in 

order to more appropriately tailor and bolster cancer therapeutics.  

 As described, immunotherapy, or the practice of re-training the patients’ own immune 

system in an anti-tumorigenic fashion, represents a promising avenue of cancer treatment. This strategy 

has been utilized in a variety of ways, from the cytokine and mAb treatments described above, to cancer 

vaccinations targeting the induction of a tumor-specific T cell response. Cancer vaccination as a broad 

term refers to both immunoprevention and immunotherapy, and may provide the key to inducing a potent 

response by encouraging the development of immune memory
219, 220

. These treatment strategies are 

potentially less toxic than conventional chemo- and radiotherapy, and may be especially useful in older or 

otherwise frail cancer patients, as well as those in advanced stages or experiencing relapse
221, 222. 

Vaccination strategies against breast cancer have already been developed and demonstrate an induction of 
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tumor-specific CD4
+
 and CD8

+
 T cell responses. Unfortunately these have met with limited success due 

to the low immunogenicity
223, 224, 225

. Adoptive cellular therapies (ACT), in which an immunogenic tumor-

associated antigen has been targeted have also been employed, as described above. One strategy to 

overcome the low frequency of tumor-specific T cells is to reprogram immune cells ex vivo before 

reintroduction to the host. Using a combination of ACT followed by differentiation-inducing interleukins, 

it is possible to selectively activate and expand tumor-primed T cells, NK cells and NKT cells, potentially 

providing long-lived protection against relapse in a clinical setting.
222, 226, 227

  

   

IL-12 IMMUNOMODULATION  
 

 The utilization of the patient’s own immune system to eradicate EOC has become a popular 

strategy in recent years. These immune-based therapies are an attractive option due to the highly 

immunogenic nature of ovarian tumors
228

. The major hurdles to overcome in order for this type of therapy 

to be effective include the identification of the appropriate tumor-specific antigen, the generation of 

sufficient immune response, and overcoming immune inhibition by the TME
229

. While the generation of 

tumor antigen-specific T cells for EOC therapy is important, we have previously discussed the ability of 

the TME to suppress the immune system through a variety of secreted factors and signals, protecting the 

tumor cells from eradication. Obviously the pro-tumorigenic niche as a whole needs to be repolarized to 

render immunotherapies more effective.  Several cytokines have been utilized in an effort to counteract 

the immunosuppressive tumor microenvironment. One of the most effective, and yet most fraught with 

side effects is IL-12, demonstrating a need for a more targeted, elegant administration strategy.  

 IL-12 is a heterodimeric cytokine that has potent TH1-type immunostimulatory effects on TH 

cells, TC cells, and NK cells. IL-12 has a molecular mass of 70 kDa, and is composed of subunits of 40 

and 35 kDa each
230

. The p40 chain is homologous to the IL-6 cytokine receptor, while the p35 subunit is 

homologous to IL-6 and GM-CSF, although neither subunit appears to be biologically active on its 

own
231, 232

. Receptors for IL-12 (IL-12R) can be found on resting and activated NK cells, and activated 

CD4
+
 and CD8

+
 T cells, as well as B cells, macrophages and DCs

233, 234, 235
. Signaling through IL-12 
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induces rapid tyrosine phosphorylation of mitogen activated protein (MAP) kinases in activated T cells, 

as well as of Janus (JAK) kinases in activated T cells and NK cells, and Stat3 and Stat 4 (signal 

transducers and transcription factors) in CD4
+
 T cells. As a potent immunomodulator, IL-12 upregulates 

the expression of MHC class I and II molecules, and possesses anti-angiogenic properties
236, 237, 238, 239, 240

. 

The major source of IL-12 production is APCs, which in turn induces IFNγ secretion by normal 

lymphocytes
241, 242, 243, 244

. Several cytokines, including TNFα, IL-1β, IL-2 and IL-15 can act 

synergistically with IL-12 to stimulate IFNγ secretion
245, 246, 247, 248

. Following an innate immune response, 

IL-12 and IFNγ production can support the differentiation of activated CD4
+
 and CD8

+
 T cells into 

effectors of cell-mediated immunity
249

. Activation of T and NK cells via IL-12 also stimulates the 

production of TNFα, IL-3, GM-CSF, MCSF, and IL-8
235, 250, 251

. Co-administration with IL-2, IL-15, IL-

21, IL-8, or GM-CSF has a synergistic effect, increasing the levels of pro-inflammatory cytokines 

induced
252

. However, IL-12 does not support the proliferation of resting T or NK cells, only those that 

have been previously activated
252

.  Conversely, IL-12 does further stimulate the cytolytic activity of 

antigen-specific CD8
+
 T cells and NK cells, increasing production of cytolytic effector molecules perforin 

and serine esterases and enhances the adhesion of NK cells to target cells
250, 253, 254, 255

. The synergistic 

activity of this cytokine further highlights the need for an improved understanding of microenvironmental 

signaling as a system. 

A variety of animal models and clinical trials have illustrated that IL-12 is a powerful anti-

tumorigenic therapeutic
256, 257, 258, 259, 260

. The administration of IL-12 into tumor-bearing mice can delay, 

reduce and even completely inhibit tumor development. Intra-tumoral IL-12 injection elicited potent anti-

tumor activities, mediated by NK cell cytotoxic activity
261

. In 1994, Phase I clinical trials began at the 

New England Medical Center, Dana-Farber Cancer Institute, Indiana University Medical Center and the 

Pittsburgh Cancer Institute. This trial used a bolus i.v. injection of recombinant human IL-12, 

administered to patients with advanced stage solid tumors.
262

 This treatment was associated with 

significant immunomodulatory effects, but unfortunately IL-12 –related toxicosis had to be monitored 

closely, as systemic administration is associated with side effects. High levels of circulating IL-12 were 
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associated with several undesirable problems, including fever, fatigue, nausea, headache, allergy, 

immunosuppression, systemic mastocytosis, severe hepatic and renal dysfunction, cardiotoxicity and 

death.
263, 264, 265

In order to abrogate tumor growth while avoiding any systemic administration-related 

toxicity, tumor cells and accessory cells have been engineered to express IL-12 in several animal 

models
266, 267

. Importantly, induction of IL-12 directly in tumor cells did not affect the cells’ ability to 

proliferate in vitro, but inhibited their ability to grow in immunocompetent mice
268, 269

. Using IL-12 as an 

adjuvant therapy may prove appropriate for treatment of cancer recurrence, if targeted delivery systems 

can be improved.  

One such strategy is to induce membrane-bound expression of IL-12 (mbIL-12) on cancer cells as 

a targeted anti-tumor vaccine. Membrane-bound cytokines increase the immunogenicity of tumor cells, 

and stimulate antitumor immunity more effectively
270, 271, 272, 273, 274, 275, 276, 277

. Numerous strategies have 

been developed to compensate for the missing stimulatory signals present in the TME. Indeed, tumor cells 

expressing membrane-bound TNFα, GM-CSF, IL-2, IL-4, IL-12 and IFNγ have all been utilized
278, 279, 280, 

281, 282, 283, 284
. Additionally, some have even created vaccines that express multiple cytokines, chemokines 

and/or costimulatory molecules simultaneously on tumor cells in an attempt to increase the efficacy of 

these vaccines via a combinatorial approach
285

. Importantly, mbIL-12 maintains its biological activity, 

proving comparable to that of the secreted form
286

. Additionally, mbIL-12
+
 tumor cells are able to 

stimulate ConA-activated splenocytes to proliferate, induce CD8
+
 T cells to express CD69 and IFNγ 

without additional involvement of APCs, and have overall reduced tumorigenicity
287

. A tumor cell 

vaccine expressing both IL-12 and IL-2 was shown to have a synergistic effect in both subcutaneous and 

intravenous tumor models
280

. While Lim et al found potent activation of effector T cells using this mbIL-

12 model, Nagarajan et al reported no such activation
288

. This may be a result of differing anchoring 

strategies, the former having used a TNFα (Type II transmembrane) protein, the latter having used a GPI 

anchor system. Depending on the tumor model, different immune cells, including CD8
+
 T cells, CD4

+
 T 

cells, NK cells and/or NKT cells appear to be responsible for the efficacy of mbIL-12 treatment
289, 290, 291, 

292
. Even more striking, mbIL-12 was shown to be stable, with minimal free-floating IL-12 (and thus 
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minimal undesirable side effects) found in the circulation following administration despite potent 

antitumor activities
293

. Therefore, mbIL-12 shows a lot of potential as a strategy to repolarize the TME in 

an anti-tumorigenic manner due to its potent immunomodulatory properties, and the inherent safety of a 

more targeted approach.  

THE OMENTAL FAT BAND (OFB) 

 

 The omental fat band (OFB) is a vascularized fatty tissue contained between mesothelial sheets 

within the PC that runs along the underside of the stomach to the pancreas, and extends like a curtain 

down to the spleen. It contains distinct aggregates of leukocytes, termed “milky spots” due to the opaque 

color, organization and identity of these immune cells, and were first described and named by Ranvier in 

1876 in rabbit OFBs
294

. Despite the highly organized structure within the milky spots themselves, the 

distribution throughout the OFB, size of individual milky spots and number of cells per milky spot is 

highly variable
295

. Milky spots contain high endothelial venules (HEVs) that facilitate immune cell entry 

and egress from the bloodstream via expression of peripheral lymph node addressin (PNAd) and mucosal 

addressin (Mad-CAM1)
296

. Milky spots are hypothesized to be the mode of entry of B1 cells from the 

bloodstream into the PC, although not the sole mode of B2-B cell transport
296, 297

. The OFB has powerful 

antimicrobial properties, and has been named by some as a secondary lymphoid organ due to its role in 

immunosurveillance within the peritoneal cavity. In an immunocompetent host, circulating lymphocytes 

travel through specialized structures called secondary lymphoid organs to be presented antigen. These 

secondary, or peripheral, lymphoid organs have a precise architecture with distinct regions enriched for B 

and T cells. Interdigitating and follicular dendritic cells (IDCs, FDCs) are the prototypical APCs 

associated with peripheral lymphoid organs, responsible for the development of antigen-specific 

responses. In a study by Rangel-Moreno et al, lymphotoxin-alpha deficient mice (LTa
-/-

), which lack 

lymph nodes and Peyer’s patches, were splenectomized and reconstituted with wild-type bone marrow. 

Antigens were found to collect at milky spots of these otherwise secondary lymphoid organ-deficient 

mice after injection into the PC, resulting in antigen-specific antibody development and T cell 

proliferation, supporting the claim that the omentum can serve as a secondary lymphoid organ. In fact, 



 

19 
 

flow from the PC to milky spots allows entry of both antigens and leukocytes; locally activated 

lymphocytes, as well as mature lymphocytes from elsewhere were shown to recirculate through the OFB 

as part of a general surveillance route in search of antigen
298

. In a study of inflammation, macrophages 

and neutrophils were also shown to follow the milky spot route from circulation into the peritoneal 

cavity
299

. This passage between milky spots and the omental surface is believed to occur as a result of 

fenestrations in the mesothelial single-cell layer
300

. These fenestrations are not found in the mesothelial 

layer elsewhere on the OFB
295

. The label of ‘secondary lymphoid organ’ remains somewhat controversial 

however, because the overall milky spot architecture is unique. B cell clusters have been readily 

identified, but they do not appear to contain centrally located CD35
+
CD21

+
 CXCL13-producing FDCs. 

CXCL13 is chemotactic for B cells, and thus is an important aspect of typical lymphoid organ follicular 

structure. There is CXCL13 expression co-localized with CD11b (monocyte lineage) and FDCM1 (FDCs) 

staining, but it occurs on the outside of B cell clusters within milky spots. Further, FDCM1 staining does 

not colocalize with other known FDC markers, raising the possibility of a unique follicular cell 

phenotype. Milky spot formation is not incumbent upon lymphoid tissue inducer cells, as are lymph nodes 

and Peyer’s patches, and thus follow a distinct developmental program that requires CXCL13-producing 

macrophages and stromal cells
298

. As well as being the site for leukocyte entry and egress through the 

omentum, milky spots have also been hypothesized to be a region of B1-B cell development and self-

renewal and macrophage maturation
43, 297, 301, 302

.  

The OFB is of particular importance to EOC because it is a well known spot for metastatic 

seeding and outgrowth. In fact, the OFB is typically removed by surgeons as a preventative measure 

during tumor debulking because it is such a successful TME. Cancer cell seeding to the OFB has been 

shown to cause a rapid influx of immature macrophages into milky spots, an overall increase in leukocyte 

number in individual milky spots, as well as the formation of new milky spots in areas of tumor cell 

seeding. (Increases in milky spot number and size have also been shown in an intraperitoneal 

inflammation model)
303

. Decades ago it was determined that an omentectomy would reduce the ability for 

cancer cells to seed after peritoneal injection
58

. Despite the increase in immune cells, milky spots are 
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unable to prevent or reverse tumor cell growth, and the OFB is rapidly overrun. Indeed, in one study the 

adherence of tumor cells to milky spots was so tight that repeated aggressive lavage was not sufficient to 

detach them within minutes of i.p. injection. This observation provides further support for the practice of 

removing the OFB in all clinical patients in danger of PC malignancy
59

. Macrophages harvested from the 

OFB retain tumoricidal ability ex vivo, indicating that there must be some polarizing event occurring in 

the TME that prevents this activity
61, 295

.  After an initial influx of immature macrophages to milky spots 

as a result of peritoneal stimulation with tumor cells, one study showed no changes in the percentage of 

macrophage subpopulations, nor in the organization of these, indicating that the ability of cancer cells to 

polarize the microenvironment in an immunosuppressive manner is fairly rapid
59

.   

The fetal omentum has recently been shown to be an important site for B1 B cell development 

from hematopoietic progenitors, and may even play a role in the homeostasis of this cell population in 

adults
304

. B1 cells are specialized B cells that are thought to be more “innate-like”, and are the 

predominant B cell population in the peritoneal and pleural cavities. They are also distinguished from the 

common circulating B cell population (B2 cells) due to their role in natural low-affinity IgM antibody 

production, which is crucial in providing early protection from a variety of pathogens
305, 306

. Thus, they 

are thought to bridge the gap between infection and activation of the adaptive immune system which 

involves clonal expansion and differentiation of conventional B2 and T cells, and requires several days to 

undergo full activation and differentiation
307, 308

.  Further, they can maintain themselves by self-

replenishment or self renewal
43

. B1 cells can be distinguished based on their surface markers, expressing 

high levels of IgM, and low levels of IgD, CD23 and B220. Peritoneal B1 cells also express CD11b, and 

can be further subdivided into B1a cells, which are CD5
+
, and B1b cells, which are CD5 

lo/-
. B1 cells 

express autoantigen receptors, as well as antigen receptors that bind conserved epitopes on common 

pathogens
305

. One such example is the T15 idiotype which binds phosphorylcholine, a common 

component of the cell surface of some bacteria
309

. B cell homing to ‘conventional’ secondary lymphoid 

structures is controlled by CXCL13 production of follicular non-hematopoietic stromal cells and 
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macrophages, and indeed B1 cell homing to the OFB as well as the PC is CXCL13/CXCR5 signaling-

dependent
297

.  

The OFB has potent angiogenic properties; in a recent study, milky spots contained hypoxic 

regions that produce high levels of VEGF and other pro-angiogenic chemokines, hypothesized to account 

for the complex lymphatic and capillary networks within omental tissue
294, 304

. Omental vessels in milky 

spot regions from naïve mice were shown to be constitutively angiogenic, or constantly signaling for the 

development of new blood vessels, supporting the hypothesis that this phenotype would promote the rapid 

influx of immune cells in the event of a PC infection
57

. This organ has been used surgically to facilitate 

wound healing in reconstructive procedures or to close large surgical incisions due to its angiogenic and 

immunological properties, as well as its large size
300, 310, 311

. Mesothelial cells lining the OFB further 

propagate pro-angiogenic signaling by secreting VEGF-A in response to hypoxic conditions or TGFβ 

signlaing
57, 312

.   

Despite its immunological properties, the OFB is often removed in the case of ovarian cancer 

patients as a preventative measure because it is a known preferential site of cancer cell seeding and 

outgrowth. This leaves women more susceptible to subsequent infections. Despite the apparent immune 

function of milky spots, cancer cells can bind to aggregates and continue their metastatic growth 

program
58, 59, 165, 313

. In mice, the omentum supports tumor cell proliferation and morphological changes 

within hours of i.p. injection. Indeed, cancer cells were detected in the OFB at milky spots as early as five 

minutes post- i.p. injection
59

. VCAM
+
 mesothelial cells that cover milky spots have been shown to be the 

major producers of VEGF-A in the OFB, although adipocytes were not evaluated due to the method of 

immune and mesothelial cell segregation, and may also contribute
57

. While the existing vasculature in the 

OFB promotes initial tumor survival, metastatic growth requires the formation of new blood vessels from 

formerly quiescent ones; a process termed the “angiogenic switch”. Gerber et al postulate that this 

inherent pro-angiogenic phenotype may contribute to the ease with which EOC converts the OFB into a 

pro-tumorigenic microenvironment
57

. In summary, the OFB is the primary site of EOC metastasis, 

possesses potent angiogenic properties, and normally functions as a secondary lymphoid organ, 
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important in immunosurveillance of the PC. It is an excellent example of the inherent complexity of 

TMEs, possessing a dynamic and complex signaling network that is hijacked by ovarian cancer cells to 

create a pro-tumorigenic niche. Therefore, it is crucial that we understand the cascade of events that 

polarizes the OFB from an effective line of host defense to an incredibly successful TME in a stepwise, 

dynamic fashion if we are to create more effective therapies. 

 

IMMUNOSENESCENCE 

 

 One of the difficulties of cancer immunology research is the incredible heterogeneity of results 

between different cancer models and in clinical oncology
314.  It has been suggested that there is a co-

evolution of tumors and host immunity, and that the dynamics of this co-evolution are reflected in the 

variable data
314. In other words, tumor cells may have co-existed with immune defense systems for an 

extended period of time, resulting in the selection of tumor variants no longer recognized by anti-tumor 

specific T cells (“immunoediting”), as well as chronic antigen exposure, resulting in T cell exhaustion or 

anergy. These processes are susceptible to modulation by altering the cytokine milieu, as well as by 

altering expression of T cell receptors
315. This would be especially pertinent in aged individuals who are 

experiencing age-associated immune alterations, or “immunosenescence”. 

 The majority of cancer cases occur in patients over the age of 65. It has been reported that certain 

immunotherapeutic regimens that have proven effective in younger animal models were rendered 

ineffective when administered to an older subset
316, 317

. As discussed previously, while a variety of anti-

tumor antigens have been reported and tested, these immunotherapies are largely ineffective
318, 319

. This 

could be attributed to the mostly late-stage phenotype of clinical patients, which may be experiencing T 

cell exhaustion as a result of chronic co-habitation with tumor cells
314. Additionally, there is a well-

documented correlation between aging and the incidence and prevalence of cancer
320, 321, 322, 323

. Further, it 

was recently demonstrated that aging is accompanied by a low-grade inflammatory state (also thought to 

be a pro-tumorigenic factor) due to impaired regulation of the immune response
324, 325, 326

. This 

phenomenon has actually been termed “inflamm-aging” 327. It is hypothesized that chronic antigenic load 
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as a result of a lifetime of antigenic experiences reduces the number of “virgin” (non-antigen 

experienced) T cells, filling the immunological space with expanded clones of memory and effector T 

cells expressing a senescent phenotype (progressively shortening telomeres and reduced replicative 

capacity). The chronic antigenic load (bacteria, virus, fungi, toxins and mutated cells) continuously 

activates the innate immune system, resulting in a progressive increase of inflammatory cytokines and 

markers, a chronic inflammatory state, favoring the onset of typical age-related diseases such as 

atherosclerosis, osteoporosis and cancer
322.  

  The actual mechanism behind immunosenescence is not well understood, but there are presently 

hypothesized to be three contributing factors: i) thymic involution with development, ii) intrinsic changes 

due to cell membrane damage leading to altered signaling, and iii) chronic antigenic stimulation 

throughout a lifetime 
328, 329, 330

. Thus, the relative ineffectiveness of immunotherapies in the clinical 

setting so far may be a result of immunosenescence of the majority of patients treated, limiting the 

reported success of these therapeutic methods
221, 331

. This is particularly pertinent in EOC, a disease that 

affects primarily post-menopausal women.  

 

PARITY 

The incidence of ovarian cancer is reduced due to a variety of factors including oral contraceptive 

use, lactation and parity
332

. The risk of ovarian cancer is decreased by up to 50% in women who give birth 

prior to 20 years of age, and this rate increases progressively with each additional pregnancy
333

. This 

pattern has been demonstrated across a variety of ethnic groups and geographic locations, denying the 

possibility of socioeconomic effects or environmental factors.
24

 However, little work has been done to 

determine the underlying molecular mechanisms that affect parity-related ovarian cancer protection. 

 Parity also provides protection against breast cancer, and scientists have attempted to define a 

molecular signature related to modulation of the mammary microenvironment. However, focus has been 

given to hormone and growth factor interactions. D’Cruz et al. used microarray analysis to attempt to 

identify a “parity signature” that would be indicative of a protective microenvironment in the mammary 
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gland against breast cancer
334

. They generated a list of 40+ genes that were parity-associated, indicating a 

general increase in epithelial differentiation, immune regulation and the TGFβ signaling pathway, and 

concomitant decrease in epithelial proliferation. This parity trend was conserved in mice, rats and 

humans, validating the use of rodents as a model for this research
334, 335

. Additionally, tumor suppressor 

p53 is upregulated in parous mammary tissue, as compared to nulliparous tissue, again indicating a 

tumor-resistant microenvironment
336

. There are currently several hypotheses regarding the protective 

effects of parity. The first three suggest that cells are rendered less susceptible to oncogenic stimuli as a 

result of changes in i) epithelial growth factor availability; ii) hormone balance; iii) or a terminal 

differentiation of a specific subpopulation of cells;  and the last that iv) involution following pregnancy 

eliminates pre-malignant cells
332. We submit that the resident immune populations within the relevant 

immune microenvironment must also play a role in this protective environment.  

Despite the number of studies that have isolated “key” signaling events, or “crucial” cell types 

involved in the pathogenesis of EOC (among others), and despite the amount of money that has been 

spent in the last four decades on EOC research, there is still a huge disconnect between efficacy in vitro, 

in preclinical animal trials, and clinical results. Since the 1970s, the 5 year survival rate in EOC patients 

has only improved by 6%, and the rate of drug-resistant recurrence is still high. We hypothesize that this 

discrepancy is due in part to the lack of knowledge of specific TME signaling networks as a SYSTEM, a 

network of complex interactions that must be understood and dealt with as a WHOLE, instead of 

attempting to break it down into the simplicity of the in vitro arena. The redundant pathways that exist 

within the TME illustrate the futility of targeting one cell type or signaling molecule as the miracle cure 

of EOC. Additionally, common clinical variables such as patient immunosenescence could have an 

overwhelming impact on an otherwise successful therapeutic regimen, while parity-associated changes 

could be defined and harnessed to identify a successful tumor suppressive state. Therefore, it is clear that 

these factors must also be understood in the context of the tumor microenvironment as a whole. Here, we 

aim to i) characterize the PC and OFB as complex signaling microenvironments ii) to determine the 

cascade of events that allow EOC to redirect immune populations and immune signaling pathways to 
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create a pro-tumorigenic niche in nulliparous and parous models, and iii) to elucidate the stepwise 

microenvironmental changes induced via a commonly used membrane-bound immunomodulatory 

molecule as an immunotherapeutic.  
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CHAPTER 2. Specific Aims 
 

Specific Aim 1: Comparatively define the immune microenvironment of the omental fat band 

(OFB) and the peritoneal serous fluid (PSF) in the homeostatic state.  
 

Rationale: The OFB plays a crucial role in the immunosurveillance of the PC through its function as a 

secondary lymphoid organ. Further, it is a well-established site of EOC cell seeding and outgrowth 

following metastasis throughout the PC. The OFB is thought to provide the PC with many of its immune 

subsets, including B1 cells and some of the free peritoneal macrophages. It is a unique immunological 

microenvironment. However, its immune profile has not been fully characterized and compared with the 

PSF that it filters. The PC has long been used as the site for immunizations and metastasis studies due to 

the ease of injections and the induction of potent immune responses.
1
 The cellular composition of the PC 

is very different from that of organs typically studied to evaluate immune responses, namely the 

peripheral blood, spleen and lymph nodes. The OFB is a visceral fat depot, a subset of white adipose 

tissue that is involved in a variety of diseases and metabolic disorders, including cardiovascular disease, 

insulin dysergulation and certain cancers. Visceral fat depots are thought to act as reservoirs for 

recruitable leukocyte and progenitor populations that aid in the progression of disease pathogenesis. 

Currently, intra-abdominal fat depots are used interchangeably when evaluating the role of visceral fat in 

various diseases. It is important to understand the pre-existing compositional immune profile of 

these microenvironments within the PC, and how shifting population ratios in the homeostatic state 

may affect the efficacy of immunotherapies targeted against EOC progression.  
 

Working Hypothesis: The OFB will contain a resident immune population consistent with its status as a 

secondary lymphoid organ. Thus, we expect a significant population of B cells, including B1s, as well as 

T cells, macrophages and monocytes, as previously reported. The peritoneal serous fluid will portray an 

immune population more indicative of a circulating defense system, with a large proportion of B1 cells, 

negligible T cells and circulating macrophage populations, as previously reported. The immune 

compositional profile of the OFB will be a distinct immunomodulatory microenvironment when 

compared to alternative intra-abdominal fat pads, consistent with its immunoregulatory phenotype, and 

should be evaluated independently in the context of physiologically and pathologically relevant 

conditions.   

 

Alternatives: It is possible that  all intra-abdominal fat depots will display similar immune compositional 

profiles, and can be used interchangeably, as has been common practice in the literature.  If so, alternative 

intra-abdominal fat depots should be evaluated following ovarian cancer dissemination to evaluate their 

role in metastatic growth.  

 

Specific Aim 2. Evaluate the parity-mediated changes in the OFB immune microenvironment in the 

homeostatic state, and in the tumor microenvironment as a consequence of cancer cell seeding in 

the PC.  

 

Rationale: EOC is primarily a disease that affects post-menopausal women, and has an extremely high 

rate of relapse. Parity has been correlated with reduced ovarian cancer incidence, although the molecular 

mechanisms behind this phenomenon remain unknown. Although various immune cells within OFB 

milky spots maintain specificity against tumor-associated antigens, or display tumoricidal activities when 

collected and tested ex vivo, they have become polarized to support a very successful pro-tumorigenic 

microenvironment through cancer cell initiation of a pro-tumorigenic program. For decades it has been 

common practice among surgeons to remove the OFB during tumor debulking in an attempt to prevent 

further EOC metastasis. Due to the asymptomatic nature and late detection of EOC, clinical studies are 

typically performed when metastasis has already occurred. To determine the molecular mechanisms 
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behind parity-mediated reduction in ovarian cancer may provide a “protective signature” in this metastatic 

microenvironment that could be harnessed for the design of cancer therapeutics.  Given the efficiency of 

tumor cells in providing themselves with a pro-tumorigenic niche, it is important to understand 

how EOC affects the OFB as a microenvironment, and potentially highlight pro-tumorigenic 

signaling events that could be targeted and disrupted.  
 

 

Subaim 2.1: Determine the age- and parity-related differences in the OFB in the homeostatic state.   

 

Rationale: The success of recently developed immunotherapies targeted against EOC has been somewhat 

underwhelming in the clinical setting. It has been hypothesized that this may be due to the existence of 

immunosenescence in the majority of EOC patients, who are post-menopausal. Most immunotherapy 

studies are performed in young animal models, which may not be the most accurate portrayal of effects in 

the clinical setting. One study indicated that while three different immunotherapy techniques were 

effective in providing tumor protection to young mice, these were ineffective in older mice. The three 

treatment strategies had to be combined to provide any sort of protection. This implies that while 

immunosenescence is an important factor in the pathogenesis of cancer and must be addressed, it is still 

possible to reverse or divert pro-tumorigenic signals and induce tumor regression in older patients. 

Additionally, parous women have a decreased incidence of ovarian and breast cancer development, 

associated with inherent alterations to mammary tissue in a breast cancer model. This highlights the 

importance of the pre-metastatic niche in successful tumor development, and indicates a pre-existing 

microenvironmental profile that is refractory to tumor development. Therefore, it is crucial to 

determine the intrinsic age- and parity-related changes in the OFB microenvironment in the 

homeostatic state in order to define a protective profile that may be harnessed for the development 

of cancer therapeutics.  
 

Working Hypothesis: The OFB will display pre-existing age- and parity-specific changes in the immune 

compositional profile in the homeostatic state. 

 

Alternatives: It is also probable that the mice we chose to use, 12 month old retired breeders, are not yet 

old enough to be demonstrative of  full-blown immunosenescence. However, given the limited 

availability and high price of older animals, as well as the difficulty in keeping them alive during a long-

term study without the development of other ailments, we thought this age group was our most viable 

option. Additionally, we believe that the ‘aged phenotype’ is something that develops gradually, so we 

may be able to use these mature mice to isolate early signaling events in this process.  

 

Subaim 2.2: Determine the changes in the OFB microenvironment after ovarian cancer cell seeding 

and outgrowth, and the parity-associated changes in tumor development.  

 

Rationale: Ovarian cancer is an aggressive disease that is difficult to treat due to late detection and a high 

incidence of pre-existing metastasis at the time of treatment. However, epidemiological studies indicate 

that child-bearing, particularly before the age of 20, provides a significant reduction in the incidence of 

ovarian cancer. This suggests that it is possible to re-program the pro-tumorigenic niche in a tumor 

suppressive fashion. The molecular mechanisms behind this phenomenon have not been described, and 

the impacts on the OFB as the primary site for ovarian cancer metastasis are unknown. Thus, it is 

imperative that we evaluate the effects of the “protective parity signature” on tumor growth, as well 

as its immunomodulatory role on the development of a pro-tumorigenic microenvironment within 

the OFB.  
 

Working Hypothesis: Ovarian cancer cell implantation in the peritoneal cavity will result in the 

development of a pro-tumorigenic niche within the OFB microenvironment, characterized by the influx 
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and/or polarization of pro-tumorigenic leukocytes. Parity-associated changes to the existing OFB immune 

microenvironment will provide a niche that is refractory to metastatic growth so that parous mice will 

have a decreased tumor burden as compared to nulliparous mice, associated with delayed development of 

the pro-tumorigenic niche previously characterized.  

 

Specific Aim 3. Determine the efficacy of membrane-bound IL-12 immunomodulation following 

cancer cell seeding and outgrowth in the OFB in a step-wise, kinetic manner. 

 

Rationale: IL-12 has previously been shown to have potent immunostimulatory properties. Briefly, it 

induces the proliferation and activation of tumor antigen-specific T effector cells, as well as NK cells. In 

animal and human models it has reduced, and in some cases completely cleared, tumor burden in multiple 

cancer types. However, clinical trials have been associated with marked toxicity due to the potent 

inflammatory nature of this cytokine. Thus, a more targeted approach is warranted. Membrane-bound IL-

12 has been shown to retain its immunomodulatory properties as compared to the secreted form, inducing 

CD69 and IFNγ expression in CTLs, and perforin expression in NK cells. The TME is a complex 

signaling milieu, with a huge variety of pro-tumorigenic populations and signals, all of which have been 

elucidated in the context of late stage disease. However, little is known about the shifting cascade of 

events that may gradually polarize the TME in this fashion. Moreover, while IL-12 has been tested as a 

cancer therapeutic in a variety of models, results are again analyzed in the context of late-stage disease, 

when regulatory and tolerogenic programs are already well underway. Thus, we propose to induce 

membrane-bound IL-12 expression in tumor cells and microenvironmental changes in the context 

of initial metastasis (24 hours post-seeding), early tumor growth (7 days post-seeding) and an 

established pro-tumorigenic niche (3 weeks post-seeding, which represents end-stage disease in our 

aggressive ovarian cancer model) in order to study the differences in the overall signaling milieu, 

and how these changes affect tumor burden. This evaluation may provide valuable insight into 

improved treatment opportunities, particularly if combined with improved early detection techniques.  

 

Working Hypothesis:  Membrane-bound IL-12 expression will alter the ability of ovarian cancer cells to 

polarize the microenvironment in a suppressive manner, resulting in increased anti-tumorigenic immune 

populations like CTLs and M1s, which will slow or halt tumor cell seeding and outgrowth in the OFB. 

These changes will occur in a step-wise manner, first deactivating tolerogenic immune populations such 

as Tregs, thus allowing for the influx or re-education of cytotoxic effector cells, such as CTLs and M1s. 

 

Alternatives: Given the widespread assertion that an inflammatory environment propagates a pro-

tumorigenic niche, the addition of another potent inflammatory cytokine may have the opposite effect on 

tumor growth, increasing the growth rate of malignancy. However, given the equally large burden of 

research describing the immunosuppressive populations present in the tumor microenvironment, and 

efficacy of IL-12 as a cancer therapeutic, it seems likely that mbIL-12 will have the anticipated result. 

Additionally, given our repeated assertion that the TME is a complex signaling milieu, and that there are 

redundant cascades that contribute to the decrease in anti-tumor activity of adaptive and innate effector 

cells, as well as the increase in regulatory and tolerogenic populations, it is possible that IL-12 treatment 

will not cause relapse-free disease reduction or clearance. In other words, as it has been postulated that 

eventual tumor growth is a result of a type of co-evolution of tumor cells alongside tolerogenic immune 

populations, it is also possible that already seeded tumor cells in the OFB will eventually “evolve” or 

“learn” (if we really want to anthropomorphize these cells) to circumvent the protection provided by 

increased IL-12 signaling. In this case, while tumor growth would be slowed, animals would eventually 

submit to catastrophic tumor burden. However, if this is the case monitoring OFB microenvironmental 

changes in a kinetic manner may allow us to elucidate the mechanism behind tumor cells overcoming IL-

12 treatment, again providing valuable insight into the signaling cascade as a whole, and eventual 

improvements in treatment regimens.  Regardless of the effect on tumor burden, studying the changes in 
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the signaling microenvironment in its entirety should give us valuable insight into the system as a whole, 

and its susceptibility to manipulation.  

 

Working Hypothesis: Introduction of ovarian cancer cells into the PC and seeding to the OFB induces 

stepwise changes to the immune microenvironment that promote a progressively more favorable pro-

tumorigenic niche, promoting polarization of TILs to Tregs and circulating monocytes to TAMs.  
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Abstract  

 

White adipose tissue (WAT) is recognized as a diverse endocrine organ involved in energy storage, 

metabolism, immune function and disease pathogenesis. In contrast to subcutaneous fat, visceral fat (V-

WAT) has been associated with numerous diseases and metabolic disorders, indicating specific function 

related to anatomical location. Although visceral depots are often used interchangeably in V-WAT-

associated disease studies, there has been a recent subdivision of V-WAT into "true visceral" and non-

visceral intra-abdominal compartments with distinct physiological roles, illustrating a need for depot-

specific information. Here, we use FACS analysis to characterize the leukocyte and progenitor 

populations in the stromal vascular fraction (SVF) from peritoneal serous fluid (PSF), parametrial 

(pmWAT), retroperitoneal (rpWAT), and omental (omWAT) adipose tissue from seven-month old 

C57BL/6 female mice (n=10). qRT-PCR was also used to determine individual whole-tissue gene 

expression profiles. SVF composition displayed significant depot-specific differences between all four 

microenvironments. PSF SVF contained >99% CD45
+
 leukocytes, while omWAT contained a smaller 

percent, but still almost two-fold more leukocytes than pmWAT and rpWAT (75%, 38% and 38% 

respectively; p<0.01).  PmWAT was composed primarily of macrophages, whereas rpWAT more closely 

resembled omWAT, denoted by high levels of B1-B and monocyte populations.  Thus, intra-abdominal 

fat pads represent independent immunomodulatory microenvironments and should be evaluated as 

distinct entities with unique contributions to physiological and pathological processes. 
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INTRODUCTION 

White adipose tissue (WAT) is the largest endocrine organ in the body, comprising up to 45% of total 

body composition in obese individuals (BMI≥30). Once thought to be a passive reservoir for excess 

energy storage, WAT is increasingly recognized for its role in metabolism, immune and endocrine 

function, thermoregulation, and tissue repair
1
.  Its function in both physiological and pathological 

processes may be influenced by either tissue resident adipocytes or the stromal vascular fraction (SVF), 

which includes leukocytes, mesenchymal stem cells, adipocyte progenitors, fibroblasts, and endothelial 

cells
2
. Recent studies indicate functional differences in adipose tissue depots related to anatomical 

location, specifically between subcutaneous fat (S-WAT) and visceral fat (V-WAT). While expansion of 

S-WAT is associated with improved insulin sensitivity and decreased risk of type 2 diabetes, V-WAT 

expansion is linked to an increased risk of cardiovascular disease, glucose dysregulation, hypertension, 

and certain cancers
3, 4

. Functional and secretory differences between V-WAT and S-WAT include 

increased lipolysis and expression of inflammatory molecules, and decreased angiogenesis, production of 

adiponectin and leptin, and responsiveness to insulin
5
. Although V-WAT comprises only   about 10% of 

total body fat, it is strongly correlated with increased morbidity and mortality
5, 6

. 

Recently, V-WAT has been further classified based on drainage, distinguishing “true” V-WAT 

depots, e.g. omental and mesenteric fat drained by the portal vein, from intra-abdominal (“non-visceral”) 

depots, drained by the inferior vena cava, including perigonadal (parametrial in females, epididymal in 

males), retroperitoneal, and perirenal fat
7, 8

. The portal theory suggests that exaggerated hepatic 

delivery of free fatty acids and pro-inflammatory cytokines originating from V-WAT drained by 

the hepatic portal vein in obese individuals, is responsible for insulin resistance and metabolic 

deterioration
9
. This has been important in demarcating depots that may be more associated with 

the development of metabolic syndrome.  However, even with this delineation, studies comparing 

S-WAT and V-WAT are inconsistent in their use of V-WAT.  Different fat pads are  often used 

interchangeably although distinct depots are reportedly unique in tissue dynamics (hypertrophic versus 
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hyperplastic response to excess calories), adipokine release, hormonal responses, vascularization, 

innervation, and abundance of non-adipocyte components
7, 8

. Due to this diversity, it is possible that 

individual fat pads play differential roles in the pathogenesis of specific diseases. Thus, it is critical that 

the inherent differences between intra-abdominal fat depots are properly characterized instead of 

designating one to represent the contribution of V-WAT as a whole.  

Although there is no human counterpart, perigonadal fat is often utilized in murine studies of V-

WAT-associated diseases, primarily due to its ease of access and relative abundance
8
.  However, the use 

of this depot as representative of all V-WAT may be not provide a complete picture and makes drawing 

depot-specific conclusions difficult.  A more comprehensive characterization of each depot is warranted.  

In support of this, one study demonstrated that differences in fat pad composition and functionality endure 

after transplantation to different anatomical sites, indicating that other factors, such as SVF content, may 

contribute to functional heterogeneity
10

.  While many studies focus on WAT transcriptome, proteome or 

secretome, limited information exists on the cellular composition of individual depots.  Given the 

metabolic and immunological relevance of V-WAT, there is clearly a need for elucidation of depot-

specific SVF composition and gene expression profiles in order to provide a more comprehensive 

understanding of these distinct microenvironments within the peritoneal cavity. Here, we utilized 

fluorescence-activated cell sorting (FACS) to comparatively characterize the SVF of parametrial WAT 

(pmWAT), retroperitoneal WAT (rpWAT), omental WAT (omWAT), and the peritoneal serous fluid 

(PSF), to determine whether they represent unique microenvironments. We also performed qRT-PCR to 

assess differences in the gene expression profiles. Our results suggest that pmWAT, rpWAT, omWAT, 

and PSF represent distinct microenvironments with unique cellular composition in the homeostatic state, 

supporting our hypothesis that distinct fat depots possess inherent properties that may differentially 

impact disease states.  

METHODS AND PROCEDURES 

Ethics Statement 
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Mice were used in accordance with the guidelines of the Virginia Tech (VT) Institutional Animal Care 

and Usage Committee (IUCAC). Animal work in this study was approved by VT’s IACUC (animal 

protocol # 10-099 HNFE).  

Animals 

Female C57/BL6 mice (Harlan Laboratories) were housed five per cage in a controlled environment (12 

hour light/dark cycle at 21C) with free access to water and food (18% protein rodent chow, Teklad 

Diets).  Mice were sacrificed at 24 weeks of age (27g average body weight) by CO2 asphyxiation.  

Adipose tissue and peritoneal serous fluid harvest  

OmWAT, pmWAT and rpWAT were harvested from each mouse, weighed, and rinsed with calcium- and 

magnesium-deficient phosphate buffered saline (PBS
-/-

). OmWAT was attached posteriorly to the 

stomach, connecting to the pancreas, and running down to the anterior of the spleen
11

 OmWAT samples 

were also tested for buoyancy to ensure there was no pancreatic contamination. PmWAT, the largest fat 

depot, was located directly under the muscle wall on the dorsal side of the abdomen and attached to the 

uterine horns. RpWAT was the denser fat depot attached dorsally to the peritoneum, directly behind the 

kidney.  Each tissue was then processed for FACS or placed into RNAlater (Qiagen) and stored at -80°C.  

Resident peritoneal cavity cells were collected via peritoneal lavage with 5ml of PBS
-/-

.  The effluent was 

centrifuged, subjected to erythrocyte lysis (155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA)
2
, and further 

processed as described below.  

Tissue Digestion  

SVF from individual fat depots (n=10) were isolated from digested tissue
12, 13

 with minor modifications to 

improve yields. OmWAT was digested in GKN-buffer containing 1.8mg/ml Type IV collagenase, 10% 

FBS, and 0.1mg/ml DNase. The pmWAT and rpWAT digest buffer included a 1:1 ratio of Krebs-Ringer 

bicarbonate buffer and collagenase solution (1mg type I collagenase, 10mg BSA, and 2mM CaCl2 in 1ml 

PBS). Following digest at 37°C for 45 min, cells were passed through a 40µm cell strainer, and 

erythrocytes were lysed.  

FACS Analysis 
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Cell suspensions were washed in flow buffer (2% BSA in PBS
-/-

), blocked with Fc block (BD 

Biosciences) for 10 minutes at 4°C, rinsed and subsequently incubated with fluorochrome-labeled 

antibody combinations (available upon request) for 20 min at 4°C. Fluorochrome-labeled antibodies 

specific for mouse CD45, CD11b, CD11c, F4/80, Ly6C, MHCII, CD34, CD31, CD4, CD44, CD62L, 

CD25, CD69, B220, CD19, NK1.1, CD73, Flk-1 and Ly6G were obtained from eBioscience (San Diego, 

CA). CD105 and Ly6a/e antibodies were obtained from BioLegend (San Diego, CA) and Ly6G, CD3, 

CD8, CD80, CD117 and MR antibodies were obtained from BD Biosciences (San Jose, CA). Prior to 

analysis, cells were washed twice and resuspended in PBS
-/-

 with propidium iodide for dead cell 

exclusion. FACS was performed on a FACSAria (BD Biosciences) and data was analyzed using Flowjo 

(TreeStar) software. 

RNA extraction  

WAT was homogenized in Qiazol (Qiagen), and RNA was purified using an RNeasy Lipid Tissue Kit 

(Qiagen), according to manufacturer’s instructions. RNA concentration was determined using a 

NanoDrop1000 spectrophotometer. 

Quantitative real-time PCR 

 RNA (n=6 per tissue) was subjected to the iScript cDNA synthesis system (Biorad) according to 

manufacturer’s protocol. qRT-PCR was performed with 12.5ng  cDNA per sample using gene-specific 

SYBR Green primers (primer sequences are available upon request) designed with Beacon Design 

software. SensiMix SYBR and Fluorescein mastermix (Quantace) was used in a 15L reaction volume.  

qRT-PCR was performed for 42 cycles at 95C for 15 sec, 58-60C for 15 sec, and 72C for 15 sec, 

preceded by a 10 min incubation at 95C on the ABI 7900HT (Applied Biosystems).  Melt curves were 

performed to ensure fidelity of the PCR product. The housekeeping gene was L19 and the ddCt method
14

 

was used to determine fold differences.  

Statistical Analysis  
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Data was expressed as mean ± standard error of mean (SEM).  FACS and qRT-PCR data were analyzed 

using a one-way ANOVA coupled with a Tukey Post-hoc test in Graphpad Prism. Differences were 

considered statistically significant at p<0.05. 

RESULTS 

To date, studies investigating the contribution of V-WAT to various diseases have often used intra-

abdominal fat pads interchangeably. Considering the reported differences between S-WAT and V-WAT, 

we believe it is important to determine whether intra-abdominal fat pads are indeed similar with respect to 

their SVF cellular composition, or represent unique signaling microenvironments that may differentially 

impact intra-peritoneal processes.  Here, we use pmWAT due to its widespread application in murine 

studies, omWAT due to its classification as a “true” visceral fat and importance in immunological 

surveillance, and rpWAT due to its characterization as a non-visceral intra-abdominal fat depot with a 

human counterpart.  

Seven-month old female C57/BL6 mice were chosen to match the endpoint of many WAT studies 

that place young mice on specialized treatment regimens for several weeks or months
8, 15, 16, 17, 18

. This age 

also allows sufficient fat accumulation for comprehensive FACS analysis of the SVF.  Additionally, 

female mice were utilized because of gender-related differences in adipose accumulation and the 

importance of omWAT in gynecological diseases, such as ovarian cancer
11, 16

. 

Fat depot size and cellularity 

As expected, pmWAT was the largest fat depot while omWAT represented the smallest (Figure 3.1a). 

Despite its significantly smaller size, omWAT yielded total numbers of SVF cells similar to pmWAT, 

whereas rpWAT had a significantly smaller SVF population (p<0.0001) (Figure 3.1b). Thus, 20 times 

more SVF cells per milligram of tissue were isolated from omWAT, as compared to pmWAT (p=0.009) 

or rpWAT (p=0.01) (Figure 3.1c).   
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Figure 3.1. Intra-abdominal fat depots display variable stromal vascular fractions. (a) Whole tissue 

weight. (b) Total number of SVF cells isolated from the digestion of each tissue. (c) Number of SVF 

cells isolated from the digestion of each milligram (mg) of adipose tissue.  pmWAT; parametrial 

WAT, rpWAT; retroperitoneal WAT, omWAT; omental WAT. 
a,b,c 

Unlike letters indicate significance, 

P < 0.05. 

 

Fat depot SVF characterization 

Individual fat depots were characterized via FACS analysis to identify depot-specific differences. PSF 

was included as an established immunologically active microenvironment present within the peritoneal 

cavity
19, 20

. Leukocyte subsets were identified based on well-defined surface markers (Figure 3.2). First, 

viable cells (identified via propidium iodide exclusion) were separated into CD45
+
 leukocytes and CD45

-
 

stromal constituents.  The CD45
+
 population was subsequently separated into R1 (lymphocyte) and R2 

(monocyte/granulocyte) gates based on forward/side scatter (Figure 3.2a). T-lymphocyte subsets within 

the CD3
+
 fraction (R1) were further separated into CD4

+
 T-helper (Th) cells, CD8

+
 T-cytotoxic (Tc) cells, 

NK1.1
+
 natural killer T-cells (NKT), or CD4

-
CD8

-
 double-negative (DN) cells (Figure 3.2b). CD19

+
 B-

cells, distributed within both the R1 and R2 gates, were gated into B1 (B220
lo/+

CD11b
+
) and B2 

(B220
lo/+

CD11b
-
) subsets (Figure 3.2c). Monocyte/granulocyte populations (R2) were classified based on 

CD11b, CD11c and F4/80 staining, followed by analysis of additional surface markers (Ly6C, Ly6G, 

mannose receptor [MR], CD80, CD69 and CD93) (Figure 3.2d).  
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Figure 3.2 FACS analysis gating strategy. (a) Digested tissue samples were subjected to PI live/dead 

cell exclusion, CD45
+
 leukocytes divided into R1 (lymphocytes) and R2 (mono-, granulocytes) gates 

based on forward/side scatter followed by doublet exclusion. (b) CD3
+
 T cells from R1 were further 

subclassified as either CD4
+
 TH, CD8

+
 TC or DN (double negative). (c) CD19

+
 B cells from R1 and R2 

were further subclassified into CD11b
+
 B1 or CD11b

- 
B2. (d) Monocytic populations from R2 

classified based on CD11b, F4/80 and CD11c (not shown) staining, further subdivided based on 

activation markers. 

 

Markers defining specific populations and distribution of leukocyte subsets within the respective 

fat pads are detailed in Figure 3.3 and Supplementary Table S3.1. The compositional profiles of 

individual fat depots were clearly different, supporting the hypothesis that each fat depot is a unique 
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microenvironment harboring distinct immune cell populations. All three fat depots contained a large 

CD45
-
 population within the SVF, whereas the PSF was limited to CD45

+
 leukocytes (99.1%). Consistent 

with its role as a secondary lymphoid organ, omWAT contained a twofold higher CD45
+
 population than 

pmWAT and rpWAT (p<0.001).  

Overall Distribution 

Of total compartmental leukocytes, pmWAT contained the highest proportion of macrophages 

(Mθs) (45.2%), with smaller populations of B-cells (12.9%), T-cells (8.2%) and monocyte subsets (2.8%) 

(Figure 3.3, Supplementary Table S3.1). The immune composition of rpWAT displayed distinct 

similarities (larger B1- and dendritic cell (DC) and monocyte populations) to omWAT whereas T- and 

natural killer (NK) cell frequencies (7.3%; 3.5%) more closely matched those of pmWAT, its non-

visceral counterpart. OmWAT had proportionally more T-cells (21.5%), DCs (19.1%) and B-cells 

(35.5%) than pmWAT or rpWAT (Figure 3.3). Confirming previous reports
19

, PSF contained a large 

proportion of B1-cells (38.1%), Mθs (21.0%) and DCs (8.7%), consistent with ongoing 

immunosurveillance in the peritoneal cavity (Figure 3.3, Supplementary Table 3.1).  
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Figure 3.3 Intra-abdominal fat depots display unique leukocyte compositional profiles (a) pmWAT, 

(b) rpWAT, (c) omWAT, and (d) PSF. Subsets defined as described. Macrophages: CD11b
+
F480

lo/+
;
 

DCs: CD11c
+
CD11b

lo/+
; NK cells: CD11b

+/-
NK1.1

+
; TH cells: CD3

+
CD4

+
; TC cells: CD3

+
CD8

+
; 

NKT cells: CD3
+
NK1.1

+
; B1 cells: CD19

+
B220

lo/+
CD11b

+
; B2 cells: CD19

+
B220

lo/+
CD11b

-
; 

Monocytes: CD11b
lo/+

F480
-
; Other: Tregs (CD3

+
CD4

+
CD25

+
), undetermined T cells (CD3

+
CD4-

CD8
-
NK1.1

-
), myeloid precursors (R1,CD3

-
B220

-
NK1.1

-
CD11b

hi
), PMNs (CD11b

+
Ly6G

+
Ly6C

+
), 

and PreBoMs (CD19
+
CD11b

hi
B220

lo
F480

+
CD93

+
CD69

+
).  

 

Lymphocyte Characterization 

OmWAT contained the highest proportion of T-cells, consistent with its role in antigen 

presentation and development of cell-mediated responses
21

. This corresponds to high expression of Ccl21, 

a chemoattractant important in the homing of T-cells to lymphoid organs.  PmWAT and rpWAT had 

threefold fewer T-cells (p<0.0001) than omWAT, although the Th:Tc ratio in all four microenvironments 

was 4:1.  There were no significant depot-specific differences within the memory (CD44+/CD62L
+/-

) or 

naïve (CD44
-
/CD62L

+
) Th or Tc subsets (data not shown).  The proportion of NKT-cells was significantly 

lower in PSF than all fat depots (p<0.001). Interestingly, the majority (>60%) of NK-cells within all four 
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compartments were CD94
hi
, which has recently been associated with increased proliferation, production 

of IFNy, and target cell lysis
22

. Further, the CD27
hi
 subset of mature NK (mNK) cells in omWAT was 

twofold higher (p<0.001, data not shown) than the other microenvironments. CD27 expression has been 

linked to increased responsiveness to chemokines and interactions with DCs, again consistent with the 

role of omWAT as a major peritoneal immunosurveillance organ
23

. 

Monocyte/Granulocyte Characterization 

Within the R2 gate, four populations based on relative CD11b and F4/80 expression were 

discernible. Previous reports have described two functionally distinct macrophage subsets within the PSF: 

the “large peritoneal macrophages” (LPMs), named for their increased forward/side scatter (predominant 

in the homeostatic state), and “small peritoneal macrophages” (SPMs) which increase in number 

following LPS stimulation
24

.  The largest R2 population present within the PSF was the CD11b
+
F4/80

+
-

LPMs, (61.7%), followed by CD11b
+
F4/80

lo
-SPMs, and CD11b

+
F4/80

-
- (I) and CD11b

lo
F4/80

lo
-

monocyte (II) populations present at 8.3%, 3.5%, and 23.5%; respectively (Figure 3.4 a,b). 

In contrast, the predominant R2 population in pmWAT was SPMs (77.7%), with minor 

populations of LPMs (7.0%) and monocytes (I and II) (7.6%; 5.4%). Similarly, in rpWAT the SPM 

population was predominant (42.4%), with LPMs representing only 5.7% of total cells within the R2 gate. 

However, the monocytic (I and II) subsets represented a significant proportion (31.7%, and 17.1%; 

respectively) of the R2 gate. The omWAT R2 composition was also defined by a predominant SPM 

subset (30.9%), with the LPMs and monocytes (I and II) comprising 3.1%, 27.9%, and 34.6%; 

respectively.  

A CD80/MR expression profile was used to evaluate depot-specific differences in macrophage 

activation status. SPMs residing within PSF and omWAT expressed CD80, whereas pmWAT and rpWAT 

SPMs were CD80
-
.  MR expression was only noted in SPMs isolated from PSF, omWAT and rpWAT 

(Figure 3.4c).  This further suggests that depot-specific factors inherently contribute to activation or 

differentiation of their inherent SVF leukocytes.  
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Figure 3.4a. FACS analysis monocytic subset gating strategy. (a) pmWAT, (b) rpWAT, (c) 

omWAT, (d) PSF 
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Figure 3.4b. Intra-abdominal fat depots display unique monocytic subset ratios. (a) pmWAT, (b) 

rpWAT, (c) omWAT, (d) PSF 



 

64 
 

 
Figure 3.4c. Intra-abdominal fat depot monocytic subsets display depot-specific activation status. (a) 

pmWAT, (b) rpWAT, (c) omWAT, (d) PSF 

 

PreBoMs 

During analysis, a small, distinct CD45
+
 cell population (0.7%) was identified within the PSF that 

was not present in the fat depots. We refer to this subset as “PreBoMs” (pre-B or -macrophages) due to 

their expression of unique and potentially novel surface markers (Figure 3.5). These cells were 

CD19
+
B220

lo/+
, expressed high levels of CD11b and were found within the R2 gate, implying a more 
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granular phenotype. Additionally, they expressed CD93, a premature B-cell marker, and CD69, an early 

activation marker. Similar to the age-associated and IL-10-producing B-cells reported recently
25, 26

, 

preBoMs were CD1d
+
 and CD5

+
. However, they also expressed F4/80, a mature macrophage marker. We 

were unable to evaluate CD11c expression within this population to confirm if these cells are one of the 

aforementioned novel B-cell subtypes, or a new subset residing within the peritoneal cavity. Because of 

the importance of innate-like B-cell subsets in peritoneal immunosurveillance, it needs to be determined 

whether this subset plays a role in metabolic disorders and peritoneal diseases.  

 
Figure 3.5. PSF contains an undefined population of leukocytes with macrophage, B cell and 

progenitor markers. Found within the R2 gate, they are referred to as preBoMs (pre-B or –macrophage 

cells) due to CD19
+
CD11b

hi
F480

+
CD93

+
CD69

+
CD1d

+
CD5

+
 phenotype. This subset was not found in 

WAT.  
 

Progenitor/Stem Populations 

We also examined the prevalence of stem and progenitor cells as they may contribute to 

microenvironmental signaling and tissue-specific responses to energy.   Additionally, they may be 
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recruited and educated to participate in tissue repair and re-organization and may contribute to various 

disease states. Figure 3.6a provides an overview of some notable progenitor markers present on CD45
-
 

cells within pmWAT and omWAT. RpWAT did not contain a sufficient SVF content for analysis of both 

immune and progenitor populations in this tissue.   

CD34, CD73, CD105, Sca1, CD31, and Flk1 were all differentially expressed in pmWAT and 

omWAT (p<0.05) (Figure 3.6a). Of note, CD45
-
CD105

+
CD73

+
 mesenchymal stem cells (MSCs)

27
 were a 

more prominent percentage of the SVF in omWAT (p<0.0001), while CD45
-
Sca1

+
CD34

+
 adipocyte 

precursor cells (APCs)
28

 and CD45
-
CD105

+
CD31

+
Sca1

+
CD117

+
 endothelial progenitor cells (EPCs)

29
 

were a higher percentage in pmWAT (both p<0.0001).  However, based on total cell numbers, pmWAT 

contained a greater number of all three subsets due to the higher proportion of CD45
-
 cells within the SVF 

(61.9% versus 24.5% respectively, p<0.001) (Figure 3.6b). Thus, stem and progenitor populations may 

also contribute to depot-specific differences between intra-abdominal adipose tissues.  

 
Figure 3.6. Intra-abdominal fat depots display unique progenitor subsets. (a) Percentage of CD45 

negative cells that are positive for markers shown. (b) Total number of SVF cells positive for selected 

markers in pmWAT and omWAT.   

 

Fat depot specific mRNA expression profile 
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qRT-PCR was performed to more extensively characterize the overall adipose tissue signaling milieu in 

these unique microenvironments.  It is important to note that expression patterns represent the tissue as a 

whole (except in PSF), and thus are reflective of both adipocytes and SVF. A panel of inflammatory 

mediators, angiogenesis-associated molecules, adipokines and lipolysis-associated enzymes were used to 

provide an overview of genes that may contribute to depot-specific differences.  

RpWAT and pmWAT exhibited highly similar mRNA expression profiles (Figure 3.7, Table 2), 

potentially due to the prevalence of adipocytes and CD45
-
 cells. In contrast, a significant (p<0.05) 

upregulation of cytokines (Il-1b, Il-2, Il-10) and chemokines (Ccl2, Ccl5, Ccl7, Ccl19, Cxcl1, Cxcl2, 

Cxcl10, Cxcl13) was observed in omWAT. While this may be due in part to the large resident leukocyte 

population, it may also be required for active recruitment and continual maintenance of high leukocyte 

numbers. OmWAT also expressed significantly higher levels of Apoe, and lower levels of Adipoq, Agt, 

and Lpl as compared to pmWAT and rpWAT, indicating differences in lipid homeostasis regulation.  

Additionally, omWAT displayed increased Hif1a expression, which may be the result of chronic 

hypoxia
11

. However, this was not associated with a concomitant increase in Vegfa, perhaps because Vegfa 

was already highly expressed.  

PSF, which was comprised almost exclusively of CD45
+
-leukocytes, exhibited an mRNA 

expression profile similar to omWAT, denoted by decreased expression of Tnfa and Il5, and increased 

expression of Ccl5, Cxcl1, Cxcl2, Cxcl13, and Tgfb as compared to pmWAT.  However, PSF expression 

of Csf1, Ifng, Rorc, Il4, Ccl4, Ccl7, Ccl21, Cxcl12, Vegfa, C3, and Nos3 were significantly lower than all 

fat depots. Additionally, Il2, Il10, Ccl19, and Cxcl10 were significantly higher(p<0.05) in omWAT, but 

were significantly lower(p<0.05) in PSF, as compared to pmWAT.  As anticipated, of the three fat depots 

PSF was most similar to omWAT, which acts as its filtration system.  However, as PSF is composed of 

primarily leukocytes, the cellular components and interactions among cell types in the two 

microenvironments are very different, resulting in unique expression profiles.   



 

68 
 

            Figure 3.7. Gene expression analysis of intra-abdominal fat depots. Expressed as dCT, normalized to L-19. 

 

DISCUSSION 

Adipose tissue is a highly active and functionally diverse endocrine organ that has been associated with 

various metabolic disorders and certain cancers
1, 5, 6

, especially in the case of V-WAT.  However, the 

exact contribution of individual V-WAT depots to physiologic and pathologic functions is poorly 

understood.   Here, we characterized SVF composition and homeostatic gene expression profiles of three 

intra-abdominal fat pads to determine depot-specific differences, as this may critically impact their 

functionality.  This study highlights the unique immune profile of intra-abdominal fat depots and supports 

our hypothesis that they may each have distinct roles in biological functions and disease pathogenesis and 

thus should be evaluated independently. 

In agreement with the previous designation of pmWAT and rpWAT as non-visceral intra-

abdominal fat pads, the initial compositional profile of leukocytes based on lymphocyte (R1) versus 

monocyte/granulocyte (R2) fractions revealed an identical 1:2 ratio, while omWAT and PSF displayed a 

ratio of 3:2. This indicates that lymphocytes are the predominant leukocyte population in omWAT and 

PSF, while the monocytes/granulocyte fraction is dominant in pmWAT and rpWAT. However, upon 

further evaluation, high numbers of B1-cells were found within the R2 gate of rpWAT. Although the 

R1:R2 ratios of pmWAT and rpWAT are very similar, when expressed as a proportion of total T- and B-

cells, the immune cell composition of rpWAT more closely resembles that of omWAT and PSF. This was 



 

69 
 

unexpected as the omWAT is considered “true” V-WAT while rpWAT has been described as a non-

visceral intra-peritoneal fat pad.  

B1-lymphocytes play an important role in immunosurveillance in the peritoneal cavity and are 

considered “innate-like” B-cells, possessing pattern recognition receptors to conserved bacterial and viral 

epitopes
30

. In naïve animals, there is a constant flux of B1-cells between omWAT and the PSF. However, 

their presence in other intra-abdominal fat pads has not been reported. Unexpectedly, we found a large 

proportion of B1-cells in rpWAT, comparable to PSF and higher than omWAT. Additionally, rpWAT 

expressed higher levels of Il5, a stimulator of B-cell growth and immunoglobulin secretion
31

, than 

omWAT. In concordance with FACS data, qRT-PCR indicated constitutively high expression of Cxcl13, 

a chemoattractant for B1-cells
32

, in all four microenvironments. Together, this suggests that the rpWAT 

may serve a yet undefined function in peritoneal B-cell immunomodulation.  

An unexpected finding during the course of this study was the appearance of 

CD19
+
F4/80

+
B220

lo
CD11b

hi
CD1d

+
CD5

+
D93

+
CD69

+
 cells, which we have named PreBoMs based on 

their expression of B-cell-, macrophage- and progenitor-specific markers. It is unclear if this population 

represents the IL-10-producing regulatory (recently reported in spleen and PSF)
33, 34

  or age-associated B-

cells (reported in spleen only)
35

, since the expression of F4/80 has not been reported in either cell type. 

Further analysis is needed to determine whether this PreBoM population is indeed a novel B-cell-like 

subset within the peritoneal cavity. 

The CD45
-
 component of the SVF includes fibroblasts, endothelial cells, and stem and progenitor 

populations. Adipose-associated stem and progenitor cells have been implicated in various biological 

processes and pathological conditions
36, 37

. While not comprehensive, our analysis highlights significant 

depot-specific stem/progenitor populations present in pmWAT and omWAT. The higher numbers of 

MSCs, APCs, and EPCs in pmWAT suggest that it may be a more abundant source of recruitable 

stem/progenitor cells. Similar to fat depot-specific leukocyte trafficking, unique signaling milieus may 

account for differences in progenitor populations.  More in-depth depot-specific analyses are warranted to 



 

70 
 

determine the local and systemic implications of these populations in individual fat depots, particularly in 

the context of human disease states.  

In summary, our results support the hypothesis that intra-abdominal fat pads represent distinct 

signaling microenvironments, each serving as its own “mini-organ”
38

. In agreement with previous reports 

indicating important functional differences between true visceral and non-visceral intra-abdominal fat 

pads in various metabolic disorders, we have found distinct differences in the SVF even within these 

subgroups. Our comparison of SVF composition, as well as overall gene expression of pmWAT, rpWAT, 

and omWAT, indicate that intra-abdominal fat depots cannot be used interchangeably. Hence, the 

comprehensive characterization of these immunomodulatory microenvironments provides the foundation 

for the design of future studies investigating depot-specific impacts on peritoneal homeostasis and chronic 

diseases. These findings support a new paradigm for the manner in which intra-abdominal fat should be 

studied. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table S3.1 FACS analysis of intra-abdominal fat depots. PmWAT, rpWAT, omWAT and PSF.  

  

Leukocyte Characterization  (% of CD45+, +/- SE) 

  Markers pmWAT rpWAT omWAT PSF 

% CD45+ (of viable) 
 

38.1 (3.6) 38.1 (2.5) 75.4 (1.2) 99.1 (0.3) 

% lymphocytes 
 

29.0 (3.1) 29.1 (3.0) 53.0 (8.3) 62.0 (1.1) 

% mono/granulocytes (R2) 
 

62.2 (3.0) 61.1 (3.5) 39.3 (8.3) 34.7 (3.1) 

R1 

B cells CD19+ 12.9 (1.8) 43.4 (2.2) 35.5 (1.5) 46.5 (1.2) 

        B1 CD19+CD11b+B220lo/+      11.5 (1.7)      40.0 (2.1)      25.0 (1.1)      38.1 (1.2) 

        B2 CD19+CD11b-B220lo/+        0.9 (0.2)        2.2 (0.4)        7.1 (0.9)        4.9 (0.8) 

T cells CD3+ 8.2 (0.8) 7.3 (0.8) 21.5 (1.7) 4.3 (0.4) 

        TH CD3+CD4+       4.6 (0.8)        3.7 (0.6)      12.8 (1.8)        3.1 (0.2) 

        TC CD3+CD8+       1.2 (0.1)        1.2 (0.2)        3.9 (0.5)        0.7 (0.1) 

        NKT CD3+NK1.1+       0.9 (0.1)        0.7 (0.1)        0.6 (0.1)        0.3 (0.1) 

        TREG CD3+CD4+CD25+       0.8 (0.3)        1.5 (0.4)        2.5 (0.2)        1.6 (0.2) 

        CD3+CD4-CD8-NK1.1- 
 

      2.4 (0.2)        2.3 (0.4)        4.5 (0.4)        0.4 (0.1) 

Myeloid precursors CD3-B220-NK1.1-CD11bhi 5.1 (0.6) 5.2 (0.4) 4.8 (0.3) 2.0 (0.1) 

mNK NK1.1+CD11b+CD3- 3.4 (0.3) 3.0 (0.3) 1.4 (0.2) 1.3 (0.1) 

preNK NK1.1+CD11b-CD3- 0.9 (0.1) 0.5 (0.1) 0.6 (0.1) 0.1 (0.04) 

DCs( I) CD11c+CD11blo/+ 6.7 (0.4) 8.3 (0.5) 7.6 (0.7) 4.6 (0.4) 

R2 

DCs (II) CD11b+/loCD11c+F4/80- 3.7 (1.5) 11.3 (6.4) 11.5 (4.0) 3.8 (1.5) 

LPMs CD11b+F4/80+ 3.6 (0.6) 3.1 (0.5) 1.1 (0.2) 21.0 (1.4) 

SPMs CD11b+F4/80lo 41.6 (2.1) 22.9 (1.2) 11.1 (1.2) 2.9 (1.1) 

Monocytes (I) CD11b+F4/80- 1.4 (0.6) 10.2 (3.8) 4.0 (1.7) 0.2 (0.1) 

Monocytes (II) CD11bloF4/80- 1.4 (1.1) 4.4 (1.4) 6.1 (2.4) 5.0 (2.2) 

PMNs CD11b+Ly6G+Ly6C+ 0.4 (0.1) 0.8 (0.1) 0.04 (0.03) 0 

PreBoMs CD19+CD11bhiB220loF480+CD93+CD69+ 0 0 0 0.7 (0.1) 
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Gene rpWAT omWAT PSF 

Tnfa 0.50 (0.67) -3.84 (0.39)* -9.17 (1.70)* 

Csf1 -1.04 (0.52) -0.90 (0.47) -11.84 (2.05)* 

Nos2 1.14 (0.65) -17.74 (4.02)* -134.99 (30.80)* 

Ifng -1.55 (1.24) 0.26 (0.68) -7.76 (1.712)* 

Tgfb -1.27 (.14) -23.33 (1.26)* -7.84 (0.99)* 

Mif 0.01 (0.62) -2.25 (0.22)* -1.07 (0.77) 

Ido -0.71 (1.01) -1.61 (0.25) -1.02 (0.76) 

Rorc 1.38 (1.94) 1.66 (0.90) -17.99 (0.50)* 

Gata3 -1.69 (0.81) -8.80 (2.92)* -13.99 (2.46)* 

Tbx21 -1.10 (0.93) 1.39 (0.65) -0.84 (1.02) 

NFkB -0.31 (0.74) 3.02 (0.24)* 4.62 (1.02)* 

Il1b 0.20 (1.12) 114.42 (78.18)* 9.57 (7.71) 

Il2 -1.80 (1.57) 6.36 (1.49)* -6.19 (2.18)* 

Il4 -6.31 (4.47) -1.57 (0.72) -6.10 (1.81)* 

Il5 -0.84 (0.85) -3.38 (0.59)* -24.54 (7.77)* 

Il6 -0.55 (0.69) 1.86 (0.70) 0.85 (0.85) 

Il10 -1.00 (0.54) 9.62 (1.73)* -2.58 (0.62)* 

Il12a 0.50 (0.66) -1.88 (0.25) -0.31 (0.88) 

Ccl2 2.29 (1.53) 67.59 (33.34)* -2.80 (1.64) 

Ccl3 -0.85 (0.81) -1.82 (0.67) 14.30 (5.41)* 

Ccl4 -2.44 (0.50) 2.39 (0.35) -14.10 (4.18)* 

Ccl5 -1.00 (0.50) 11.65 (2.08)* 2.73 (1.08)* 

Ccl7 0.52 (0.97) 1.86 (2.0)* -214.80 (112.99)* 

Ccl19 -0.47 (0.80) 5.76 (0.90)* -42.96 (10.35)* 

Ccl21 -10.27 (5.81)* -3.46 (1.60) -4387.09 (1360.31)* 

Cxcl1 2.95 (0.56) 54.61 (20.49)* 5.52 (2.07)* 

Cxcl2 3.36 (0.90) 32.22 (15.48)* 96.50 (37.33)* 

Cxcl10 -0.089 (0.87) 4.72 (0.86)* -46.87 (12.43)* 

Cxcl12 -2.32 (0.42)* -0.98 (0.51) -21.79 (3.19)* 

Cxcl13 2.06 (1.08) 488.67 (56.84)* 67.45 (19.31)* 

Crp -2.18 (1.69) 22.73 (13.83)* 4.03 (1.77) 

Prom1 0.51 (0.77) -0.15 (1.10) -17.06 (4.83) 

IL1rn 1.27 (2.10) 50.39 (24.96)* 3.31 (0.99) 

Vegfa 1.05 (0.53) -1.64 (1.62) -255.32 (31.63)* 

Hif1a -0.89 (0.51) 74.87 (10.38)* 33.99 (5.56)* 

Nos3 1.25 (0.60) -2.25 (0.52) -112.30 (40.96)* 

Lep 3.65 (1.19) -4.62 (2.16) -1233.93 (376.92)* 

Adipoq 1.78 (0.24) -31.56 (5.28)* -287768.13 (57680.49)* 

Retn 2.25 (0.20)* -2.08 (0.45) -28554.69 (8773.49)* 

Agt 1.29 (0.13) -3.14 (0.77)* -31365.74 (0.00)* 

Apoe 1.50 (0.26) 5.64 (0.46)* 5.55 (1.63)* 

C3 -1.75 (0.85) 2.49 (0.38) -17.65 (5.20)* 

Msr1 -1.32 (0.14) -0.99 (0.46) -1.43 (0.67) 

Lpl 2.21 (0.25)* -3.76 (1.10) -22.46 (0.74) 

Supplementary Table S3.2 Gene expression analysis of intra-abdominal fat depots. Data are 

presented as fold changes compared to pmWAT (± standard error of the mean), *p<0.05 
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ABSTRACT 

 

 Ovarian cancer is an insidious and aggressive disease, typically undiscovered prior to metastasis 

due to its asymptomatic nature. However, epidemiological studies indicate that child-bearing (parity) is 

associated with decreased ovarian cancer risk. The molecular mechanisms responsible for this 

phenomenon are not understood. The omental fat band (OFB) is the primary site of ovarian metastasis in 

the peritoneal cavity. Characterized as a secondary lymphoid organ, it serves as a filtration system for the 

peritoneal serous fluid (PSF) and is capable of mounting both innate and adaptive immune responses 

during peritoneal immunosurveillance. We have used fluorescence-activated cell sorting (FACS) analysis 

and quantitative realtime PCR (qRT-PCR) to determine that parity is associated with an altered immune 

profile in the OFB, characterized by a reduction in monocytic subsets and B1-B cells as well as 

expression of their respective chemoattractants. We find that parity results in reduced tumor burden 

following intraperitoneal implantation compared to nulliparous animals, and that delayed tumor 

development is associated with a reduction in tumor-associated neutrophils (TANs) and macrophages 

(TAMs) recruited to the OFB (and PSF). These findings define a naturally occurring microenvironmental 

state in the OFB that is refractory to rapid metastatic tumor growth, and could provide insights into 

strategies for modulating or disrupting the pro-tumorigenic cascade that develops after cancer cell 

seeding.  
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INTRODUCTION  

Ovarian cancer is the deadliest gynecological malignancy, responsible for 140,000 deaths in 

women annually worldwide
1, 2

. Additionally, it has one of the highest death-to-incidence ratios in the US 

due to late detection, a high degree of tumor heterogeneity and a high rate of disease recurrence
3, 4, 5

.  

During metastasis, ovarian cancer cells exfoliate from the primary tumor and disseminate 

throughout the peritoneal cavity in the serous fluid 
6, 7

. The omental fat band (OFB) is the predominant 

site of peritoneal metastasis, with omental tumors observed in 80% of all women with serous ovarian 

carcinomas
5
. The OFB is considered a secondary lymphoid organ and contributes to immunosurveillance 

of the peritoneal cavity. It is composed of fatty tissue interspersed with immune cell aggregates or “milky 

spots”
8, 9

, which consist  of leukocytes, stem and progenitor cells, fibroblasts and endothelial cells
10

 that 

are collectively referred to as the stromal vascular fraction (SVF). These milky spots also contain hypoxic 

regions that induce constant production of VEGF and other pro-angiogenic factors
9, 11

. It has been 

hypothesized that the inherent pro-angiogenic status of the OFB in the homeostatic state represents a pre-

metastatic niche that can be harnessed to aid in tumor development. Disseminated tumor cells adhere to 

these milky spots within hours 
12, 13

 and promote a pro-tumorigenic microenvironment and subsequent 

tumor growth
6, 9, 13, 14

. While cancer cell-mesothelial cell interactions that impact cancer cell adherence 

have been the subject of investigation 
15

, the complex and dynamic interactions between metastatic cancer 

cells and resident leukocytes within this immunologically relevant microenvironment have not been well 

characterized.  

Ovarian cancer is a disease of older women:  more than 87% of women diagnosed with ovarian 

cancer are older than 55 years of age
16

, and older women are more likely to be diagnosed with a later 

stage of the disease
17

; reducing their 5-year survival to less than 30%
16

. Risk factors associated with 

ovarian cancer include endometriosis, pelvic inflammatory disease and certain infertility treatments
18

. 

Conversely, oral contraceptives, some surgical procedures (e.g., tubal ligation, hysterectomy), lactation 

and parity are associated with a significantly decreased risk of ovarian cancer.  Women who undergo an 
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early (<20 years old) full-term pregnancy have a significantly reduced lifetime risk of breast and ovarian 

cancer
19, 20, 21

. Additionally, the relative risk is inversely correlated to an increased number of offspring
22

. 

However, little is known about the persistent molecular and cellular changes that modulate ovarian cancer 

risk as a result of child-bearing.  

We have reported that the homeostatic immune microenvironment of the OFB significantly 

differs from that of other intraperitoneal fat tissue with a distinct leukocyte profile, as well as a robust 

cytokine signaling network
23

. The impact of age or parity on this immune microenvironment is not 

known. However, this may have critical implications for the generation of a metastatic niche that 

determines successful tumor adherence and outgrowth within the peritoneal cavity. Given the importance 

of the OFB as a primary metastatic site, in the present study we comparatively characterized the stromal 

vascular fraction (SVF) and the respective gene expression profiles of OFBs from young adult 

nulliparous, mature adult nulliparous and mature parous mice in response to aggressive ovarian cancer 

cell seeding. The objective was to identify any age- and/or parity-specific cellularity changes inherent to 

the OFB that may shed light on parity-associated protection against cancer metastasis. In the present 

study, parity positively correlated with reduced peritoneal tumor burden. This was associated with distinct 

parity-associated changes to the pre-existing immune microenvironment within the OFB that may have 

provided protection. A more comprehensive understanding of the dynamic cellular interactions that occur 

during metastatic colonization and outgrowth is critical for the development of improved treatment 

strategies that effectively target the tumor microenvironment at the time of disease discovery. These 

insights may ultimately lead to novel strategies that re-polarize the immune microenvironment of the OFB 

in a manner that reflects a naturally occurring microenvironment refractory to cancer growth.  

 

METHODS AND PROCEDURES 

Cell Lines 

The mouse ovarian surface epithelial (MOSE) cell model utilized in this study was developed 

from C57BL/6 mice and characterized previously 
24, 25

. Tumorigenic MOSE cells were passaged once in 
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vivo by intraperitoneal (i.p.) injection into C57BL/6 mice and re-collected via peritoneal lavage after a 4-

week incubation period to select for a more aggressive phenotype. These MOSE cells were then 

transduced with firefly luciferase (MOSE-LFFLv) lentiviral particles (GeneCopoeia) as described
26

 to 

facilitate live in vivo imaging of cancer cell outgrowth.  The characteristics of MOSE-LFFLv will be 

reported elsewhere. MOSE-LFFLv cells were routinely maintained in high glucose DMEM (Invitrogen, 

Carlsbad, CA), supplemented with 4% fetal bovine serum (Hyclone, Logan UT), 100mg/ml penicillin and 

streptomycin and 1µg/ml puromycin (lentiviral particles utilize a puromycin resistance marker for 

selection of transduced cells). 

Animals 

Female C57BL/6 mice (Harlan Laboratories) were housed five per cage in a controlled environment (12 

hour light/dark cycle at 21C) with free access to water and food (18% protein rodent chow, Teklad 

Diets).  Young adult nulliparous mice at 5 months of age (21g average body weight), mature adult 

nulliparous mice at 11 months of age (30g average body weight) and mature parous mice at 12 months of 

age (31g average body weight) were sacrificed by CO2 asphyxiation. Mouse studies were conducted in 

accordance with the guidelines approved by the Virginia Tech Institutional Animal Care and Usage 

Committee. 

MOSE-LFFLv Injection 

Preliminary dosage studies were performed to empiricallydetermine the appropriate cell number 

and time for tumor development and verify reproducibility. These studies determined that 1x10
4
 MOSE-

LFFLv cells injected i.p. cause fatal disease after 3 weeks of incubation, in contrast to the progenitor 

MOSE-L cells that require the injection of 1x10
6
 cells and approximately 12 weeks of incubation. The 

endpoint was determined when mice lost or gained weight, exhibited ruffled fur, a hunched appearance 

and had palpable ascites, indicative of late-stage fatal disease. Based on these results, all studies were 

performed using 1x10
4 

MOSE-LFFLv cells, with a 21 day incubation time. Prior to injection, MOSE-LFFLv 

cells were resuspended in 300µL sterile calcium- and magnesium-deficient phosphate buffered saline 
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(PBS
-/-

). Young adult nulliparous and mature parous mice (n=10 per group) were injected i.p. with either 

1x10
4
 MOSE-LFFLv cells or PBS

-/-
 and sacrificed at 21 days post-injection.  

Peritoneal Cancer Index (PCI) 

 In order to quantify relative tumor burden at the time of sacrifice, the PCI was determined as 

described previously, with minor modifications
27, 28

. The original PCI was adapted to apply to tumor size 

and region in mice, “quadrant areas” were modified to represent distinct organs and their mesentery in 

order to obtain more specific information regarding tumor cell dissemination and seeding.  Specific 

regions evaluated included peritoneal cavity lining, ovaries, lesser omentum, greater omentum (OFB), 

diaphragm, liver, stomach, pancreas, spleen, kidney, small intestine, small intestine mesentery, large 

intestine, and large intestine mesentery. Tumor size was scored as (0): no visible tumor, (1): < 1mm; (2): 

1-3mm; (3): >3mm or solid mass. The maximum PCI score was 42, reflecting maximal size and 14 

designated areas. Relative PCI scores were further validated by qRT-PCR analysis of FFL expression 

within the OFB employed as a tumor cell reporter gene.   

Tissue and peritoneal serous fluid harvest  

The OFB was harvested from each mouse, weighed, rinsed with PBS
-/-

, and processed for FACS or placed 

into RNAlater (Qiagen) and stored at -80°C.  Resident peritoneal cavity cells were collected via 

peritoneal lavage with 5ml of PBS
-/-

.  The effluent was centrifuged, subjected to erythrocyte lysis 

(155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA), and further processed as described below. 

 Tissue Digestion  

SVFs were isolated by digesting individual OFBs (n=4-6) in GKN-buffer containing 1.8mg/ml Type IV 

collagenase, 10% FBS, and 0.1mg/ml DNase as previously described
23

. Following digest at 37°C for 45 

min, cells were passed through a 40µm cell strainer, and erythrocytes were lysed (see above).  

FACS Analysis 

Single cell suspensions derived from OFB and PSF were washed in flow buffer (2% BSA in PBS
-/-

), 

blocked with Fc block (BD Biosciences) for 10 minutes at 4°C, rinsed and incubated with fluorochrome-

labeled antibody combinations (available upon request) for 20 min at 4°C. Fluorochrome-labeled 
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antibodies specific for mouse CD45, CD11b, CD11c, F4/80, Ly6C, CD4, CD44, CD62L, B220, CD19, 

NK1.1, and Ly6G were obtained from eBioscience (San Diego, CA). CD3, and CD8 antibodies were 

obtained from BD Biosciences (San Jose, CA). Prior to analysis, cells were washed twice and 

resuspended in PBS
-/-

 with propidium iodide for dead cell exclusion. FACS was performed on a 

FACSAria (BD Biosciences) and data was analyzed using Flowjo (TreeStar) software. 

Quantitative real-time PCR (qRT-PCR) 

 Individual OFB were homogenized in Qiazol (Qiagen) and RNA was purified using an RNeasy Lipid 

Tissue Kit (Qiagen), according to manufacturer’s instructions. RNA concentration was determined using 

a NanoDrop1000 spectrophotometer.RNA (n=4-6) was subjected to the iScript cDNA synthesis system 

(Biorad) according to manufacturer’s protocol. qRT-PCR was performed with 12.5ng cDNA per sample 

using gene-specific SYBR Green primers (primer sequences are available upon request) designed with 

Beacon Design software. SensiMix SYBR and Fluorescein mastermix (Quantace) was used in a 15L 

reaction volume.  qRT-PCR was performed for 42 cycles at 95C for 15 sec, 60C for 15 sec, and 72C 

for 15 sec, preceded by a 10 min incubation at 95C on the iQ5 (Biorad).  Melt curves were performed to 

ensure fidelity of the PCR product. The housekeeping gene was L19 and the ddCt method
29

 was used to 

determine fold differences.  

Statistical Analysis  

Data are expressed as mean ± standard error of mean (SEM).  FACS and qRT-PCR data were analyzed 

using a one-way ANOVA coupled with a Tukey Post-hoc test in SigmaPlot (Systat Software). 

Differences were considered statistically significant at p<0.05. 

 

RESULTS 

 Epidemiological studies have reported increased ovarian cancer incidence in older women but a 

protective effect associated with parity
22

. Here, we postulated that parity may induce changes in the OFB 

that result in a pre-existing immune microenvironment that is protective against cancer metastasis. 
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Identification of a “protective signature” may provide important insights towards the development of 

targeted treatment strategies for metastatic ovarian cancer. In order to distinguish parity-associated 

changes from age-associated changes in the OFB, we chose three sets of mice: five-month old nulliparous 

young adults, twelve-month old mature parous adults and nulliparous mature adult mice. The comparison 

of these groups allowed us to differentiate between age- and parity-related changes in the peritoneal and 

OFB microenvironments.  

OFB size and cellularity 

As expected, the size of the OFB increased significantly with age between 5m and 11m 

nulliparous mice, coinciding with the overall age-associated weight gain (14.4g ± 1.5 and 28.2g ± 2.2, 

p<0.01). OFB weight also increased significantly with parity (51.8mg ± 4.3, p<0.01) (Figure 4.1A), 

although the average body weight between these aged matched groups was the same (29.8g ± 0.8 vs 31.7g 

± 0.7). The SVF count within the OFB was significantly elevated as a function of both age and parity, 

increasing to over 8-fold in mature parous mice (p<0.01, Figure 4.1B). This indicates that parity induces a 

change in stromal vascular cell influx or proliferation and does not simply represent an increase in overall 

adiposity in the OFB. The proportion of CD45
+
 leukocytes represented approximately 50% of the SVF in 

both young and mature nulliparous mice but represented >95% of the SVF in parous mice (p<0.01, Figure 

4.1C). It is possible that this represents a loss or a differentiation of previously described resident 

stem/progenitor populations in the OFB with parity
23

. This would agree with previous reports of increased 

differentiation signaling in the parous mammary gland
30

. In order to make an initial assessment of how 

age and parity may impact the OFB transcriptome we evaluated the expression of a select set of immune-

related genes using qRT-PCR on whole tissue samples. As shown, there are both age-and parity-

associated differences in the expression of a number of important cytokines and chemokines in the 

homeostatic state (Figure 4.1D). In mature nulliparous animals, there is increased expression of a number 

of molecules chemotactic for monocytes (CCL1,CCL4 and CCL7, p<0.05) as compared to young 

nulliparous mice. TGFβ, an important regulator of tumor cell invasion and metastasis, is significantly 

upregulated in older mice, regardless of parity status (p<0.01). Parity-specific changes include a 
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significant downregulation of neutrophil chemoattractants (CXCL1, CXCL2, p<0.05), as well as several 

macrophage alternate activation-related genes characteristic of a tumor-associated phenotype (Arg1, 

M6pr, p<0.05). This indicates that inherent changes that occur as a result of aging and child-bearing affect 

the signaling microenvironment in the OFB. These signaling changes may explain the different 

proportions of leukocyte populations found residing with this tissue, which could in turn affect 

susceptibility to ovarian cancer metastasis.  

 

Figure 4.1. The OFB displays parity-associated differences in the SVF. Young adult nulliparous 

(yNP), mature adult nulliparous (aNP) and adult parous mice (aP) mice. A) Whole tissue OFB weight. 

B) Number of cells in the SVF isolated from digested OFB. C) CD45
+
 population in OFB SVF. D) 

Gene expression profile of OFB.  

 

OFB SVF Characterization 

 The SVF of individual OFBs were further characterized via FACS analysis to identify age- and 

parity-specific differences in immune cell composition. Viable cells (propidium iodide exclusion) were 

separated into CD45
+ 

leukocytes and CD45
- 

stromal constituents. CD45
+
 cells were subsequently 

separated into R1 (lymphocyte) and R2 (monocyte/granulocyte) gates based on forward/side scatter 

(Figure 4.2A), and leukocyte subsets were identified based on well-defined surface markers. The CD45
+
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subsets associated with the OFB in nulliparous mice were comparable, irrespective of age. However, the 

immune cell composition of the parous OFB was strikingly different, supporting the hypothesis that parity 

does in fact lead to establishment of a unique omental microenvironment that may be inherently 

protective. Specifically, in the OFB of nulliparous mice the lymphocyte to monocyte/granulocyte (R1:R2) 

ratios were approximately 6:4 independent of age,  whereas lymphocytes represented almost  90% of the 

CD45
+
 cells isolated from  the parous OFB (Figure 4.2B). This trend was mirrored in the peritoneal 

serous fluid (PSF), with an increase observed in the proportion of lymphocytes to 

monocytes/granulocytes in parous mice as compared to mature nulliparous mice of approximately 20% 

(p<0.05, Supplementary Table S4.1). 

The parity-associated increase in lymphocytes was reflected across numerous subsets including 

CD3
+
(p<0.01) and CD19

+
(p<0.05) as well as CD11c

+
(p<0.01) cells with concomitant decreases detected 

in F480
+
(p<0.01) and NK1.1

+
 (p<0.01) subsets compared to nulliparous mice (Figure 4.1C). Compared to 

their age-matched nulliparous counterparts, the OFB of parous mice also displayed significantly increased 

levels of CD3
+
CD4

+
, and significantly decreased CD3

+
CD8

+
 and CD3

+
CD4

-
CD8

-
 cells (p<0.05, Figure 

4.2D). Parity also caused a significant increase in the proportion of CD3
+
 T cells and CD19

+
 B cells in the 

PSF, with levels of NK cells and CD11c
+
 cells unaffected (p<0.05, Supplementary Table S4.1).  

 There was a significant parity-associated shift in the subsets of CD19
+
 B-lymphocytes residing in 

the OFB. CD11b
+
B220

lo/+ 
B1 cells were the most prevalent subset of B cells in nulliparous mice, whereas 

in parous mice the CD11b
-
B220

lo/+
 B2-subset was dominant (Figure 4.2E).  B1 cells are the predominant 

B cell type in the peritoneal cavity, and are considered a more “innate-like” population, with receptors for 

autoantibodies and conserved bacterial and viral epitopes
31

. This increase in B2 cells could indicate a 

more effective humoral response in the OFB of parous mice. However, it is important to note that while 

the relative proportion of B2 cells is higher in parous mice than in nulliparous mice, the SVF count was 

also 8-fold higher, indicative of a net increase in both B cell populations in parous mice.  

Parity-associated changes were also evident within the macrophage subsets residing in the OFB, although 

these changes were not mirrored in the parous PSF. In the peritoneal serous fluid, macrophages are 
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typically subdivided into “large peritoneal macrophages” (LPMs), and “small peritoneal macrophages” 

(SPMs). LPMs can be distinguished via FACS based on forward/side scatter and relative CD11b and 

F480 surface staining. SPMs appear in the PSF as a result of LPS stimulation, and are derived from blood 

monocytes. The function of these populations in the OFB is undefined. Confirming previous reports, our 

study found that the PSF is comprised largely of LPMs in the homeostatic state, with SPMs representing 

only a minor fraction of the total macrophage composition
32

. This trend was not significantly altered by 

parity. In contrast, whereas the predominant macrophage population in the OFB of  young and mature 

nulliparous mice was the CD11b
+
F480

lo
 population (SPMs), this population was significantly reduced in 

parous mice
32

. Further, the CD11b
+
F480

+
 population of macrophages (LPMs) was virtually undetectable 

in parous mice, although it represented approximately 8% of the R2 gate in  both sets of nulliparous mice 

(Figure 4.2F) Finally, nulliparous mice had virtually indistinguishable immune cell profiles, indicating 

similar immunomodulatory microenvironments, unaffected by age at these timepoints. 



 

87 
 

 

Figure 4.2. The OFB displays parity-associated differences in leukocyte populations. Young adult 

nulliparous (yNP), mature adult nulliparous (aNP) and mature parous mice (aP). A) CD45
+ 

leukocytes 

in the SVF of OFB were separated into regions R1 (lymphocytes) and R2 (monocytes/granulocytes) 

for further analysis. B) Distribution of R1:R2 populations in OFB. C) Overall immune cell populations 

in OFB. D) CD3
+
 subsets within OFB. E) CD19

+
 subsets within OFB. F) Monocyte/granulocyte 

subsets within OFB. *p<0.05, **p<0.01 

 



 

88 
 

Impact of parity on peritoneal tumor burden.    

 As parity has been implicated as a protective factor against ovarian and breast cancer, we next 

evaluated whether the parous microenvironment within the peritoneal cavity represents a niche that is 

truly refractory to disseminating ovarian cancer cells. To investigate this, we employed our previously 

described syngeneic murine ovarian cancer model
24

 with minor modifications. Here we chose to use a 

highly aggressive variant of our MOSE-L cells (MOSE-LFFLv) that results in widespread peritoneal 

outgrowth and ascites within 21 days of intraperitoneal implantation.  These cells also express the firefly 

luciferase reporter gene that can be used as a gene tag for quantification of relative levels of tumor cells 

within tissues.  At 21 days post intraperitoneal seeding of 1 x 10
4
 MOSE-LFFLv

 
cells, nulliparous and 

parous mice were euthanized and the peritoneal cancer index (PCI) was assessed. Notably, parous mice 

had a significantly decreased tumor burden compared to nulliparous mice (Figure 4.3A; p<0.01).  To 

confirm the OFB-specific tumor burden, we determined relative levels of the FFL reporter gene using 

qRT-PCR.   As reflected in the PCI, FFL expression was five-fold higher in the OFB of nulliparous mice 

that received MOSE-LFFLv
 
cells as compared with parous mice (p=0.059; Figure 4.3B). The OFB from 

mock implanted mice (PBS
-/-

 injection) were negative for FFL reporter gene expression (data not shown).  

 

Figure 4.3. Parity reduces MOSEFFL tumor burden following intraperiteonal implantation. A) 

Peritoneal Cancer Index (PCI) (n =10). B) FFL expression in OFB of tumor-bearing mice compared to 

their PBS-injected counterparts.  
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Macroscopically, the OFB in nulliparous mice had been fully overtaken by fibrous tumor tissue 

and was virtually devoid of residual adipose tissue. Accordingly, the average weight of the OFB increased 

significantly in cancer-bearing nulliparous mice and 60% of mice had developed bloody ascites. In 

contrast, cancer-bearing parous mice presented with macroscopic individual tumor nodules throughout the 

OFB, but residual adipose tissue was still highly evident, and there was no evidence of ascites in these 

animals. The OFB weight did not change significantly between MOSE-LFFLv- and vehicle-injected parous 

mice, confirming a significantly lower OFB tumor burden from that observed in nulliparous mice (Figure 

4.4A). No organ-specific differences in tumor cell seeding were evident, parous mice simply had a 

reduced overall PCI.  

The aggressive growth of MOSE-LFFLv cells in nulliparous animals was coincident with a greater 

than 15-fold increase in the number of cells present within the SVF of the OFB (Figure 4.4B), albeit the 

proportion of CD45
+
 leukocytes did not change (Figure 4.4C).  This suggests that the tumor 

microenvironment was inducing a proliferation or influx of both leukocytes and CD45
- 

stromal 

constituents. This trend was not observed in parous mice as the SVF cell counts did not vary significantly 

between MOSE-LFFLv and control groups (Figure 4.4B,C). These results indicate that the OFB 

microenvironment of parous animals is inherently more resistant to either tumor outgrowth or to the 

recruitment of factors or cell types that are pro-tumorigenic. 

 

Figure 4.4. Parity reduces metastasis-associated influx of stromal cells to the OFB. Young adult 

nulliparous (yNP) and mature adult parous (aP) mice +/- MOSE-LFFLv implantation. A) Whole tissue 

OFB weight. B) Number of SVF cells isolated from digested OFB. C) CD45
+
 population in the OFB 

SVF.  

 

OFB SVF Characterization with ovarian cancer 
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The OFBs of ovarian cancer-bearing animals were further characterized via FACS analysis in 

order to determine the impact of cancer cell seeding on leukocyte populations harbored within the OFB 

microenvironment. Irrespective of parity, there was a specific MOSE-LFFLv- cancer cell associated change 

in the proportion of lymphocytes to monocyte/granulocytes (R1:R2) within the OFB. Specifically, a 

reduction in lymphocytes and a concomitant increase in monocyte/granulocytes within the CD45
+
 

leukocyte population was the trend in cancer-bearing OFBs (Figure 4.5A). This pattern was also evident 

in the PSF, with an increase in the proportion of monocytes/granulocytes in the OFB of both nulliparous 

(19% ± 11.0, p=0.21) and parous mice (15% ± 1.6, p<0.01) (Supplementary Table 4.2).   

In nulliparous mice, this re-distribution of R1:R2 leukocytes was mirrored across all subsets with 

decreases noted in CD3
+
,  CD19

+
, and NK1.1

+
 cells, with slight concomitant increases in F480

+
 and 

CD11c
+
 cells.  Interestingly, whereas levels of  CD4

+
 and CD8

+
 subsets declined as a result of cancer, 

both double negative (CD4
-
CD8

-
)- and NK T cell subsets increased; although these trends did not reach 

significance in the OFB (Figure 4.5C). The former may represent a previously described 

immunosuppressive T cell population that inhibits immune responses by directly killing cytotoxic T cells 

and secreting TGFβ and IL-10
33

. Additionally, it may represent γδ T cells
33, 34, 35

, but we are unable to 

speculate further as we did not evaluate TCR γδ expression in our study. No appreciable differences in the 

relative proportions of OFB associated B1 and B2 lymphocytes were noted in cancer-bearing nulliparous 

animals (Figure 4.5D). However in the PSF, the B1:B2 ratio increases from 3:1 in the homeostatic state to 

5:1 as a consequence of MOSE-LFFLv implantation (p<0.05, data not shown). As B1 cells act as the bridge 

between innate and adaptive immunity, producing low-affinity antibodies, this may be reflective of an 

ineffective immune reaction similar to human patients that present with anti-tumor antibodies that afford 

no disease protection. It is important to note that while the proportion of B1:B2 cells increases with 

cancer, the percentage of both B1 and B2 lymphocytes in the PSF leukocyte population actually decreases 

as a result of shifting R1:R2 ratios.  

Following cancer cell administration, there was a significant and massive increase in the 

CD11b
+
Ly6C

+
 Ly6G

+ 
population (Figure 4.5B; p<0.001). We believe this to be the CD11b

+
Ly6C

+
Ly6G

+
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tumor-associated neutrophil population (TANs) previously described by Fridlender et al
36, 37

. In 

conjunction with this increase, the CD11b
lo/+

F480
-
 monocyte subset levels significantly decreased as a 

result of cancer (Figure 4.5E).  Hence the hallmark signature of nulliparous animals bearing cancer was 

the increase in TANs and loss of CD11b
lo/+

F480- monocytes in the OFB. It is important to re-emphasize 

that while the proportion of some cell subsets did not change in the OFB microenvironment, net gain in 

cell populations was vastly increased as a result of cancer, evidenced by the large increase in overall SVF 

counts.  

To complement our FACS analysis, we utilized qRT-PCR to more extensively characterize the 

overall signaling milieu of the OFB microenvironment as a consequence of peritoneal cancer 

dissemination. Expression patterns represent the tissue as a whole, and thus are reflective of adipocytes, 

the SVF, and cancer cells (in the MOSE-LFFLv groups) embedded within the tissue. A panel of cytokines 

and chemokines was used to provide an overview of genes that may contribute to a pro-tumorigenic 

microenvironment (Supplementary Table S4.3). We found that expression of B cell chemoattractants 

(CXCL13, IL-5) were significantly downregulated, while monocyte-associated cytokines (CCL2, CCL20, 

iNOS, Arg1, Ym1) and neutrophil chemoattractants (CXCL1, CXCL3, CXCL5, CCL3) were 

significantly upregulated in nulliparous mice as a consequence of cancer (Figure 4.5F). These changes in 

the microenvironment transcriptome support the cellular changes found in the CD45
+
 SVF, namely that 

there is a decrease in the proportion of B cells, and an approximately 100-fold increase in TANs in the 

OFB of cancer-bearing nulliparous mice.  
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Figure 4.5. Ovarian cancer outgrowth causes macrophage and neutrophil influx in the OFB in 

nulliparous mice. Young adult nulliparous (yNP) mice +/- MOSE-LFFLv cells. A) Distribution of 

R1:R2 leukocyte populations in yNP and aP OFB with MOSE-LFFLv. B) Overall leukocyte population 

changes in OFB of yNP mice with MOSE-LFFLv seeding. C) CD3
+ 

subset changes within OFB in yNP 

mice with MOSE-LFFLv seeding.  D) CD19
+
 subset changes within OFB in yNP mice with MOSE-

LFFLv seeding. E) Monocyte/granulocyte subset changes within omentum in yNP mice with MOSE-

LFFLv seeding. F) Gene expression changes in yNP OFB with MOSE-LFFLv seeding. All genes 

displayed were significantly changed from PBS control, * p<0.05. **p<0.01 
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Interestingly, in contrast to nulliparous cancer-bearing animals, there was no significant net gain  

of CD45
+
 cells in the OFB as a consequence of cancer in parous animals (Figure 4.4C), suggesting that 

recruitment signals may be compromised or dampened in the parous state. However, a similar shift in the 

leukocyte populations was detected in the parous omenta following cancer cell seeding, denoted by a 

slight decline in CD3
+
 and CD19

+
 cells and a slight increase in F480

+
 and CD11b

+
Ly6C

+
Ly6G

+
 cells 

(TANs)  (Figure 4.6A). Notably, the influx of the TANs was reduced considerably, representing 

approximately 7% of the total CD45
+ 

population, compared to the 25% observed in nulliparous cancer-

bearing animals (see also Figure 4.5C).  This suggests that cancer mediated recruitment of TANs to the 

OFB may be compromised or dampened as a consequence of parity. In addition, a significant decline in 

CD11b
lo/+

F480
+
 monocytes was not observed in parous animals as a consequence of cancer seeding 

(Figure 4.6D), as determined in nulliparous mice.  These levels were already significantly elevated in the 

homeostatic parous OFB and may serve an anti-tumorigenic function. The PSF also displayed an increase 

in TANs as a result of cancer cell dissemination (p<0.01, Supplementary Table 4.2), although this trend 

was also significantly reduced as compared to nulliparous mice (p<0.05). Additionally, the PSF in parous 

animals displayed a loss of LPMs, and an increase in SPMs with MOSE-LFFLv dissemination. While the 

recruitment of SPMs into the PSF is indicative of an innate-like inflammatory response, in the case of 

parous animals this state may be able to override, at least transiently, the inherent immunosuppressive 

program elicited by the MOSE-LFFLv cells. 
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Figure 4.6. Parity reduces ovarian cancer outgrowth-associated influx of macrophages and neutrophils 

to the OFB. Mature adult parous (aP) mice +/- MOSE-LFFLv. A) Overall leukocyte population changes 

in OFB of aP mice with MOSE-LFFLv. B) CD3
+
 subset changes within OFB in aP mice with MOSE-

LFFLv.  C) CD19
+
 subset changes within OFB in aP mice with MOSE-LFFLv. D) Monocyte/granulocyte 

subset changes within OFB in aP mice with MOSE-LFFLv. E) Gene expression changes in aP OFB with 

MOSE-LFFLv. All genes displayed were significantly changed from PBS control, p<0.05. **p<0.01 
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 It should also be noted that all lymphocyte subsets were maintained at high levels in the OFB of 

parous animals, irrespective of cancer. Sustained high levels of immune cells may help to maintain an 

activated state that is less conducive to cancer cell proliferation. It was noted that the B-lymphocyte 

subset distribution was shifted towards the B2 phenotype in parous animals (Figure 4.6C) which was the 

opposite trend to that observed in nulliparous animals (Figure 4.5D).   

Comparative assessment of the gene expression profile (qRT-PCR) of omenta as a consequence 

of cancer revealed that several neutrophil chemoattractants were significantly upregulated in the OFB of 

cancer-bearing parous mice (Figure 4.6E). As these correlate with recruitment of TANs, we conclude that 

the parous microenvironment is somehow able to override the favorable protumorigenic niche that these 

cells help establish, such that tumor proliferation is reduced. Thus, the pre-existing parity-associated 

microenvironment may be naturally inclined to limit aggressive tumor growth. Understanding what 

defines the transient nature of this refractory state may provide novel insights to modulate and maintain 

this state in order to prevent recurrent disease.   

DISCUSSION 

Epidemiological studies indicate that parity reduces the risk of ovarian and breast cancer 

development. The molecular mechanisms behind the parity-related decrease in ovarian cancer incidence 

remain unclear but reports from breast cancer studies indicate a protective effect against primary tumor 

growth and cancer metastasis but not against neoplastic transformation 
18, 20, 21, 30, 38

. It is possible that 

child-bearing results in a naturally occurring protective state that, if defined, could be harnessed and 

utilized in the treatment of ovarian cancer, preventing fatal metastatic outgrowth.  

As a largely asymptomatic disease until the late stages, ovarian cancer is rarely detected prior to 

metastasis. The OFB is the primary metastatic site and is typically removed during surgical tumor 

debulking in an attempt to slow disease progression.  However, as a secondary lymphoid organ, the OFB 

plays an important role in immunosurveillance in the peritoneal cavity; its removal results in impaired 

anti-bacterial responses in the abdomen, and an increased risk of sepsis after surgery
39

.   
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In the present study, we compared the immune profiles of the OFB as a function of age and parity 

to begin characterization of a pre-existing immune niche that may be refractory to tumor growth. To this 

end, we determined the leukocyte composition and cytokine expression profiles of the OFB and PSF, both 

in the homeostatic state and following aggressive ovarian cancer cell implantation.  In the homeostatic 

state, parity (but not age) resulted in a marked decrease in monocytic cell subsets and affiliated 

chemoattractants, and a shift to predominantly B2, as opposed to B1 B cells. After metastasis, parous 

mice exhibited a significantly reduced tumor burden as compared to nulliparous mice. In addition, the 

tumor microenvironment was characterized by an increase in TANs and TAMs, and an increase in B1 

cells in nulliparous animals; a trend that was somewhat dampened in parous mice in conjunction with 

decreased tumor growth. Thus, we believe the parous OFB compositional profile is indicative of a pre-

existing niche that is refractory to metastasis.  

In order to more fully delineate the changes indicative of an inherently protective immune 

microenvironment, we evaluated a panel of immunoregulatory cytokines and chemokines in an attempt to 

determine an expression signature indicative of a protective state. This is schematically presented in 

Figure 4.7, to highlight the statistically significant gene expression changes associated with age, parity, 

cancer metastasis, or any combination therein (Figure 4.7, p<0.05; see Supplementary Table S4.3-4.6 for 

full list of genes evaluated). Hence we were able to determine age-related cytokine expression changes, 

irrespective of parity. We found a significantly increased expression of CXCL13 and IL-2 in the OFB of 

mature nulliparous mice, which is most likely indicative of reported age-related increases in milky spots 

dispersed throughout this tissue; CXCL13 is a B cell chemoattractant, and IL-2 induces the proliferation 

and activation of T cells, both important signaling molecules in secondary lymphoid organs. Parity (but 

not age) in the homeostatic state was associated with a significant decrease in a wide variety of 

chemoattractants for neutrophils (CXCL1, CXCL2; p<0.05) and monocytes (CCL2, MCSF p<0.05), as 

well as markers typically associated with an alternately activated, pro-tumorgenic phenotype (Arg1, 

M6pr, p<0.05). This data correlates well with the observed reduction of these cell types in the parous 

OFB based on FACS analysis, and may partially define the metastasis-resistant microenvironment. The 
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most conspicuous cancer-related finding was the significant increase in neutrophil chemoattractants, 

specifically CCL3, CXCL1, -2, -3 and -5 (p<0.05). Cancer-bearing mice, irrespective of parity, also had 

increased Arg1 expression, and young adult nulliparous mice had increased Ym1 expression, indicative of 

the presence of tumor-associated macrophages and a pro-tumorigenic microenvironment. This 

information could be valuable in the definition of the parous OFB as a naturally occurring protective 

microenvironment against ovarian cancer metastasis.  

 

 

Figure 4.7. Gene expression changes in the OFB associated with age, parity, or cancer cell seeding. 

Genes in bold, p<0.05, genes in normal typeface p=0.05-0.08. Red indicates increased expression, blue 

indicates decreased expression.  

 

 Given the wealth of knowledge regarding the pro-tumorigenic nature of tumor-associated 

macrophages (TAMs)
40, 41

, tumor-associated neutrophils (TANs)
42, 43

, and myeloid-derived suppressor 
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cells (MDSCs)
44, 45

, the cancer-related influx of these cell types is not surprising. Therefore we believe the 

decrease in these monocytic subsets in parous mice may partially define the pre-existing protective niche 

in the OFB. In other words, parity leads to a downregulation in the levels of cell subsets amenable to pro-

tumorigenic polarization within the peritoneal cavity. A microenvironment that lacks these subsets, or is 

partially refractory to their recruitment following cancer cell seeding may slow the dynamics of cancer 

metastasis, resulting in delayed disease development, as we have shown. 

The parous OFB was defined by an increased proportion of lymphocytes, both T and B cells. Tumor-

infiltrating lymphocytes (TILs) have been correlated with improved prognosis and survival in a variety of 

cancer models, both mouse and human
46, 47, 48

. Therefore, we believe a net gain in lymphocytes may be 

another attribute of the protective parity signature in the OFB. While the effects of T cell populations in 

the tumor microenvironment have been well defined with the general trend being that an increase in 

tumor-associated T cells generally correlates with improved prognosis, the relationship between B cells 

and the pro-tumorigenic niche is not as well understood. In many murine studies the contribution of B 

cells to the tumor microenvironment has been largely overlooked; this is partially due to the effectiveness 

of CD8
+
 T cell-mediated tumor cell killing when not suppressed by the tumor  environment

49
. However, 

clinical studies, which typically extend over several years and are more indicative of the slowly 

developing pro-tumorigenic niche, have provided evidence of the importance of B cells in the tumor 

milieu
49

. Despite numerous reports alluding to anti-tumorigenic antibodies present in cancer patients there 

has been no real correlation between serum antibodies and improved prognosis. There is a much smaller, 

less cohesive collection describing tumor-infiltrating B cells (TIL-Bs) and their impacts on cancer 

progression
49, 50

.  

 Recently, identification of a subset of CD20
+
 tumor infiltrating B cells (TIL-Bs) that are strongly 

correlated with survival in ovarian cancer was reported. Here it was noted that the presence of CD20
+
 

cells together with CD8
+
 T cells in the tumor microenvironment were associated with higher survival 

rates than the occurrence of either cell type alone, indicating a protective interaction
51

. Following IL-21 

stimulation, TIL-Bs were able to produce granzyme B, which would be cytotoxic to tumors; and with 
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IFNα or TLR agonist stimulation, TIL-Bs directly kill tumor cells via TRAIL signaling
52, 53

, indicating the 

active anti-tumorigenic role of these cells.    

 Killer B cells have also been described that produce apoptotic death-inducing ligands like Fas 

ligand (FasL, CD178), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and programmed 

death ligands 1 and 2 (PD-L1, CD274 and PD-L2, CD273)
54

. However, the presence of these cells in the 

tumor microenvironment has actually been shown to inhibit protective immune responses, inducing 

apoptosis of cytolytic effector cells instead of malignant cells
54

. Regulatory B cells, which are 

characterized by the production of TGFβ and IL-10, also dampen immune responses, and have also been 

shown to inhibit protective immune responses against tumors
55

. These cells impair the priming of CD8
+
 T 

cells, promoting a weak non-protective humoral response that is ineffective in tumor clearance. Hence, B 

cells are gaining widespread acceptance as key regulators and modulators or both pro- and anti-

tumorigenic responses.  

 In our study, there was a shift in the B cell distribution from the nulliparous OFB which 

contained primarily B1 cells
23

 to the predominantly B2 cells present in the parous OFB. B1 cells play an 

important role in immunosurveillance in the peritoneal cavity, and there is a constant flux between the 

PSF and the OFB. During infection, B1 cells generate large amounts of low-affinity IgM, IgA and IgG3, 

ensuring early protection
56

. B1 cells have been described as the precursors of tumor-promoting regulatory 

B cells
57

. Additionally, B1 cells themselves can express MUC18 (melanoma cell adhesion molecule) on 

their surface, and were found to bind to MUC18-expressing melanoma cells, enhancing melanoma 

metastasis in vivo through these MUC18/MUC18 interactions
58

. CD5
+
 B1 cells also possess many of the 

above mentioned regulatory properties, including constitutive FasL and PD-L 2 expression and the ability 

to produce IL-10. If B1 cells are in fact the precursors to regulatory pro-tumorigenic cells in the OFB 

microenvironment, it stands to reason that a reduction in this cell subset in parous mice would contribute 

to a pre-existing protective niche that is refractory to metastatic growth. It is also interesting to speculate 

that while the B2 subset is predominant in the parous OFB in the homeostatic state, with cancer cell 
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seeding, the proportion of B1:B2 cells increases in both parous and nulliparous mice (data not shown). 

This supports the theory that B1 cells are polarized into a pro-tumorigenic population.  

 The effect of intratumoral B cells on disease progression is dependent on the timing of B cell 

infiltration. Thus, in established tumors, B cells seem to have a negative or suppressive effect, while early 

infiltration may elicit anti-tumorigenic responses
50

. With the recent renewed interest in and importance of 

tumor-infiltrating B cells, future studies utilizing additional functional markers are clearly warranted to 

determine the exact nature of the B cell subtypes within the parous omenta. However, it is interesting to 

speculate that the loss of “innate-like” B1 cells and influx of B2 cells in the OFB of parous mice reported 

here helps establish an anti-metastatic niche and represents another element of the protective parity 

signature.  

 We demonstrate here that parity was indeed associated with a significant reduction in peritoneal 

tumor burden following ovarian cancer cell implantation in the peritoneal cavity. The most significant 

population trend that we found in cancer-bearing mice was an increase in the proportion of infiltrating 

neutrophils to the OFB. These are highly similar to the TANs previously reported by Fridlender et al
37

, 

and the reduced infiltration seen in parous mice represents another protective element of the parous 

microenvironment. TANs are a significant portion of the inflammatory infiltrate in a variety of tumor 

microenvironments and numerous cancer cell lines express neutrophil chemoattractants, highlighting their 

importance in supporting the tumor milieu
59, 60, 61, 62

. Additionally, depletion of TANs limits tumor 

metastasis, and neutrophil presence in tumors is correlated with poor prognosis in clinical settings
60, 63, 64

. 

The presence of TGFβ in the tumor microenvironment has been reported to be the driving factor in the 

polarization of neutrophils to a pro-tumorigenic (or “N2”) type. We found that TGFβ expression is 

increased 100-fold in the OFB in both older nulliparous and parous animals. This age-related increase 

may play a crucial role in the association of increased ovarian cancer incidence in post-menopausal 

women. Decreased tumor burden in parous mice may be a result of decreased monocytic subsets present 

within the OFB, despite increased TGFβ expression.  
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 Parity also resulted in an almost complete loss of CD45
-
 progenitor populations present within the 

OFB. An important component in the tumor cellular milieu is the stromal contingent. These cells are 

recruited from adipose tissue and bone marrow in order to provide crucial growth factors, matrices, 

cytokines and nutrients in order to support rapid tumor growth
65, 66

. The loss of progenitor cells in the 

OFB may reflect another aspect of the “protective signature” associated with child-bearing, in that the 

scaffolding or accessory cells crucial to rapid tumor development are not initially available in situ. This 

may indicate a parity-associated differentiation or egress of CD45
- 
progenitor populations within the 

OFB, in agreement with an increase in differentiation signals previously reported as part of a “parity 

signature” in mammary tissue
20, 21

.  

The OFB is not only important due to its role as a preferential site for ovarian cancer, but also 

because of its role in peritoneal immunosurveillance. Its removal results in subsequent impaired anti-

bacterial responses in the abdomen, and an increased chance of sepsis following surgery
39

. Clearly, 

removal of this vital organ is not ideal, but it is generally regarded as necessary to help minimize 

recurrent disease. Thus, we believe it is critical to provide a comprehensive analysis of the molecular and 

cellular parity-induced changes, within this immunologically- and metastatically-relevant 

microenvironment. Further, we hypothesize that this information could define a “protected” state in the 

OFB, and provide insight into pathways that underlie this parity-associated protection. In turn, this parity-

associated signature could provide a panel of molecular markers that could act as endpoints by which to 

evaluate the efficacy of  immunotherapies designed to mimic this inherent protective state
20

. Here, we 

provide experimental data in support of epidemiological studies indicating that child-bearing provides 

inherent protection against ovarian cancer development, and we have defined specific immunological 

changes that occur in the primary metastatic niche as a result of this protective parous state. It is possible 

that this information could be used to re-polarize this active immune microenvironment towards an anti-

tumorigenic manner in patients with late stage ovarian cancer. Future experiments should determine 

whether disease progression in parous mice is simply delayed as compared to nulliparous mice due to a 

different homeostatic immune profile, or progresses along a completely different pro-tumorigenic 
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mechanism.  Finally, the efficacy of targeted manipulation of these cell subsets as a treatment modality 

for ovarian cancer metastasis is warranted.   
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SUPPLEMENTARY MATERIALS 

 

 

Supplementary Table S4.1. FACS analysis of age- and parity-associated changes in leukocyte 

composition in the PSF. Young adult nulliparous mice (yNP); mature adult nulliparous mice (aNP); 

mature adult parous mice (aP).  

 

  

Leukocyte Characterization  (% of CD45+ SVF, +/- SE) 

  Markers yNP PSF aNP PSF aP PSF 

% CD45+ (of viable) 
 

98.3 (0.8) 99.3 (0.4) 99.9 (0.05) 

% lymphocytes 
 

55.2 (2.5) 66.4 (1.1) 84.8 (0.7) 

% mono/granulocytes (R2) 
 

44.0 (2.4) 30.4 (0.9) 14.9 (0.8) 

B cells CD19+ 64.7 (2.5) 73.9 (1.7) 80.6 (1.7) 

        B1 CD19+CD11b+B220lo/+ 46.3 (2.6) 58.4 (2.6) 32.5 (0.8) 

        B2 CD19+CD11b-B220lo/+ 15.8 (0.8) 13.9 (2.5) 47.3 (1.9) 

T cells CD3+ 6.3 (1.1) 5.2 (0.6) 9.6 (0.9) 

        TH CD3+CD4+ 3.6 (0.5) 2.9 (0.4) 5.4 (0.7) 

        TC CD3+CD8+ 2.0 (0.6) 1.8 (0.2) 3.5 (0.2) 

        NKT CD3+NK1.1+ 0.3 (0.2) 0.2 (0.08) 0.2 (0.01) 

        TREG CD3+CD4+CD25+ 0.1 (0.01) 0.9 (0.1) 0.7 (0.1) 

        CD3+CD4-CD8-NK1.1- 
 

0.7 (0.1) 0.6 (0.04) 0.7 (0.05) 

mNK NK1.1+CD11b+CD3- 0.3 (0.1) 0.7 (0.5) 0.2 (0.01) 

preNK NK1.1+CD11b-CD3- 0.2 (0.03) 0.1 (0.05) 0.3 (0.02) 

R1 DCs CD11c+CD11blo/+ 1.7 (0.3) 5.2 (1.0) 5.8 (0.5) 

R2 DCs CD11b+/loCD11c+F4/80- 1.4 (0.4) 1.9 (0.3) 0.1 (0.01) 

LPMs CD11b+F4/80+ 11.3 (1.4) 10.3 (1.1) 7.0 (1.0) 

SPMs CD11b+F4/80lo 2.4 (0.4) 5.4 (0.5) 1.0 (0.4) 

Monocytes  CD11b+F4/80- 0.5 (0.1) 1.8 (0.3) 0.1 (0.04) 

Monocytes (2) CD11bloF4/80- 13.1 (1.0) 12.2 (1.3) 4.5 (0.3) 

PMNs CD11b+Ly6G+Ly6C+ 0.07 (0.05) 0.02 (0.01) 0 

PreBoMs 

CD19+CD11bhiB220loF480+ 

CD93+CD69+ 0 0.2 (0.02) 0.1 (0.005) 
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Supplementary Table S4.2. FACS analysis of cancer-associated changes in leukocyte composition in the 

PSF. Young adult nulliparous mice (yNP);  mature adult parous mice (aP).  

 

 

  

Leukocyte Characterization  (% of CD45+ SVF, +/- SE) 

 
yNP mice aP mice 

  Markers PBS-/- MOSE-LFFLv PBS-/- MOSE-LFFLv 

% CD45+ (of viable) 
 

98.3 (0.8) 95.6 (1.7) 99.9 (0.05) 99.5 (0.2) 

% lymphocytes 
 

55.2 (2.5) 35.8 (11.0) 84.8 (0.7) 68.6 (1.6) 

% mono/granulocytes (R2) 
 

44.0 (2.4) 58.9 (9.5) 14.9 (0.8) 30.4 (1.6) 

B cells CD19+ 64.7 (2.5) 29.8 (12.3) 80.6 (1.7) 56.7 (7.4) 

        B1 CD19+CD11b+B220lo/+ 46.3 (2.6) 23.2 (9.0) 32.5 (0.8) 26.8 (9.3) 

        B2 CD19+CD11b-B220lo/+ 15.8 (0.8) 6.4 (3.2) 47.3 (1.9) 28.9 (8.3) 

T cells CD3+ 6.3 (1.1) 8.8 (2.6) 9.6 (0.9) 12.6 (2.3) 

        TH CD3+CD4+ 3.6 (0.5) 5.4 (2.0) 5.4 (0.7) 8.2 (1.6) 

        TC CD3+CD8+ 2.0 (0.6) 2.7 (0.6) 3.5 (0.2) 3.3 (0.7) 

        NKT CD3+NK1.1+ 0.3 (0.2) 0.3 (0.02) 0.2 (0.01) 0.1 (0.05) 

        TREG CD3+CD4+CD25+ 0.1 (0.01) 0.3 (0.2) 0.7 (0.1) 0.6 (0.2) 

        CD3+CD4-CD8-NK1.1- 
 

0.7 (0.1) 0.5 (0.2) 0.7 (0.05) 1.0 (0.2) 

mNK NK1.1+CD11b+CD3- 0.3 (0.1) 0.3 (0.1) 0.2 (0.01) 0.2 (0.02) 

preNK NK1.1+CD11b-CD3- 0.2 (0.03) 0.1 (0.01) 0.3 (0.02) 0.2 (0.03) 

R1 DCs CD11c+CD11blo/- 1.7 (0.3) 6.7 (2.3) 5.8 (0.5) 11.5 (1.5) 

R2 DCs CD11b+/loCD11c+F4/80- 1.4 (0.4) 1.6 (0.4) 0.1 (0.01) 0.5 (0.1) 

LPMs CD11b+F4/80+ 11.3 (1.4) 15.4 (3.7) 7.0 (1.0) 1.0 (0.5) 

SPMs CD11b+F4/80lo 2.4 (0.4) 17.9 (5.3) 1.0 (0.4) 17.8 (1.6) 

Monocytes  CD11b+F4/80- 0.5 (0.1) 0.4 (0.2) 0.1 (0.04) 0.5 (0.2) 

Monocytes (2) CD11bloF4/80- 13.1 (1.0) 10.5 (1.0) 4.5 (0.3) 4.2 (1.5) 

PMNs CD11b+Ly6G+Ly6C+ 0.07 (0.05) 11.8 (4.4) 0 3.2 (2.7) 

PreBoMs 

CD19+CD11bhiB220loF480+

CD93+CD69+ 0 0 0.1 (0.005) 0.2 (0.08) 



 

105 
 

Gene Expression (Avg dCT ± SEM) 

Gene yNP PBS aNP PBS aP PBS 

CCL1 14.11 (.11) 12.47 (0.5) 12.68 (0.37) 

CCL2 6.48 (0.2) 4.42 (0.2) 7.11 (0.2) 

CCL3 11.32 (0.3) 10.79 (0.3) 10.42 (0.7) 

CCL4 9.64 (0.2) 7.00 (0.2) 8.07 (0.6) 

CCL5 3.50 (0.3) 2.82 (0.6) 2.57 (0.3) 

CCL7 7.20 (0.3) 5.16 (0.2) 7.72 (0.1) 

CCL17 9.42 (0.6) 10.29 (0.5) 12.07 (0.4) 

CCL19 5.26 (0.2) 4.62 (0.1) 3.58 (0.3) 

CCL20 19.02 (1.8) 16.58 (2.2) 17.80 (0.4) 

CCL21 6.02 (1.0) 4.55 (0.7) 3.92 (0.1) 

CXCL1 8.71 (0.2) 9.29 (0.2) 9.80 (0.2) 

CXCL2 10.06 (0.2) 9.92 (0.2) 12.47 (0.2) 

CXCL3 18.66 (1.4) 15.12 (0.8) 16.22 (0.3) 

CXCL5 14.99 (0.7) 14.02 (0.2) 16.27 (0.4) 

CXCL11 15.34 (0.1) 14.42 (0.4) 16.24 (0.5) 

CXCL12 3.42 (0.1) 4.02 (0.2) 4.16 (0.1) 

CXCL13 0.55 (0.3) -1.08 (0.1) 1.75 (0.4) 

CXCL16 5.13 (0.2) 4.73 (0.1) 6.48 (0.2) 

CD36 6.70 (0.2) 0.24 (0.2) 0.85 (0.7) 

IFNγ 13.25 (0.1) 11.25 (0.3) 9.75 (0.5) 

Arg1 7.74 (0.6) 8.64 (0.2) 10.94 (0.4) 

iNOS 13.71 (1.0) 11.79 (0.4) 12.03 (0.23) 

IDO 12.72 (0.3) 15.15 (0.3) 11.72 (0.4) 

GM-CSF 12.23 (0.2) 11.67 (0.3) 13.13 (0.5) 

MCSF 7.28 (0.2) 6.98 (0.4) 8.31 (0.3) 

M6pr 2.62 (0.1) 4.46 (0.8) 4.68 (0.3) 

TGFβ 12.84 (0.7) 5.59 (0.3) 5.45 (0.2) 

TNFα 12.42 (0.4) 12.11 (0.4) 11.28 (0.3) 

Ym1 16.93 (0.4) 10.70 (0.3) 11.26 (1.1) 

IL-1b 8.45 (0.7) 8.55 (0.7) 8.46 (0.6) 

IL-2 12.33 (0.2) 11.68 (0.2) 11.99 (0.2) 

IL-4 12.43 (0.3) 12.58 (0.8) 12.60 (0.2) 

IL-5 10.62 (0.3) 11.76 (0.7) 13.02 (0.5) 

IL-6 9.93 (0.2) 9.26 (0.2) 12.35 (0.2) 

IL-10 9.74 (0.1) 8.70 (0.2) 9.65 (0.1) 

IL-12p35 10.81 (0.5) 13.04 (0.7) 10.41 (0.2) 

IL-13 15.93 (0.5) 14.59 (.04) 16.08 (0.3) 

IL-17a 20.89 (1.89) 19.23 (1.5) 21.01 (1.0) 

IL-21 13.39 (1.5) 13.12 (1.2) 9.84 (0.5) 

Tbet 8.73 (0.1) 8.17 (0.2) 8.09 (0.4) 

GATA3 9.16 (0.1) 12.51 (0.8) 10.20 (0.3) 

Foxp3 9.40 (0.4) 10.02 (0.3) 8.72 (0.3) 

SupplementaryTable S4.3. Gene expression analysis of age- and parity-associated 

changes in the OFB. Young adult nulliparous mice (yNP); mature adult nulliparous 

mice (aNP); mature adult parous mice (aP).  
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Fold Expression Change ± SEM (vs yNP PBS) 

Gene aNP PBS aP PBS 

CCL1 4.25 (1.8) 3.0 (0.8)* 

CCL2 4.28 (0.5)** -1.52 (0.2)^ 

CCL3 1.52 (0.2) 2.64 (1.1) 

CCL4 6.38 (0.6)** 3.83 (1.6)^ 

CCL5 1.74 (0.4) 2.03 (0.4)^ 

CCL7 4.26 (0.5)** -1.42 (0.6) 

CCL17 -1.65 (0.6) -5.62 (1.8)* 

CCL19 1.59 (0.2)* 3.33 (0.5)** 

CCL20 38.7 (37.5) 2.64 (0.8) 

CCL21 3.97 (1.2) 4.33 (0.4)^ 

CXCL1 -1.42 (0.3) -2.04 (0.3)* 

CXCL2 1.15 (0.2) -5.20 (0.6)** 

CXCL3 22.9 (15.1)^ 5.71 (1.1) 

CXCL5 2.01 (0.2) -2.20 (0.7) 

CXCL11 2.19 (0.6) -1.61 (0.7) 

CXCL12 -1.48 (0.1)* -1.66 (0.1)** 

CXCL13 3.12 (0.2)** -2.03 (0.7) 

CXCL16 1.32 (0.9) -2.51 (0.3)** 

CD36 91.0 (11.6)** 79.2 (31.8)** 

IFNγ  4.42 (1.0)** 13.41 (4.0)** 

Arg1 -1.82 (0.3) -8.08 (2.01)** 

iNOS 4.38 (1.2)^ 3.32 (0.5) 

IDO -5.0 (1.1)** 2.30 (0.7) 

GM-CSF 1.55 (0.4) -1.62 (0.7) 

MCSF 1.44 (0.4) -1.93 (0.5) 

M6pr -2.77 (2.9) -3.99 (0.9)** 

TGFβ 162.8 (26.6)** 174.8 (30.2)** 

TNFα 1.47 (0.4) 2.32 (0.4)^ 

Ym1 82.3 (16.9)** 130.8 (104.2)** 

IL-1b 1.25 (0.3) 1.25 (0.5) 

IL-2 1.61 (0.2)^ 1.31 (0.2) 

IL-4 1.66 (1.0) -1.08 (0.2) 

IL-5 -1.40 (1.4) -4.49 (2.1)* 

IL-6 1.66 (0.2) -5.27 (0.6)** 

IL-10 2.11 (0.2)** 1.10 (0.1) 

IL-12p35 -3.04 (4.3)^ 1.35 (0.1) 

IL-13 2.87 (0.6)^ 1.0 (0.2) 

IL-17a 6.79 (3.3) 1.94 (1.4) 

IL-21 2.02 (0.8) 13.7 (4.0)* 

Tbet 1.54 (0.2) 1.75 (0.5) 

GATA3 -7.6 (4.6)* -1.95 (0.3)* 

Foxp3  -1.47 (0.5) 1.71 (0.4) 

Supplementary Table S4.4. Age- and parity-associated gene 

expression changes expressed as fold changes in the OFB. Young 

adult nulliparous mice (yNP); mature adult nulliparous mice (aNP); 

mature adult parous mice (aP).  

*:  p<0.05           **: p<0.01                 ^: p=0.08-0.05 
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Gene Expression (Avg dCT ± SEM) 

Gene yNP FFL aP FFL 

CCL1 13.53 (1.6) 13.15 (0.5) 

CCL2 4.29 (0.2) 5.40 (0.5) 

CCL3 9.62 (0.5) 10.85 (0.3) 

CCL4 8.51 (0.6) 8.29 (0.2) 

CCL5 5.46 (1.3) 3.15 (0.3) 

CCL7 6.88 (0.6) 6.28 (0.4) 

CCL17 9.80 (1.5) 10.85 (0.4) 

CCL19 8.61 (2.0) 4.96 (0.4) 

CCL20 13.72 (0.4) 17.39 (1.0) 

CCL21 10.82 (2.3) 5.41 (0.3) 

CXCL1 6.01 (0.8) 7.70 (0.6) 

CXCL2 8.81 (0.9) 11.27 (0.4) 

CXCL3 14.05 (1.3) 11.96 (1.1) 

CXCL5 9.08 (0.5) 10.75 (0.9) 

CXCL11 14.03 (1.2) 16.0 (0.5) 

CXCL12 6.14 (0.6) 5.13 (0.4) 

CXCL13 6.45 (2.6) 2.51 (0.7) 

CXCL16 4.79 (0.3) 6.31 (0.3) 

CD36 13.66 (1.2) 1.26 (0.7) 

IFNγ 15.30 (1.4) 10.14 (0.4) 

Arg1 3.20 (0.3) 8.01 (0.8) 

iNOS 10.70 (0.7) 12.58 (0.1) 

IDO 15.97 (1.8) 13.16 (0.3) 

GM-CSF 13.92 (0.9) 13.25 (0.5) 

MCSF 6.62 (0.2) 7.69 (0.3) 

M6pr 4.33 (0.6) 4.74 (0.2) 

TGFβ 12.10 (0.6) 5.86 (0.3) 

TNFα 12.90 (1.0) 11.53 (0.4) 

Ym1 14.51 (1.0) 11.05 (0.7) 

IL-1b 8.05 (0.6) 8.85 (0.4) 

IL-2 15.82 (1.9) 12.52 (0.4) 

IL-4 14.47 (0.3) 14.02 (0.4) 

IL-5 12.77 (0.1) 13.27 (0.4) 

IL-6 10.85 (0.5) 11.95 (0.3) 

IL-10 9.10 (0.1) 10.00 (0.4) 

IL-12p35 12.38 (1.1) 11.49 (0.5) 

IL-13 14.34 (2.0) 15.55 (0.2) 

IL-17a 24.07 (0.9) 22.08 (0.3) 

IL-21 14.93 (1.9) 10.80 (0.5) 

Tbet 10.90 (1.4) 9.03 (0.3) 

GATA3 7.82 (0.3) 10.08 (0.1) 

Foxp3 10.70 (1.5) 9.60 (0.4) 

Supplementary Table S4.5. Gene expression analysis of cancer-

associated changes in the OFB. Young adult nulliparous mice 

(yNP); mature adult parous mice (aP).  
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Fold Expression Change ± SEM (vs PBS) 

Gene yNP FFL aP FFL 

CCL1 4.93 (4.4) -1.09 (0.2) 

CCL2 4.61 (0.5)** 4.19 (1.7)* 

CCL3 3.57 (1.0)* -1.19 (1.0) 

CCL4 2.67 (1.1) -1.14 (10.3) 

CCL5 -1.71 (3.5)  - 1.34 (1.5) 

CCL7 1.52 (0.7) 3.06 (0.7) 

CCL17 2.26 (1.98) 2.61 (0.5)^ 

CCL19 -1.88 (13.5) -2.32 (0.3)* 

CCL20 42.23 (11.0)* 2.75 (1.4) 

CCL21 -3.27 (53.9) -2.55 (0.3)** 

CXCL1 8.17 (3.2)* 6.05 (2.8)* 

CXCL2 3.53 (2.2) 2.66 (0.7)* 

CXCL3 50.73 (38.6)^ 71.27 (58.1)* 

CXCL5 67.3 (20.4)** 86.49 (45.9)** 

CXCL11 4.84 (3.7) 1.42 (0.4) 

CXCL12 -5.30 (2.6)* -1.69 (1.1)^ 

CXCL13 -353.3 (48.9)^ -1.07 (0.6) 

CXCL16 1.31 (0.2) 1.23 (0.3) 

CD36 -61.12 (91.0)** 1.14 (0.4) 

IFNy -1.22 (4.6) -1.17 (3.8) 

Arg1 24.44 (5.5)** 15.99 (11.0)* 

iNOS 9.62 (3.3)^ -1.45 (0.9) 

IDO -2.58 (16.7) -2.54 (0.2)* 

GM-CSF -2.20 (2.5) 1.15 (0.4) 

MCSF 1.6 (0.2)^ 1.65 (0.3) 

M6pr -2.67 (1.3)^ -1.00 (1.6) 

TGFβ 2.04 (0.9) -1.25 (4.7) 

TNFα 1.19 (0.8) -1.04 (1.5) 

Ym1 7.53 (3.5)^ 1.84 (0.9) 

IL-1b 1.58 (0.7) -1.10 (0.1) 

IL-2 -2.43 (13.8) -1.23 (0.8) 

IL-4 -4.0 (0.9)** -2.42 (0.2)* 

IL-5 -4.14 (0.4)** 1.01 (0.3) 

IL-6 1.63 (0.6) 1.41 (0.2) 

IL-10 1.56 (0.09)* -1.12 (1.9) 

IL-12p35 -1.72 (2.6) -1.75 (0.5) 

IL-13 6.23 (5.46) 1.48 (0.2) 

IL-17a -6.08 (5.1) -1.92 (3.0) 

IL-21 1.67 (1.6) -1.68 (1.1) 

Tbet -1.76 (5.0) -1.75 (0.6) 

GATA3 2.63 (0.5) 1.10 (0.1) 

Foxp3 1.08 (0.9) -1.63 (1.9) 

Supplementary Table S4.6. Cancer-associated gene expression 

changes in the OFB expressed as fold change. Young adult 

nulliparous mice (yNP); mature adult parous mice (aP).  
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*:  p<0.05           **: p<0.01                 ^: p=0.08-0.05 
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ABSTRACT 

 IL-12 plays an important role in the TH1-type immune response and has also been described as a 

potent anti-tumorigenic therapeutic. While preclinical results were promising, systemic IL-12 was 

associated with a host of dangerous side effects in clinical trials. This galvanized the development of a 

new generation of targeted cancer therapeutic strategies including immune or accessory cells engineered 

to express secreted or membrane-bound IL-12 (mbIL-12).  Ovarian cancer has one of the highest 

incidence-to-death ratios in neoplastic disease due to late detection and subsequent high prevalence of 

metastasis at the time of disease discovery. The omental fat band (OFB) is the well-known predominant 

site for ovarian cancer metastatic seeding, although it normally plays an immunoregulatory role in the 

peritoneal cavity as a secondary lymphoid organ. Using fluorescence-activated cell sorting (FACS) 

analysis we have illustrated the immune composition in the OFB after aggressive ovarian cancer cell 

seeding, characterized by an increase in tumor-associated neutrophils (TANs) and macrophages (TAMs). 

Further, by creating a mb-IL-12 expressing cell line variant, we demonstrated that localized IL-12 in the 

tumor microenvironment significantly delays disease development, with an over 200% extension in 

lifespan. Using quantitative realtime PCR (qRT-PCR), we found that mbIL-12 causes a reduction in the 

expression of neutrophil and macrophage chemoattractants (CXCL1, -2, -3 and CCL2, -7) early after 

intraperitoneal implantation (7 days). Decreased tumor burden also correlates with a significant reduction 

in TAN and TAM infiltration in the OFB at 3 weeks post-injection, indicating their importance in the 

progression of the pro-tumorigenic cascade. Vaccination with mbIL-12-expressing tumor cells did not 

offer protection against subsequent challenge, indicating the poor immunogenicity of these cells. This 

correlates with previous reports that IL-12 may be acting directly on macrophages, and may alter 

activation status. These findings demonstrate the efficacy of IL-12 expression directly at the 

immunological synapse in delaying metastatic outgrowth. If harnessed and re-mobilized to overcome 

tumor-affiliated immunosuppression, the immune microenvironment within the OFB could prove a 

powerful tool in metastatic disease treatment.   
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INTRODUCTION 

 

Ovarian cancer has one of the highest incidence-to-death ratios in the world, in part due to a lack 

of early detection tools, its asymptomatic nature, and the high prevalence of metastasis at the time of 

discovery
1, 2, 3

. Metastasis occurs when ovarian cancer cells exfoliate from the primary tumor and 

disseminate throughout the peritoneal cavity, typically forming outgrowths on the omental fat band 

(OFB)
4, 5

. The OFB is composed of adipose tissue interspersed with immune cell aggregates (“milky 

spots”) and is considered a secondary lymphoid organ because it plays an important role in 

immunosurveillance in the peritoneal cavity, capable of mounting innate and adaptive responses
6, 7, 8

. In 

women diagnosed with ovarian cancer, the OFB is typically removed during tumor debulking as a 

preventative measure, leaving women susceptible to peritoneal infections
7, 9

.  Despite the normal 

protective immune function of the OFB, research indicates that cancer cells adhere to these milky spots 

and initiate an extremely effective signaling program resulting in the formation of a pro-tumorigenic 

microenvironment
10

. As the predominant site for ovarian cancer metastasis, and a secondary lymphoid 

organ with a diverse leukocyte population, the OFB provides a unique opportunity for targeted treatment 

strategies.  

 IL-12 is a potent immunomodulatory cytokine, and has been utilized in both laboratory and 

clinical settings as a cancer therapeutic
11, 12, 13

.  IL-12 helps drive adaptive immune responses, polarizing 

naïve CD4
+
 cells toward a TH1 phenotype. The TH1 response is generally protective against infection, and 

helps limit carcinogenesis
14

. It plays a crucial role in the induction of IFNγ secretion by T and NK cells, 

the differentiation of cytotoxic CD8
+
 cells, and it increases the activity of NK cells

15, 16, 17, 18
. Additionally, 

it can reactivate and sustain tumor-specific memory CD4
+
 T cells from a TH2 to a protective TH1 

phenotype in the tumor microenvironment
19

. IL-12 has also been shown to have potent anti-angiogenic 

properties, as a result of IFNγ-induced production of IP-10 and Mig, indicating anti-tumorigenic activity 

through multiple pathways
20, 21, 22, 23, 24

. IL-12 has shown tumor regression or prevention in a wide variety 

of cancer models including ovarian, renal, gastrointestinal and mammary carcinomas, melanomas and 



 

116 
 

lymphomas; however the magnitude of outcome varies, most likely due to the variation of tumor type, 

cytokine dose and route of administration
14, 25, 26, 27, 28, 29

.  

 Despite the wealth of promising pre-clinical results, initial clinical results using systemic IL-12 

were relatively poor, and systemic IL-12 caused severe and dangerous side effects due to widespread 

diffusion to neighboring tissues
30, 31, 32, 33, 34

. Thus, more targeted approaches are under investigation and 

include intratumoral recombinant IL-12, local injection of virus engineered to secrete IL-12, as well as 

genetically modified tumor cell lines, DCs and fibroblasts expressing secretory or membrane-bound IL-12 

(mbIL-12). These have shown varying degrees of success with tumor regression or prevention, linked to 

increased CD8
+
 effector T and NK cell activity

21, 35, 36, 37, 38, 39, 40, 41, 42
 For the treatment of ovarian cancer, 

IL-12-containing polymer delivery vehicles have been developed for i.p. injection. In preclinical studies, 

these reduced tumor growth and ascites accumulation, but their efficacy in Phase I clinical trials were 

disappointing, required repeat doses, and presented with side effects due to widespread dispersion in the 

peritoneal cavity
20, 43

. I.p. administration of recombinant IL-12 also yielded poor results
33

. Thus, a more 

controlled strategy is warranted.  

 We have previously shown that the OFB is a complex and diverse immune organ that undergoes 

polarizing events following the seeding of ovarian cancer cells, as well as parity-associated changes in the 

homeostatic state that provide a naturally metastasis-refractory microenvironment
44, 45

 As the primary site 

for ovarian cancer metastasis, the OFB provides a unique opportunity to study the efficacy of 

immunomodulatory IL-12 treatment. Additionally, the OFB may provide an opportunity for the 

mobilization of the immune system towards an anti-tumorigenic state during peritoneal metastasis, if 

these interactions could be defined and selectively targeted.  

In the present study, we comparatively characterized the OFB microenvironment as a 

consequence of time post-peritoneal implantation of benign, aggressive and highly aggressive ovarian 

cancer lines in a fully immune competent setting in order to gain insights into the recruitment factors that 

contribute to the establishment of the pro-tumorigenic state. Importantly, we evaluated whether 

presentation of IL-12 directly on the tumor cell surface was sufficient to disrupt the pro-tumorigenic 
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signaling cascade that develops following ovarian cancer metastasis to the OFB. Our results confirm that 

localized expression of membrane-bound IL-12 can reduce metastatic seeding and outgrowth of highly 

aggressive, metastatic ovarian cancer cells. We and others have previously shown that the metastatic 

microenvironment during aggressive tumor growth is characterized by an overwhelming increase in 

tumor-associated neutrophils and macrophages (TANs, TAMs) and increased chemotactic signaling for 

these leukocytes
46, 47, 48, 49

. Here, we determined that mbIL-12 mitigates recruitment of TANs and TAMs 

and interferes with rapid establishment of a pro-tumorigenic microenvironment within the peritoneal 

cavity. This work provides valuable insights into the kinetics of the pro-tumorigenic cascade, and 

highlights targets that could be disrupted for improved chemotherapeutics designed to target in a 

metastatic ovarian cancer.    

 

METHODS AND PROCEDURES 

 

Cell Lines 

 

The mouse ovarian surface epithelial (MOSE) cell model utilized in this study was derived from C57BL/6 

mice and characterized as previously described
50, 51

. In addition to benign MOSE-E (early) cells that are 

incapable of forming tumors in vivo, this study utilized an EGFP-expressing MOSE-L variant (MOSE-

LEGFPv) and a previously described FFL-expressing, MOSE-L variant (MOSE-LFFLv) that was passaged 

once in vivo to increase aggressiveness
45

. MOSE-LFFLv cells constitutively expressing a membrane-bound 

version of the murine IL-12 gene were established as described previously
52

 Briefly, a murine single 

chain IL-12 p35p40 gene was amplified from pORF-mIL-12(p35p40) (Invivogen) and fused in frame to 

the transmembrane encoding region of the influenza HA gene.  Following transfection of FFL cells with 

the mbIL-12/HA containing plasmid, stable G418-resistant subclones were established. (Sigma-

Aldrich).   Stable transfectants expressing IL-12 were screened by surface immunofluorescence staining 

using an anti-mouse IL-12p70 mAb (R&D Bio); the highest expressing subclone was expanded and 

designated MOSE-LFFL/IL-12v. It was empirically determined in pilot studies that that 1x10
4
 MOSE-LFFLv 
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cells injected i.p. results in fatal disease after 3 weeks incubation, in contrast to the parental MOSE-L 

cells (phenotypically identical to MOSE-LEGFPv cells) which require a 1-5 x 10
6
 cells and 12 weeks of 

incubation to present comparably. Cells were routinely maintained in high glucose DMEM (Invitrogen, 

Carlsbad, CA), supplemented with 4% fetal bovine serum (Hyclone, Logan UT), and 100mg/ml penicillin 

and streptomycin. FFL- and EGFP-expressing cells also receive 1µg/ml puromycin to maintain selection; 

IL-12/HA-expressing cells are propagated in both puromycin and G418 (1.4mg/ml) supplemented media 

as the IL-12 expression plasmid carries a geneticin resistance marker for selection.  

Animals 

12-week old female C57BL/6 mice (Harlan Laboratories) were housed five per cage in a 

controlled environment (12 hour light/dark cycle at 21C) with free access to water and food (18% 

protein rodent chow, Teklad Diets). Mice were sacrificed by CO2 asphyxiation; all animal work was 

performed in accordance with the guidelines approved by the Virginia Tech Institutional Animal Care and 

Usage Committee. 

MOSE Cell Injections 

 Preliminary dosage studies were performed to determine the appropriate cell number and time for 

tumor development, and to verify tumor reproducibility for MOSE-LEGFPv and MOSE-LFFLv cell lines. 

Prior to injection, cells were resuspended in 300µL sterile calcium- and magnesium-deficient phosphate 

buffered saline (PBS
-/-

). To determine the efficacy of membrane-bound IL-12 (mbIL-12), an initial proof-

of-concept experiment was performed; mice (n=6) were injected i.p. with 2.5x10
6
 MOSE-LFFLv or MOSE-

LFFL/IL-12v and sacrificed at MOSE-LFFL cell endpoint (day 15 post-injection) to compare relative tumor 

burdens. The survival curve for MOSE-LFFL/IL-12 cells was determined using an i.p. injection of 1x10
6
 

cells. Based on these combined preliminary study results, all subsequent studies were performed using 10
4
 

MOSE-LFFLv and MOSE-LFFL/IL-12v cells, and 10
6
 MOSE-LEGFPv and MOSE-E (non-tumorigenic) cells. For 

challenge experiment, MOSE-LFFLv and MOSE-LFFL/IL-12v cells were treated in-vitro with 50µg/ml 

Mitomycin C (MMC; FFLvMMC, FFL/IL-12vMMC) for 45 minutes at 37°C, as per manufacturer’s 

instructions (Sigma-Aldrich) prior to injection. Mice (n=8) received PBS
-/-

 (mock-injected), MOSE-
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LFFL/IL-12v, FFLvMMC, or FFL/IL-12vMMC cells at 1x10
6
 cells i.p.. At week 5, n=3 mice per group were 

sacrificed to verify MMC treatment effectively halted tumor growth. Remaining mice (n=5 per group) 

received FFL challenge at 1x10
4
 i.p. at this time. For kinetics studies, mice (n=15) were sacrificed at 24 

hours or 7 days post-injection with MOSE-LFFLv, MOSE-LFFL/IL-12v or MOSE-LEGFPv.  

IVIS Imaging  

 Whole animal bioluminescence imaging was used to monitor tumor progression of FFL-

expressing cancer cell lines.   Briefly, mice were imaged using the IVIS100 Imaging System (Xenogen) 

and Living Image acquisition and analysis software (Caliper Life Sciences) as previously described
53

. 

Briefly, mice were injected with ketamine/xylazine i.p. (100mg/kg / 10mg/kg body weight), after which 

they were injected i.p. with 150mg/kg D-luciferin. Images were taken 5 minutes after second injection, 

exposure time was 1 minute.  

Peritoneal Cancer Index (PCI) 

 Tumor burden at the time of sacrifice was determined as described previously, with minor 

modifications
54, 55

 and is expressed as the peritoneal cancer index, PCI. The original PCI was adopted to 

apply to tumor size and region in mice. Previously described quadrant areas were modified to represent 

distinct organs and their mesentery to obtain more specific information regarding tumor cell 

dissemination and seeding. Specific regions included peritoneal cavity lining, ovaries, lesser omentum, 

greater omentum (OFB), diaphragm, liver, stomach, pancreas, spleen, kidney, small intestine, small 

intestine mesentery, large intestine, and large intestine mesentery (14 regions total). Tumor size score (0-

3) from each region were determined macroscopically and denoted as 0: no macroscopic tumor, 1: < 

1mm; 2: 1-3mm ; or 3: >3mm or solid tumor. The maximum composite PCI score was 42. Relative PCI 

scores were further verified by qRT-PCR analysis of FFL and EGFP expression within the OFB.   

Tissue and peritoneal serous fluid harvest  

The OFB was harvested from each mouse, weighed, rinsed with PBS
-/-

, and processed for FACS 

or placed into RNAlater (Qiagen) and stored at -80°C.  Resident peritoneal cavity cells were collected via 
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peritoneal lavage with 5ml of PBS
-/-

.  The effluent was centrifuged, subjected to erythrocyte lysis 

(155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA), and further processed as described below. 

Tissue Digestion  

SVFs were isolated following digestion of individual OFBs in GKN-buffer containing 1.8mg/ml 

Type IV collagenase, 10% FBS, and 0.1mg/ml DNase as described previously
44

. After digestion at 37°C 

for 45 min, cells were passed through a 40µm cell strainer, subject to erythrocyte lysis and cells were 

pelleted by centrifugation and processed for FACS analysis.  

FACS Analysis 

Single cell suspensions derived from OFB and PSF were washed in flow buffer (2% BSA in PBS
-

/-
), blocked with Fc block (BD Biosciences) for 10 minutes at 4°C, rinsed and incubated with 

fluorochrome-labeled antibody combinations (available upon request) for 20 min at 4°C. Fluorochrome-

labeled antibodies specific for mouse CD45, CD11b, CD11c, F4/80, Ly6C, CD4, CD44, CD62L, B220, 

CD19, NK1.1, and Ly6G were obtained from eBioscience (San Diego, CA). CD3, and CD8 antibodies 

were obtained from BD Biosciences (San Jose, CA). Prior to analysis, cells were washed twice and 

resuspended in PBS
-/-

 with propidium iodide for dead cell exclusion. FACS was performed on a 

FACSAria (BD Biosciences) and data was analyzed using Flowjo (TreeStar) software. 

Quantitative real-time PCR 

Individual OFBs were homogenized in Qiazol (Qiagen) and RNA was purified using an RNeasy 

Lipid Tissue Kit (Qiagen), according to manufacturer’s instructions. RNA concentration was determined 

using a NanoDrop1000 spectrophotometer. RNA was converted to cDNA using the iScript cDNA 

synthesis kit (Biorad) according to manufacturer’s protocol. qRT-PCR was performed with 12.5ng cDNA 

per sample using gene-specific SYBR Green primers (primer sequences are available upon request) 

designed with Beacon Design software. SensiMix SYBR and Fluorescein mastermix (Quantace) was used 

in a 15L reaction volume.  qRT-PCR was performed for 42 cycles at 95C for 15 sec, 60C for 15 sec, 

and 72C for 15 sec, preceded by a 10 min incubation at 95C on the iQ5 (Biorad).  Melt curves were 
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performed to ensure fidelity of the PCR amplicon. The housekeeping gene was L19 and the ddCt 

method
56

 was used to determine fold differences.  

Statistical Analysis  

Data are expressed as mean ± standard error of mean (SEM).  FACS and qRT-PCR data were analyzed 

using a one-way ANOVA coupled with a Tukey Post-hoc test in SigmaPlot (Systat Software). 

Differences were considered statistically significant at p<0.05. 

 

RESULTS 

 Ovarian cancer is typically discovered in the later stages when metastasis has already occurred, 

preferentially seeding within the OFB.  In a similar fashion, peritoneal implantation of 1x10
6
 MOSE-

LEGFPv cells led to their rapid localization to the OFB as early as 6 hours post-implantation (Figure 

5.1A,B). Within 24 hours, cancer cell micro-implants have taken hold and are readily evident (Figure 

5.1C,D). Likewise, using whole body bioluminescence imaging (BLI), we were able to monitor the 

progression of FFL-expressing MOSE-E (MOSE-EFFLv, benign) and MOSE-L (MOSE-LFFLv, highly 

aggressive) cells over time in live animals. Notably, MOSE-EFFLv cells, which were readily detectable at 

24 hours post-injection, were no longer detectable by day 8 suggesting that they are either cleared by 

innate defense mechanisms or are incapable of establishing a microenvironment conducive for their 

growth and survival. Conversely, MOSE-LFFLv cells remained detectable at day 8 and continued to 

proliferate, eventually leading to widespread tumor outgrowth throughout the peritoneal cavity, consistent 

with their extremely aggressive phenotype (Figure 5.1E,F). It is noteworthy to mention that irrespective 

of tumorigenic potential all MOSE cells were able to localize to and accumulate initially within the OFB. 

Although the OFB is a secondary lymphoid organ, it is commonly repolarized into a pro-tumorigenic 

microenvironment during cancer cell metastasis, promoting disease progression. We reasoned that this 

dual functionality and diverse leukocyte component provides a unique opportunity for targeted anti-

metastatic immunomodulatory treatments.  
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Figure 5.1. Ovarian cancer cells localize to the OFB within 6 hours of intraperitoneal implantation. (A, 

B) The OFB at 6 hours post-i.p. injection with 1x10
6
 MOSE-LEGFP cells. (C,D) The OFB at 24 hours 

post-i.p. injection with MOSE-LEGFP cells. (E) IVIS imaging of MOSE-EFFLv and MOSE-LFFLv i.p. 

injected animals 24 hours post-injection. (F) IVIS imaging of MOSE-EFFLv and MOSE-LFFLv i.p. 

injected animals 8 days post-injection. 

 

 

Due to its polarizing effects on both innate and adaptive immune cells and its demonstrated 

efficacy against ovarian and other cancer types
29

, we postulated that highly localized IL-12 expression 

may be sufficient to shift the OFB towards an anti-tumorigenic state after cancer cell seeding.  In order to 

circumvent the dangerous side effects affiliated with systemic or soluble IL-12 administration, we opted 

to express a membrane-bound version of the IL-12 protein directly on the surface of the highly aggressive 

MOSE-LFFLv cells.  Thus, the effects of IL-12 should be restricted to direct interactions at the 

immunological synapse with cells that possess the IL-12 receptor (DCs, T cells, NK cells, monocytes, 

macrophages and B cells)
14, 57, 58, 59

.  

As depicted in Figure 5.2, we were able to generate an IL-12 expressing MOSE-LFFLv cell line 

that constitutively expresses membrane-bound IL-12 (mbIL-12) on the cell surface (Figure 5.2A,B). 

Importantly, expression of mbIL-12 did not alter the in vitro growth rate (Figure 5.2C) nor the colony 

forming capacity of the MOSE-L FFL cells, suggesting that the insertion of the IL-12 fusion gene did not 

adversely alter the proliferative or tumorigenic properties of the cell line. Importantly, we were also able 
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to use qRT-PCR method to verify the expression of EGFP in MOSE-LEGFPv cells, IL-12 in MOSE-

LFFL/IL12v cells, and FFL in both MOSE-LFFLv and MOSE-LFFL/IL-12v lines (Figure 5.2D).  

 

Figure 5.2. MOSE cell line phenotypic charactierization (A,B) Cell surface IL-12 staining of MOSE-

LFFL/IL-12v (C) In vitro proliferation, MTT assay. (D) Gene expression of MOSE cell line variants.  
 

Comparative qRT-PCR was also employed to determine whether MOSE cell lines with varying 

tumorigenic potential differentially expressed key cytokines and chemokines involved in the recruitment 

or activation of pro-tumorigenic cell types. It was also important to establish that the IL-12 gene insertion 

did not adversely alter the gene expression profile of these cells. Thus, a panel of 30 immune-related 

cytokines and chemokines were evaluated (Figure 5.2D) in order to determine factors that may alter the 

immune microenvironment and create a pro-tumorigenic niche. Interestingly, all MOSE cells irrespective 

of tumorigenic potential, express high levels of CXCL12, a chemokine that has been shown to recruit 

macrophages to breast tumors 
60

.  Cytokines involved in the recruitment and proliferation of monocytes 

(MCSF, CCL2, CCL7) were also highly expressed. The non-malignant MOSE-E cell line exhibited 

significantly decreased expression of neutrophil chemoattractants CXCL1 and CXCL5 compared to its 
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malignant counterparts. This is noteworthy because a reduction in the expression of these cytokines has 

been associated with a microenvironment that is refractory to peritoneal outgrowth in the OFB
45

.  

Impact of membrane-bound IL-12 on peritoneal tumor burden 

 As IL-12 has been implicated as a potent anti-tumorigenic immunomodulatory molecule, we were 

interested in evaluating its efficacy in a targeted fashion in an immune competent setting of ovarian 

cancer metastasis. Therefore, we utilized our previously described highly aggressive FFL-expressing cell 

line in conjunction with its mbIL-12 expressing counterpart to determine whether highly localized 

expression of IL-12 can significantly impact peritoneal seeding and outgrowth. Peritoneal implantation of 

a high dose of MOSE-LFFLv (2.5x10
6
 cells, i.p.) is highly lethal to C57BL/6 mice, with animals reaching 

established endpoints within 15 days. This corresponded with a high peritoneal cancer index (PCI) 

determined post-mortem. In contrast, animals receiving the same dose of MOSE-LFFL/IL-12v cells exhibited 

a significantly decreased tumor burden (Figure 5.3A, p<0.01). Of note, MOSE-LFFL/IL-12v cells resulted in 

significant lifespan extension as compared to MOSE-LFFLv cells (1 x 10
4
 i.p.), even when implanted at a 

100-fold higher dosage (Figure 5.3b, p<0.01). It is important to highlight that while expression of mb-IL-

12 did significantly extend lifespan, cancer was not completely eradicated, and animals had to eventually 

be sacrificed due to disease severity.  

 

 

Figure 5.3. mbIL-12 reduces ovarian cancer cell tumorigenicity (A) PCI 15 days post-injection of 

2.5x10
6
 cells i.p. (n=6) (B) Survival curve 10

6
 MOSE-LFFLv, 10

4 
MOSE-LFFLv and 10

6
 MOSE-LFFL/IL-12 

cells. (C) PCI 3 weeks post-injection i.p. of 1.0x10
4
 MOSE-LFFLv, 1x10

4
 MOSE-LFFL/IL-12v or 1x10

6 

MOSE-LEGFP cells (n=15). **: p<0.01. 
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Characterization of the OFB immune microenvironment as a consequence of tumor cell outgrowth 

 To gain insights into the mechanisms behind the increased survival of animals receiving the 

mbIL-12-expressing MOSE-LFFL/IL-12v cell line, we comparatively assessed the immune cell composition 

of the OFB, the primary metastatic seeding site, as a consequence of peritoneal tumor cell implantation. 

At 3 weeks post-implantation, animals administered MOSE-LFFLv, MOSE-LFFL/IL-12v, or MOSE-LEGFPv 

cells were euthanized and the immune cell composition of the OFB and peritoneal serous fluid (PSF) 

were characterized by FACS analysis. MOSE-LEGFPv cells have been previously characterized as a 

metastatic, but slowly developing disease model, necessitating the need for an increased dose of these 

cells to produce quantifiable tumor burden at the chosen timepoint. As noted, the MOSE-LFFL/IL-12v 

recipients again had a significantly reduced tumor burden compared to their non-IL-12-expressing 

counterparts (p<0.01). In fact, tumor burden was comparable to that of our more slowly-developing 

disease model which utilizes the MOSE-LEGFPv cells administered at a 100-fold higher dosage of cells (1 x 

10
6
) (Figure 5.3c). Macroscopically, the OFB of MOSE-LFFLv mice had been completely overtaken by 

tumor, with no detectable adipose tissue remaining. In contrast, MOSE-LFFL/IL-12v and MOSE-LEGFPv mice 

had detectable tumor nodules in the OFB, but peritoneal tumor burden was significantly reduced.  

FACS analysis of the immune cell composition of the OFB revealed several interesting 

differences with respect to the response elicited by the MOSE cell lines (Supplementary Table S5.1). In 

the MOSE-LFFLv model, there was a significant shift in the proportion of lymphocytes (R1 gate) to 

monocytes/granulocytes (R2 gate) (Figure 5.4A, p<0.01). This shift was not evident in either MOSE-

LFFL/IL-12v or MOSE-LEGFPv mice, which maintained R1:R2 ratios comparable to mock-injected mice at this 

time point after implantation. This trend was mirrored in the PSF fluid with a significant difference 

observed for the MOSE-LFFLv mice; the predominance of monocytes/granulocytes was even more marked 

(39.4% loss of lymphocytes, p<0.01; Supplementary Table S5.2).  

In MOSE-LFFLv mice, the redistribution of R1:R2 leukocytes was reflected across all immune cell 

subsets with decreases noted in CD3
+
, CD19

+
 and NK1.1

+
 cells, and concomitant increases in F480

+ 
cells 
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(Figure 5.4 B-E, p<0.01). The leukocyte trend was somewhat different in the PSF, with the loss of 

lymphocytes reflected solely in the B cell, rather than both T and B cell populations (p<0.01; 

Supplementary Table S5.2). Additionally, while the presence of MOSE-LFFLv cells in the PSF did not alter 

the proportion of large peritoneal macrophages (LPMs, the predominant PSF macrophage population in 

steady-state) it did significantly increase the proportion of small peritoneal macrophages (SPMs, 

previously reported to be indicative of inflammatory stimulation) as compared to mock-injected mice 

(p<0.01, Supplementary Table S5.2). This suggests that MOSE-LFFLv cells are actively recruiting 

monocytes to the peritoneal cavity, where they are likely involved in maintaining a pro-tumorigenic, 

immunosuppressive state. Notably, there was also a massive increase in the CD11b
+
Ly6G

+
Ly6C

+
 tumor-

associated neutrophil (TAN) population in the OFB following MOSE-LFFLv injection (Figure 5.4F, 

p<0.01). This pattern was also maintained in the PSF (p<0.01 Supplementary Table S5.2), indicating the 

importance of TANs and their recruitment in the rapid development of ovarian cancer cell metastasis in 

the peritoneal cavity.   

In contrast, administration of MOSE-LFFL/IL-12v and MOSE-LEGFPv cells resulted in a significantly 

increased proportion of CD3
+
 T cells in the OFB as compared to mock-injected and MOSE-LFFLv mice 

(Figure 5.4B, p<0.01). The proportions of CD19
+
 B cells and F480

+
 macrophages were not altered by the 

outgrowth of either MOSE-LFFL/IL-12v or MOSE-LEGFPv cells in the OFB at the time of sacrifice (Figure 

5.4C,D). While the proportion of NK 1.1
+
 cells decreased in the OFB as a result of MOSE-LEGFPv cell 

outgrowth (p<0.01), this population was not reduced in the MOSE-LFFL/IL-12v model.  It is possible that this 

is due to the known interactions of IL-12 on NK cell activation helping to maintain this population within 

the microenvironment.  Interestingly, the TAN population was significantly increased as a consequence of  

MOSE-LEGFPv growth in the OFB, albeit not to the extent caused by MOSE-LFFLv cells.  However, TANs 

were virtually absent from the MOSE-LFFL/IL-12v OFB microenvironment with levels mirroring that 

observed for the sham OFB (Figure 5.4F). This suggests that membrane-bound IL-12 may be negatively 

modulating the influx of TANs to the tumor microenvironment, which in turn is reflecting a less 
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conducive state for tumor outgrowth. The proportion of leukocyte populations in the PSF of MOSE-

LFFL/IL-12v and MOSE-LGFPv mice were not significantly altered as compared to mock-injected mice. 

 

Figure 5.4. mbIL-12 reduces ovarian cancer outgrowth-associated influx of macrophages and 

neutrophils to the OFB. (A) Proportion of lymphocytes to monocytes/granulocytes (R1:R2) in total 

CD45
+
 leukocyte fraction. (B) Proportion of CD3

+
 T cells in total leukocytes. (C) Proportion of CD19

+
 

B cells in total leukocytes. (D) Proportion of F480
+
 macrophages in total leukocytes. (E) Proportion of 

NK1.1
+
 NK cells in total leukocytes. (F) Proportion of CD11b

+
Ly6G

+
Ly6C

+
 tumor-associated 

neutrophils (TANs) in total leukocytes. Unlike letters indicate significance, p<0.05.  

 

These cellularity changes as a consequence of tumor cell seeding and outgrowth were also 

supported by gene expression profiling of the OFB at the same time point. The mRNA expression of IL-2, 

a cytokine important for T cell proliferation was decreased 12-fold in the OFB of MOSE-LFFLv mice as 

compared to controls (p<0.01, Supplementary Table S5.3). Additionally, CXCL13, a B cell 

chemoattractant was down-regulated 260-fold (p<0.01) and IL-12, important for T and NK cell 

activation, was down-regulated 21-fold in MOSE-LFFLv mice as compared to controls. This was 

particularly interesting given the mitigating effect that mbIL-12 has on tumorigenicity.  In addition, 

expression of monocyte and neutrophil chemoattractants (CXCL1, -2, -5) were significantly up-regulated 

in the OFB of MOSE-LFFLv mice, compared to MOSE-LFFL/IL-12 mice (p<0.01). Combined, this data 
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validates the role of IL-12 in modulating the balance between a protective and a pro-tumorigenic 

metastatic microenvironment. Of note, none of the microenvironmental gene expression changes 

described above were detected in the OFB of MOSE-LFFL/IL-12v mice, indicating their importance in 

aggressive disease development. 

IL-12 expressing FFL cells retain their low immunogenicity and do not protect against tumor 

challenge  

Given the preponderance of evidence describing the involvement of T and NK cells in the 

efficacy of IL-12 anti-tumorigenic treatment, we next designed a vaccination and challenge experiment to 

test whether the FFL cells were inherently poorly immunogenic and if membrane-bound IL-12 could 

increase their immunogenicity and elicit a protective anti-tumor immune response. Specifically, 

mitomycin C (MMC)-treated MOSE-LFFLv and MOSE-LFFL/IL-12v cells (FFLvMMC, FFL/IL-12vMMC, 

respectively) were administered i.p. at 1x10
6  

to immune competent C57BL/6 female mice. At 5 weeks 

post-“inoculation” mice were challenged with 1x10
4
 highly aggressive MOSE-LFFLv cells to determine 

whether pre-treatment with metabolically active, non-proliferating cancer cells, or cells expressing mbIL-

12 were capable of overcoming immunosuppressive signals and eliciting a robust and protective anti-

tumorigenic immune response. As shown in Figure 5.5, MOSE-LFFLv tumor development was unaffected 

by pre-treatment with either of the MMC-treated cell lines (FFLvMMC, FFL/IL-12vMMC). It is important to 

note that the small subset (n=3) of mice that were sacrificed at time of MOSE cell challenge displayed no 

visible tumor development, validating the efficacy of MMC-treatment in the prevention of MOSE cell 

proliferation.  

Figure 5.5. mbIL-12 does not provide protection against 

subsequent challenge. Peritoneal cancer index in mice (n=5) 

treated with PBS
-/-

, FFLvMMC or FFL/IL-12vMMC at 1x10
6
 and 

challenged with MOSE-LFFLv at 1x10
4
 at week 5.  

 

Given the rapid and efficient ability of MOSE-

LFFLv cells to polarize the OFB microenvironment in a 
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pro-tumorigenic manner, we aimed to characterize the early events associated with this highly successful 

cascade. Thus, we performed a series of in vivo kinetic experiments, in which we administered MOSE 

cells of varying tumorigenic potential, including the highly aggressive MOSE-LFFLv and its IL-12 

expressing counterpart, the MOSE-LFFL/IL-12v cells. Here we hoped to elucidate some of the early 

differences (at 24 hours and 7 days post-implantation) in the OFB signaling microenvironment that may 

shed light on the nature of the IL-12 protective effect on tumor cell seeding and outgrowth. Unfortunately, 

at 24 hours post-implantation, a considerable influx of neutrophils and monocytes was observed in the 

OFB (Figure 5.6, Supplementary Table S5.4) and PSF (Supplementary Table S5.5) of all animals, 

including those receiving only a bolus of PBS
-/-

. This appeared to be due to a transient injection insult and 

not by contamination with endotoxin as our PBS was certified endotoxin-free. A transient influx of 

phagocytic cells is common following i.p. injections, as shown
61, 62

. This influx did not allow us to 

definitively discern any differences as a consequence of a specific cell type that was implanted. By day 7, 

this reaction was receding, but this inflammatory response resulting from injury to the cavity prevented us 

from collecting any useful information regarding the initial MOSE-immune cell interactions via FACS 

analysis (Supplementary Table S5.6, S5.7). It is important to note that the possibility of vehicle 

contamination was ruled out by repeating this experiment with additional mice, and using an unopened 

bottle of sterile endotoxin-free PBS
-/-

 from vendor. Bacterial contamination of cell lines was ruled out by 

streaking on agar plates; all cell lines were negative. Mice having a pre-existing infection was ruled out 

by sacrificing n=5 “untouched mice” housed in the same room as experimental animals and verifying the 

lack of these inflammatory cell populations.  
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Figure 5.6. Intraperitoneal injection causes injury-related influx of inflammatory cells to the peritoneal 

cavity.  

 

Although the residual inflammatory immune cells resulting from cavity-insult made changes in 

leukocyte populations difficult to discern 7 days post-MOSE cell injection, qRT-PCR analysis of the 

entire tissue did provide some interesting insights. In contrast to samples collected at 3 weeks post-

injection in which all significant cytokine and chemokines expression changes occurred in the OFBs of 

MOSE-LFFLv mice, at 7 days the most significant gene expression changes were taking place in the OFBs 

of MOSE-LFFL/IL-12v mice. At this timepoint a significant 2- to 3-fold decrease in the expression levels of 

several neutrophil chemokines (CXCL1, -2 and -3) was observed in the MOSE-LFFL/IL-12 mice (p<0.05, 
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Supplementary Table S5.8). There was also a significant decrease in the levels of CCL2 and CCL7, 

important monocyte chemoattractants, and in VEGFa, an angiogenic factor (p<0.05). Together, these data 

suggest that the presence of IL-12 confined to the surface of the tumor cells helps establish a transiently 

refractory microenvironment that is less conducive for tumor cell outgrowth. Based on relative expression 

levels in the OFB, all MOSE lines experienced a regression at day 7, most likely due to an early but 

fleeting innate response, with successful outgrowth by 3 weeks post-implantation (Figure 5.7).  

 

Figure 5.7. Ovarian cancer outgrowth in the OFB is 

non-linear. Expression of MOSE cell line gene tags 

(FFL and EGFP) at 24 hours, 7 days and 3 weeks post-

implantation i.p. 

 

 

 

 

 

 

DISCUSSION 

IL-12 has been utilized in a wide variety of cancer models as a potent anti-tumorigenic 

therapeutic. However, clinical applications have been limited due to severe toxicity on healthy 

neighboring tissues associated with systemic IL-12. Ovarian cancer is typically diagnosed following 

disease metastasis, rendering intratumoral injections impossible and highlighting the need for a targeted 

therapeutic approach. The OFB is the primary site for ovarian cancer metastasis, and as a reservoir for 

peritoneal leukocytes offers a unique opportunity to evaluate immunomodulatory anti-metastatic 

therapies.  

Here, we determined that the incorporation of membrane-bound IL-12 (mbIL-12) on the surface 

of aggressive ovarian cancer cells resulted in a significant reduction in peritoneal tumor burden after i.p. 

injection. Further, the reduction in disease severity correlated with a significant decrease in the expression 
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levels of key chemoattractants important in the recruitment of tumor associated neutrophils (TANs) and 

tumor-associated macrophages (TAMs), which were also present at significantly lower levels compared 

to the highly aggressive tumor microenvironment of the OFB. Vaccination with mitomycin c-treated 

cancer cells was not protective with or without mbIL-12, suggesting that MOSE cells are poorly 

immunogenic, and that the anti-tumorigenic activity of mbIL-12 in this model is unlikely to be due to 

generation of a robust adaptive immune response to the cancer cells. Notably, mbIL-12 resulted in a 

200% lifespan extension in mice, which is extremely significant given the low 5-year survival rate and 

high rate of recurrent chemoresistant disease in ovarian cancer patients. While IL-12 mediated protection 

was significant, it was also transient and animals eventually experienced overwhelming disease. Together 

our data suggest that this mbIL-12 treatment method led to a significant, albeit transient, delay in the pro-

tumorigenic cascade within the OFB due to dampened capacity in attracting pro-tumorigenic accessory 

cells.  

A wealth of data has been gathered pertaining to the toxicity associated with systemic or soluble 

IL-12 administration, using a wide variety of cancer models
22, 29, 63, 64

. In clinical studies, intravenous and 

intraperitoneal administrations are considered deleterious to neighboring tissue, and side effects include 

fever, fatigue, nausea, vomiting, headache, pancytopoenia and hyperglycemia
65, 66

. Due to these systemic 

dosing restrictions, it is difficult to deliver therapeutically active dosages of IL-12 to solid tumor
67

. 

Improved targeting strategies such as liposome, alum and polymer-based delivery methods have resulted 

in significantly reduced toxic effects, but require repeated dosing to maintain therapeutic levels in situ 
66

. 

Moreover, initial clinical results were underwhelming. IL-12 treatment in both solid tumors and 

hematological malignancies displayed an objective response rate between 0-11% when administered by 

itself or in combination with other therapies
14, 66

. The “objective response” refers to stable disease, as 

opposed to progressive disease. Regression was not achieved in these models. Preclinical and clinical 

studies evaluating the efficacy of direct intratumoral IL-12 injections have shown promising results but 

this method is inappropriate in patients with widespread metastatic disease such as ovarian cancer
25, 68, 69, 

70
.  
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IL-12 has also been used as an adjuvant to tumor antigen vaccines. When injected subcutaneously 

in conjunction with the melanoma gp100 antigen (highly expressed in stage III and IV melanoma) 

increased delayed-type hypersensitivity reactions were reported in 75% of patients, with a corresponding 

increase in peripheral levels of IFNγ levels
71

. However, efficacy declined when melanoma patients were 

administered IL-12 intravenouusly (i.v.) or vaccinated with different tumor antigens
72, 73

 were not as 

significant when melanoma patients were treated with i.v. IL-12, or vaccinated with different tumor 

antigens. The latter studies suggest that the route of administration is key for tumor antigen vaccination 

efforts.  

A wide variety of cells (tumor and accessory) have been engineered to produce secreted IL-12, 

inducing delayed tumor growth or protection against subsequent tumor challenge with varying degrees of 

success
36, 38, 74

. Engineered adenocarcinoma cells that secrete IL-12 in the tumor microenvironment can 

induce tumor cell rejection mediated by CD8
+
 T cells, macrophage infiltration, vessel damage and 

necrosis
75

. Notably, co-administration of additional cytokines (IL-2, IL-18) or additional costimulatory 

molecules proved to be more effective overall in reducing tumor burden in this model than secreted IL-12 

directly at the tumor site
76

.  These differing results indicate the importance of evaluating tumor site-

specific changes as a result of IL-12 expression. In other words, IL-12-mediated interactions may differ as 

a result of inherent differences in resident IL-12R-bearing populations within specific microenvironments.  

There have been several examples of membrane-bound cytokines increasing the immunogenicity 

of tumor cells over and above the effects of secreted cytokines, ultimately leading to generation of robust 

anti-tumor immune responses
77, 78, 79

. The rationale for this strategy is that there is no free IL-12 release 

into the microenvironment, and presumably all interactions with IL-12 must be directly at the 

immunological synapse, reducing aberrant signaling events. MbIL-12 has been specifically tested in only 

a few different tumor types. In a model of colon carcinoma, Pan et al engineered CT26 cells to express 

either soluble or mIL-12, which were subsequently delivered by either the s.c. or i.v.(to mimic metastasis) 

route. Whereas i.v. administration of IL-12 secreting cells resulted in decreased lung metastasis; more 

marked reduction was demonstrated in mice receiving the mbIL-12 CT26 variant. Additionally, in the 
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membrane-bound form, 60% of mbIL-12 animals (n=5) were able to completely eliminate tumor, and 

remained tumor free 120 days post-implantation. MbIL-12 CT26 cells were protective against subsequent 

challenge with parental cells, highlighting that induction of potent long-term memory responses were 

achieved
21

.  In a mbIL-12 expressing subcutaneous fibrosarcoma model, tumor formation was also 

significantly delayed and was associated with induction of tumor-specific CTL responses; although these 

were not sufficient to fully protect against challenge
41

. Together with our data, these studies highlight the 

efficacy of mbIL-12 as an effective targeting strategy in cancer therapeutics. 

As noted, ovarian cancer is often diagnosed late, once the cancer has spread throughout the 

peritoneal cavity, which may influence the highly variable results obtained in preclinical and clinical 

testing of IL-12 for ovarian cancer. In a murine model, IL-12 was packaged in a polymer-DNA delivery 

system and injected i.p. These IL-12 polymer complexes were able to delay progression of disseminated 

tumor burden and inhibit ascites accumulation, but repeat injections were needed to maintain adequate 

local levels of cytokine
20

. When this model was carried into Phase I clinical trials, stable (as opposed to 

progressive) disease was noted in 6 out of 12 recurrent patients, although maximum survival was 19 

months
43

. In a Phase II clinical trial using intraperitoneal recombinant human IL-12 injections, virtually 

no protection was offered, with the maximum result being stable disease in 2 out of 12 patients
33

. Both 

clinical studies were associated with side effects, including headaches, nausea, dizziness, fatigue, 

myalgia, fevers and grade 4 neutropenia. Thus, a more effective, controlled targeting approach needs to 

be considered for ovarian cancer or for peritoneal disease.  

As described, IL-12 has been studied extensively in a variety of tumor types, and typically 

displays antitumor properties that are mediated by IFNγ secretion and several different effector cells, 

including CD4
+ 

and CD8
+
 T cells, CD3

+
CD56

+
 NKT cells and NK cells

14, 29, 80, 81
. More recently, IL-12 

has been found to profoundly inhibit tumor-induced Treg proliferation via IFNγ and IL-2 signaling
82

. This 

is crucial, given the immune suppression-dominated microenvironment present in advanced and 

aggressive tumors
83

. The mode of IL-12 administration has been shown to affect not only treatment 

efficacy but also the subtypes of tumor-infiltrating cells. For example, in a model of subcutaneous 
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mammary adenocarcinoma, local IL-12 administration in the tumor area resulted in significant infiltration 

of CD8
+
 cells and NK cells; while systemic i.p. IL-12 injection resulted in additional infiltration of 

neutrophils and macrophages. In this model, systemic administration resulted in higher IFNγ production 

and tumor clearance
84

, indicating the undervalued importance of IL-12 interactions with neutrophils and 

macrophages in disrupting the pro-tumorigenic cascade.  

However, not all studies utilizing IL-12 have been correlated with positive results. In a clinical 

model of follicular B cell non-Hodgkin lytmphoma, administration of long-term IL-12 actually resulted in 

inferior protection, and elevated serum levels of IL-12 prior to treatment were associated with poor 

prognosis
66

. In fact, long-term IL-12 exposure in vitro caused T cells to lose their ability to produce IFNγ, 

suggesting IL-12-mediated immune impairment or exhaustion. T cell dysfunction in this case was 

associated with an upregulation in TIM-3 expression on T cells, and an increase in TIM-3 expressing 

TILs was found in this lymphoma model
66

. Clinical studies have also indicated an “adaptive” response to 

IL-12, in that the pharmacodynamics decrease significantly following the first dose of cytokine. 

Concurrently, IFNγ levels and frequency of circulating tumor-specific T cells decreased significantly
27, 85

. 

In our study, mbIL-12 delayed disease onset, but animals eventually reached established endpoints and 

had to be sacrificed due to overwhelming disease. Due to the transient nature of the observed response, 

we surmise that in our study the protective response elicited by mbIL-12 is dampened over time, allowing 

for the eventual shift towards pro-tumorigenic signals that are more conducive for tumor outgrowth. The 

lack of acquired protection to re-challenge also supports the hypothesis that mbIL-12 is acting locally to 

maintain a balance between anti- and pro-tumorigenic responses directly at the site of implantation, 

namely the OFB.      

IL-12 has also been shown to circumvent or override the immune suppression inherent within 

many tumor microenvironments.  Notably, IL-12 immunotherapy was effective at reactivating the anergic 

T cells present infiltrating non-small cell lung tumors, inducing their in situ proliferation, secretion of 

IFNγ and ability to kill cancer cells
86

. It is interesting to speculate that immunosuppressive mechanisms 

may differ between tumor microenvironments, with tumor cells able to establish site-specific pro-
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tumorigenic niches depending on the pre-existing immune milieu. Alternatively, differences in efficacy 

may again be indicative of differences in dosage, administration route, animal model, handling, etc.  

In addition to its immunomodulatory properties, IL-12 also acts as an anti-angiogenic molecule. 

In 1995, it was discovered that corneal neovascularization was inhibited by IL-12 in both 

immunocompetent and (albeit less so) in immunodeficient mice, suggesting an additional mode of action 

for IL-12 anti-tumorigenic properties
22

. IL-12 reduces the expression of matrix metalloproteinases 

required for neoangiogenesis
87

. Additionally, IFNγ induced by IL-12 signaling reduces the tumor cell 

production of VEGF, further downregulating angiogenic potential. NK cells play an important role in this 

pathway, as IL-12 signaling causes them to accumulate at sites of angiogenesis and become cytolytic for 

endothelial cells
88

. Further, an indirect byproduct of IL-12 signaling is the induction IFNγ inducible genes 

IP-10 and Mig 
23, 24

. Intratumoral administration of Mig into subcutaneous Burkitt’s tumors  led to 

vascular damage and tumor necrosis, suggesting that IL-12 can also elicit bystander effects. While an in-

depth look at IL-12 effects on angiogenesis in this model was beyond the scope of this study, this may 

partially explain the significant decrease in tumor burden displayed in mbIL-12 mice. Here the early 

angiogenic switch may be delayed or dysfunctional in the presence of mbIL-12 expressed on the tumor 

cells.  As noted, this effect may not be sustainable for long periods of time, hence the transient and 

delayed nature of the response observed in our study. 

TAMs are an important player in the tumor microenvironment, producing a slew of cytokines and 

chemokines conducive for tumor progression (ie CCL2, TGFβ). Monocytes and macrophages have an 

extremely plastic phenotype in that functional activities can be polarized to be inflammatory or anti-

inflammatory, destructive or restorative
89, 90

. This plasticity is regulated by microenvironmental cytokines 

often resulting in functional profiles being subject to repeated alterations
91

. However, in the tumor 

microenvironment, macrophages are bathed in a constant immunosuppressive signaling milieu and thus 

display immunsuppressive and anti-inflammatory properties
89, 92, 93, 94

. Due to their highly plastic nature, 

these cells provide an important opportunity for immunotherapeutics.  Given the importance of these cells 
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in this cascade, it is highly probable that IL-12 signaling alters their polarity to an anti-tumorigenic 

phenotype; albeit direct evidence of this was not confirmed in the present study. 

While it is clear that effector lymphocytes  can be targeted for immunomodulation by IL-12, only 

recently have monocytic subtypes likewise been evaluated for their antitumorigenic properties in response 

to IL-12 immunotherapy. In a subcutaneous model of Lewis lung carcinoma (3LLC), IL-12 containing 

microspheres significantly reduced the TAM expression of CCL2 and IL-10 within 90 minutes of 

treatment, although no description of effect on tumor burden was described
95

. Additionally, others have 

engineered CD8
+
 T cells to secrete IL-12, resulting in a potent inflammatory state within the 

microenvironment that induced metastatic tumor regression
96

. However, contrary to most reports, IL-12 

activity was not a result of T or NK cell stimulus. Instead, IL-12 was shown to directly reverse the 

immune escape mechanisms of MDSCs, DCs and TAMs present within the tumor microenvironment. 

With this reversal in the hardy immunosuppressive program, antigen processing and presentation were 

improved and CD8
+
 effector T cells were activated. Additionally, there was a significant reduction in the 

Ly6C
hi
 monocytic fraction in the tumor microenvironment

96
. These cells were previously described as the 

progenitor population to TAMs and TANs
97

.  

In our study, we characterized the composition of the metastatic tumor microenvironment present 

in the OFB. Specifically, we were able to demonstrate that the levels of infiltrating TANs and TAMs 

closely correlated with the disease state.   Hence, the levels of OFB-associated TANs and TAMs were 

higher in animals presenting with highly aggressive disease than those in which disease progressed more 

slowly.  The expression of mbIL-12 directly on the highly aggressive MOSE cell variant was sufficient to 

significantly delay tumor onset and the accumulation of TANs and TAMs was significantly reduced. As 

monocytic and neutrophil chemoattractant expression levels were also reduced as early as day 7 (Supp 

Mat), we believe that early mbIL-12 signaling is dampening their expression, possibly due to an early 

modulation of monocytic activation signals, as previously described
95

. Contrary to other animal models 

reports, we did not find evidence that CD8+ T cells or NK cells were involved in the protective effect of 

IL-12. However, we cannot definitively rule out whether IL-12 was activating local NK cells in a manner 
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that controlled the initial outgrowths, and this should be addressed in future studies. Instead, our results 

are in line with recent reports of IL-12 modulating monocytic subsets towards an anti-tumorigenic 

phenotype. In support of this, we found an mIL-12-associated decrease in the number of Ly6C
hi
 

monocytes present within the OFB following cancer cell seeding, indicating a decrease in TAN and TAM 

progenitor populations (data not shown). Our study indicates that the poorly immunogenic MOSE-LFFLv 

cells are incredibly efficient in establishing a pro-tumorigenic niche within the OFB, and that highly 

localized expression of IL-12 is transiently able to ameliorate these effects, postponing the onset of severe 

disease. Future studies should help determine how IL-12 is dampening the recruitment of TANs and 

TAMs within the tumor microenvironment as well as define the activation status of local NK cells. While 

this study verifies the efficacy of IL-12 as a means to target peritoneal metastatic tumor development, 

more effective strategies to deliver and sustain mbIL-12 within the OFB need to be evaluated. Modifying 

cells within the OFB to express mbIL-12 may offer a means to prevent recurrent disease. However, for 

this to be effective, the OFB must be retained at the time of surgical debulking, contrary to current 

practice. Therefore, the OFB may present an effective target for immunomodulatory therapies designed to 

extend the life expectancy of ovarian cancer patients.  

 

   

 

  

 

.  
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Supplementary Materials 

Supplementary Table S5.1. FACS analysis of leukocyte populations in the OFB 3 weeks post-injection.  

 

 

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- OFB 

MOSE-LFFLv 

OFB 

MOSE-

LFFL/IL-12v 

OFB 

MOSE-LEGFPv 

OFB 

% CD45+ (of viable) 
  

81.7 (4.3) 58.1 (1.8) 78.6 (1.4) 87.1 (2.5) 

% lymphocytes 
 

60.1 (5.2) 32.8 (5.1) 62.0 (2.4) 70.1 (3.2) 

% mono/granulocytes (R2) 
 

36.3 (5.1) 62.0 (2.4) 34.9 (2.4) 28.7 (3.1) 

B cells CD19+ 55.2 (2.6) 19.7 (2.7) 51.8 (2.0) 39.7 (2.7) 

        B1 CD19+CD11b+B220lo/+ 24.0 (5.3) 5.9 (0.4) 23.4 (1.3) 29.6 (2.2) 

        B2 CD19+CD11b-B220lo/+ 22.4 (4.8) 12.3 (2.5) 19.2 (0.8) 8.5 (1.8) 

T cells CD3+ 16.4 (1.6) 9.7 (1.7) 20.7 (1.3) 25.3 (2.4) 

        TH CD3+CD4+ 6.8 (1.3) 4.6 (1.0) 9.1 (1.0) 14.4 (1.9) 

        TC CD3+CD8+ 3.2 (0.7) 2.0 (0.3) 5.4 (0.5) 8.0 (0.9) 

        NKT CD3+NK1.1+ 1.0 (0.2) 0.8 (0.4) 1.1 (0.1) 0.8 (0.1) 

        TREG CD3+CD4+CD25+ 0.07 (0.03) 0.07 (0.02) 0.1 (0.03) 0.9 (0.1) 

        CD3+CD4-CD8-NK1.1- 
 

6.1 (0.5) 2.8 (0.4) 5.8 (0.3) 2.5 (0.2) 

NKs NK1.1+CD11b+CD3- 5.8 (0.9) 3.0 (0.9) 5.2 (0.4) 1.7 (0.2) 

R1 DCs CD11c+CD11blo/- 16.4 (1.6) 10.7 (2.1) 18.4 (1.3) 18.4 (2.0) 

R2 DCs CD11b+/loCD11c+F4/80- 3.4 (0.2) 3.1 (0.1) 3.6 (0.2) 5.1 (0.2) 

LPMs CD11b+F4/80+ 2.6 (0.7) 9.8 (1.0) 2.4 (0.3) 3.2 (1.0) 

SPMs CD11b+/loF4/80lo 17.7 (3.9) 35.5 (3.2) 18.0 (1.5) 10.8 (1.2) 

Monocytes  CD11b+F4/80- 0.2 (0.1) 4.7 (1.4) 0.7 (0.1) 2.3 (0.3) 

Monocytes (2) CD11bloF4/80- 4.2 (0.3) 3.0 (0.1) 4.9 (0.4) 9.0 (0.6) 

PMNs CD11b+Ly6G+Ly6C+ 0.4 (0.2) 7.0 (2.2) 0.2 (0.06) 1.7 (0.6) 

PreBoMs 

CD19+CD11bhiB220loF480+ 

CD93+CD69+ 0.7 (0.2) 0.4 (0.1) 0.5 (0.1) 0 
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Supplementary Table S5.2. FACS analysis of leukocyte populations in the PSF 3 weeks post-injection.  

 

 

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- PSF 

MOSE-LFFLv 

PSF 

MOSE-LFFL/IL-12v 

PSF 

MOSE-LEGFPv 

PSF 

% CD45+ (of viable) 
  

99.9 (0.02) 86.8 (3.1) 99.9 (0.01) 99.2 (0.6) 

% lymphocytes 
 

56.1 (6.2) 16.7 (3.3) 52.6 (3.2) 62.9 (3.9) 

% mono/granulocytes (R2) 
 

43.8 (3.2) 79.1 (3.2) 47.7 (3.1) 36.2 (3.8) 

B cells CD19+ 54.8 (4.6) 14.5 (1.6) 46.3 (1.9) 60.4 (3.3) 

        B1 CD19+CD11b+B220lo/+ 23.4 (3.0) 6.2 (0.7) 21.0 (1.2) 46.4 (1.9) 

        B2 CD19+CD11b-B220lo/- 24.6 (5.3) 7.5 (1.9) 18.4 (1.9) 13.5 (1.4) 

T cells CD3+ 5.8 (1.7) 4.4 (1.2) 6.9 (0.9) 6.6 (1.0) 

        TH CD3+CD4+ 3.1 (0.8) 2.0 (0.6) 4.1 (0.5) 3.7 (0.5) 

        TC CD3+CD8+ 1.8 (0.7) 1.7 (0.4) 1.9 (0.3) 2.3 (0.5) 

        NKT CD3+NK1.1+ 0.5 (0.3) 0.1 (0.05) 0.7 (0.5) 0.2 (0.04) 

        TREG CD3+CD4+CD25+ 0.04 (0.01) 0.05 (0.02) 0.1 (0.02) 0.4 (0.1) 

        CD3+CD4-CD8-NK1.1- 
 

0.7 (0.2) 0.5 (0.2) 0.7 (0.1) 0.5 (0.1) 

NKs NK1.1+CD11b+CD3- 14.5 (8.4) 0.6 (0.4) 7.9 (6.3) 0.4 (0.03) 

R1 DCs CD11c+CD11blo/- 6.9 (1.0) 4.6 (0.6) 8.0 (0.6) 6.2 (0.9) 

R2 DCs CD11b+/loCD11c+F4/80- 1.2 (0.2) 2.7 (0.3) 1.4 (0.1) 1.5 (0.2) 

LPMs CD11b+F4/80+ 23.8 (6.3) 25.9 (1.7) 26.1 (2.0) 18.5 (2.5) 

SPMs CD11b+/loF4/80lo 7.9 (1.0) 34.6 (0.8) 11.3 (1.2) 3.7 (0.6) 

Monocytes  CD11b+F4/80- 0.1 (0.04) 2.3 (0.8) 0.3 (0.1) 0.7 (0.1) 

Monocytes (2) CD11bloF4/80- 4.3 (0.6) 9.1 (1.4) 7.0 (0.7) 10.4 (0.6) 

PMNs CD11b+Ly6G+Ly6C+ 0.1 (0.05) 7.4 (1.7) 0.07 (0.02) 0.7 (0.2) 

PreBoMs 

CD19+CD11bhiB220lo 

F480+CD93+CD69+ 0.9 (0.3) 0.6 (0.1) 0.9 (0.1) 0 
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Gene Expression (Avg dCT ± SEM) 

Gene PBS MOSE-LEGFPv MOSE-LFFLv MOSE-LFFL/IL-12v 

Arg1 8.3 (1.0)  3.8 (0.6) 7.8 (0.7) 

CCL1 14.2 (0.4) 13.2 (0.7) 16.3 90.9) 14.1 (0.6) 

CCL2 4.5 (0.5) 5.5 (0.2) 3.7 (0.2) 3.9 (0.5) 

CCL3 10.1 (0.5)  10.1 (0.2) 9.5 (0.5) 

CCL5 4.0 (0.3) 4.3 (0.3) 7.3 (0.4) 3.4 (0.3) 

CCL7 5.7 (0.5)  6.6 (0.3) 4.9 (0.5) 

CD36 9.3 (0.4)  15.5 (0.7) 9.0 (0.3) 

CXCL1 9.0 (0.6) 6.1 (1.0) 4.4 (0.3) 8.5 (0.8) 

CXCL12 3.2 (0.1)  6.1 (0.1) 3.4 (0.2) 

CXCL13 -0.73 (0.3) 0.3 (0.1) 7.9 (0.8) -0.4 (0.3) 

CXCL16 4.9 (0.3)  5.5 (0.5) 5.0 (0.2) 

CXCL2 9.1 (0.7) 10.8 (0.7) 8.7 (0.7) 9.3 (0.8) 

CXCL3 14.4 (1.5) 14.5 (3.5) 9.1 (0.6) 15.1 (1.0) 

CXCL5 11.9 (0.7) 12.6 (1.3) 9.4 (0.2) 11.7 (0.5) 

GM-CSF 11.7 (0.4)  14.0 (0.1) 11.9 (0.3) 

HIF1a 5.2 (0.2)  4.5 (0.2) 5.1 (0.2) 

IFNy 10.3 (1.3) 11.7 (1.2) 15.3 (1.7) 12.3 (1.2) 

IL-10 8.3 (0.1)  8.6 (0.2) 7.7 (0.2) 

IL-12p35 12.2 (0.2) 12.1 (0.8) 16.7 (0.3) 11.9 (0.3) 

IL-13 13.5 (0.8) 13.8 (0.3) 15.3 (0.6) 13.8(0.5) 

IL-1b 8.7 (0.5)  8.68 (0.3) 8.95 (0.3) 

IL-2 11.4 (0.3) 13.8 (1.0) 14.9 (0.2) 11.6 (0.4) 

IL-4 13.7 (0.3) 13.8 (1.0) 14.9 (0.2) 14.3 (0.4) 

IL-6 9.9 (0.5)  10.6 (0.3) 10.2 (0.3) 

iNOS 12.08 (0.2)  10.61 (0.2) 11.95 (0.5) 

M6pr 4.2 (0.1)  5.6 (0.4) 4.3 (0.2) 

MCSF 6.4 (0.2)  6.0 (0.2) 6.7 (0.2) 

TGFb 12.5 (0.3) 4.6 (0.9) 13.0 (0.4) 13.2 (0.3) 

TNFa 7.3 90.4)  10.3 (0.4) 7.5 (0.2) 

VEGFa 4.9 (0.4)  3.7 (0.6) 5.3 (0.1) 

Ym1 9.6 (0.9)  13.0 (0.7) 8.1 (0.9) 

Supplementary Table S5.3. Gene expression analysis of the OFB 3 weeks post-injection. dCT calculated relative to 

L-19 (housekeeping gene) expression. NOTE: grayed out cells indicate that genes were not run due to sample 

restrictions.  
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Supplementary Table S5.4. FACS analysis of leukocyte populations in the OFB 24 hours post-injection.  

 

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- OFB 

MOSE-

LFFLv OFB 

MOSE-

LFFL/IL-12v 

OFB 

MOSE-

LEGFPv OFB 

% CD45+ (of viable) 
  

82.9 (2.6) 88.2 (1.6) 87.2 (1.6) 87.8 (1.5) 

% lymphocytes 
 

34.9 (3.1) 29.7 (4.2) 29.7 (3.5) 37.5 (4.4) 

% mono/granulocytes (R2) 
 

63.6 (3.2) 69.1 (4.1) 68.8 (3.6) 61.4 (4.3) 

B cells CD19+ 17.4 (1.7) 13.7 (3.0) 24.5 (3.0) 22.3 (1.7) 

        B1 

CD19+CD11b+B220lo/

+ 7.4 (0.4) 6.1 (1.3) 9.1 (1.0) 8.9 (1.3) 

        B2 CD19+CD11b-B220lo/+ 9.3 (1.4) 5.8 (1.7) 11.8 (2.7) 9.6 (1.0) 

T cells CD3+ 7.6 (1.2) 6.9 (1.0) 7.3 (0.8) 10.0 (2.1) 

        TH CD3+CD4+ 3.5 (0.6) 3.1 (0.7) 2.8 (0.6) 4.4 (1.4) 

        TC CD3+CD8+ 1.0 (0.2) 0.8 (0.1) 1.0 (0.1) 1.4 (0.4) 

        NKT CD3+NK1.1+ 0.4 (0.02) 0.5 (0.1) 0.9 (0.1) 0.9 (0.2) 

        TREG CD3+CD4+CD25+ 0.1 (0.05) 0.2 (0.04) 0.1 (0.02) 0.1 (0.04) 

        CD3+CD4-CD8-NK1.1- 
 

3.0 (0.5) 2.6 (0.3) 2.8 (0.3) 3.5 (0.5) 

mNK NK1.1+CD11b+CD3- 2.4 (0.2) 2.0 (0.4) 2.2 (0.2) 2.4 (0.1) 

preNK NK1.1+CD11b-CD3- 0.8 (0.04) 1.2 (0.03) 1.3 (0.1) 1.6 (0.2) 

R1 DCs CD11c+CD11blo/- 7.7 (1.7) 5.6 (1.9) 4.0 (1.4) 6.8 (2.6) 

R2 DCs CD11b+/loCD11c+F4/80- 3.3 (0.8) 1.6 (0.8) 1.1 (0.6) 1.7 (0.9) 

LPMs CD11b+F4/80+ 6.3 (0.7) 3.5 (0.7) 2.4 (0.4) 2.9 (0.3) 

SPMs CD11b+/loF4/80lo 26.4 (1.2) 17.4 (2.4) 22.5 (3.6) 20.9 (1.0) 

Monocytes  CD11b+F4/80- 1.0 (0.2) 4.4 (0.9) 4.0 (0.8) 4.6 (1.0) 

Monocytes (2) CD11bloF4/80- 10.3 (0.8) 16.5 (2.9) 13.8 (1.9) 15.6 (1.9) 

PMNs CD11b+Ly6G+Ly6C+ 13.2 (1.9) 16.8 (2.5) 12.5 (2.2) 6.7 (1.0) 

PreBoMs 

CD19+CD11bhiB220lo 

F480+CD93+CD69+ 0.5 (0.07) 0.2 (0.02) 0.2 (0.02) 0.2 (0.02) 
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Supplementary Table S5.5. FACS analysis of leukocyte populations in the PSF 24 hours post-injection.  

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- PSF 

MOSE-LFFLv 

PSF 

MOSE-

LFFL/IL-12v 

PSF 

MOSE-

LEGFPv PSF 

% CD45+ (of viable) 
  

99.8 (0.1) 99.4 (0.2) 98.3 (1.0) 99.0 (0.8) 

% lymphocytes 
 

34.1 (2.7) 23.5 (3.9) 23.3 (3.4) 24.7 (3.4) 

% mono/granulocytes (R2) 
 

64.3 (2.6) 75.0 (3.8) 75.1 (3.4) 74.0 (3.5) 

B cells CD19+ 32.0 (1.9) 21.2 (3.5) 16.0 (1.7) 21.9 (3.5) 

        B1 

CD19+CD11b+B220lo/

+ 26.6 (1.6) 13.9 (3.1) 10.2 (1.0) 14.6 (2.5) 

        B2 CD19+CD11b-B220lo/+ 4.5 (1.8) 4.0 (1.1) 3.9 (1.1) 4.9 (0.7) 

T cells CD3+ 3.3 (0.5) 3.2 (0.4) 3.9 (0.3) 5.2 (0.8) 

        TH CD3+CD4+ 2.0 (0.4) 2.2 (0.3) 2.6 (0.2) 3.5 (0.5) 

        TC CD3+CD8+ 0.6 (0.1) 0.4 (0.1) 0.6 (0.1) 0.9 (0.2) 

        NKT CD3+NK1.1+ 0.5 (0.2) 0.2 (0.03) 0.2 (0.04) 0.2 (0.04) 

        TREG CD3+CD4+CD25+ 0.05 (0.02) 0.09 (0.04) 0.02 (0.01) 0.05 (0.01) 

        CD3+CD4-CD8-NK1.1- 
 

0.7 (0.1) 0.4 (0.1) 0.6 (0.1) 0.7 (0.2) 

mNK NK1.1+CD11b+CD3- 3.5 (1.5) 1.5 (0.3) 1.3 (0.1) 1.9 (0.2) 

preNK NK1.1+CD11b-CD3- 0.2 (0.03) 0.8 (0.2) 0.7 (0.2) 0.8 (0.1) 

R1 DCs CD11c+CD11blo/- 4.9 (1.2) 3.3 (0.8) 3.1 (0.9) 4.3 (1.3) 

R2 DCs CD11b+/loCD11c+F4/80- 1.4 (0.4) 0.4 (0.1) 0.3 (0.1) 0.7 (0.4) 

LPMs CD11b+F4/80+ 13.1 (2.3) 5.3 (2.4) 4.0 (1.2) 5.6 (1.8) 

SPMs CD11b+/loF4/80lo 26.4 (1.7) 27.7 (2.3) 32.1 (3.4) 28.5 (1.5) 

Monocytes  CD11b+F4/80- 0.6 (0.1) 2.5 (0.7) 5.5 (1.5) 6.4 (1.4) 

Monocytes (2) CD11bloF4/80- 17.4 (1.4) 25.9 (3.8) 21.6 (3.4) 28.1 (3.3) 

PMNs CD11b+Ly6G+Ly6C+ 4.7 (1.7) 8.8 (2.2) 10.0 (2.4) 5.3 (0.9) 

PreBoMs 

CD19+CD11bhiB220lo 

F480+CD93+CD69+ 0.4 (0.04) 0.1 (0.02) 0.2 (0.08) 0.06 (0.01) 
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Supplementary Table S5.6. FACS analysis of leukocyte populations in the OFB 7 days post-injection.  

 

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- OFB 

MOSE-LFFLv 

OFB 

MOSE-

LFFL/IL-12v 

OFB 

MOSE-LEGFPv 

OFB 

% CD45+ (of viable) 
  

76.2 (2.1) 80.1 (1.8) 80.1 (2.5) 88.4 (2.0) 

% lymphocytes 
 

63.1 (2.6) 61.2 (1.4) 63.8 (2.9) 64.8 (3.6) 

% mono/granulocytes (R2) 
 

31.7 (2.8) 32.6 (1.9) 33.6 (2.8) 32.9 (3.8) 

B cells CD19+ 34.5 (4.8) 35.4 (1.0) 30.2 (3.4) 31.1 (2.8) 

        B1 CD19+CD11b+B220lo/+ 16.5 (1.9) 15.6 (0.7) 12.9 (1.0) 17.5 (2.8) 

        B2 CD19+CD11b-B220lo/+ 12.1 (3.1) 11.9 (0.6) 12.4 (3.5) 9.5 (2.0) 

T cells CD3+ 9.4 (2.0) 7.9 (1.4) 10.5 (2.4) 8.2 (1.5) 

        TH CD3+CD4+ 5.5 (1.1) 4.1 (1.4) 5.2 (1.0) 3.8 (0.6) 

        TC CD3+CD8+ 3.1 (0.4) 2.7 (0.3) 3.8 (0.14) 2.2 (0.1) 

        NKT CD3+NK1.1+ 1.3 (0.2) 1.4 (0.1) 1.8 (0.2) 1.6 (0.4) 

        TREG CD3+CD4+CD25+ 0.1 (0.01) 0.1 (0.02) 0.07 (0.02) 0.3 (0.04) 

        CD3+CD4-CD8-NK1.1- 
 

5.1 (0.4) 5.2 (0.3) 6.5 (0.3) 5.6 (0.5) 

mNK NK1.1+CD11b+CD3- 3.5 (0.3) 4.3 (0.4) 5.3 (0.6) 4.8 (1.1) 

preNK NK1.1+CD11b-CD3- 2.0 (0.2) 1.7 (0.1) 1.8 (0.2) 1.0 (0.2) 

R1 DCs CD11c+CD11blo/- 17.8 (0.9) 15.4 (0.6) 16.9 (1.6) 22.3 (2.6) 

R2 DCs CD11b+/loCD11c+F4/80- 3.2 (0.5) 3.7 (0.5) 4.3 (1.0) 3.7 (0.5) 

LPMs CD11b+F4/80+ 4.1 (0.7) 5.2 (0.9) 4.7 (0.9) 3.7 (0.9) 

SPMs CD11b+/loF4/80lo 16.8 (2.3) 15.1 (1.2) 13.8 (2.3) 18.3 (1.8) 

Monocytes  CD11b+F4/80- 1.3 (0.2) 1.1 (0.1) 0.9 (0.2) 2.6 (0.3) 

Monocytes (2) CD11bloF4/80- 6.4 (0.7) 8.1 (1.0) 6.1 (0.8) 6.2 (1.0) 

PMNs CD11b+Ly6G+Ly6C+ 1.3 (0.5) 2.3 (1.0) 1.3 (1.0) 1.2 (0.3) 

PreBoMs 

CD19+CD11bhiB220lo 

F480+CD93+CD69+ 0.07 (0.01) 0.2 (0.03) 0.1 (0.04) 0.1 (0.02) 
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Supplementary Table S5.7. FACS analysis of leukocyte populations in the PSF 7 days post-injection. 

 

  

Leukocyte Characterization  (% of CD45+, +/- SEM) 

  Markers PBS-/- PSF 

MOSE-LFFLv 

PSF 

MOSE-

LFFL/IL-12v PSF 

MOSE-

LEGFPv PSF 

% CD45+ (of viable) 
  

99.7 (0.2) 99.8 (0.1) 99.8 (0.1) 99.9 (0.01) 

% lymphocytes 
 

55.7 (2.1) 55.6 (2.5) 50.4 (4.7) 39.7 (2.2) 

% mono/granulocytes (R2) 
 

44.1 (2.1) 44.6 (2.5) 49.2 (4.7) 59.8 (2.2) 

B cells CD19+ 45.2 (2.4) 43.9 (3.3) 35.4 (5.9) 29.3 (0.8) 

        B1 CD19+CD11b+B220lo/+ 31.5 (2.4) 30.2 (1.7) 21.8 (3.6) 20.3 (2.0) 

        B2 CD19+CD11b-B220lo/+ 9.3 (1.6) 11.7 (2.5) 10.8 (2.6) 7.0 (1.3) 

T cells CD3+ 6.9 (0.8) 5.7 (0.5) 5.7 (1.0) 6.1 (1.2) 

        TH CD3+CD4+ 3.7 (0.4) 2.7 (0.3) 3.0 (0.5) 3.2 (0.6) 

        TC CD3+CD8+ 1.7 (0.3) 1.7 (0.3) 1.4 (0.3) 1.4 (0.4) 

        NKT CD3+NK1.1+ 0.5 (0.2) 0.8 (0.4) 0.4 (0.1) 1.1 (0.5) 

        TREG CD3+CD4+CD25+ 0.1 (0.04) 0.06 (0.01) 0.05 (0.01) 0.1 (0.02) 

        CD3+CD4-CD8-NK1.1- 
 

1.3 (0.2) 1.2 (0.1) 1.2 (0.2) 1.3 (0.3) 

mNK NK1.1+CD11b+CD3- 1.9 (0.9) 5.8 (4.2) 3.0 (1.4) 2.7 (1.5) 

preNK NK1.1+CD11b-CD3- 0.4 (0.03) 0.5 (0.1) 0.4 (0.07) 0.3 (0.05) 

R1 DCs CD11c+CD11blo/- 8.4 (0.5) 7.0 (0.4) 8.3 (1.4) 7.8 (1.1) 

R2 DCs CD11b+/loCD11c+F4/80- 1.1 (0.1) 1.2 (0.1) 1.5 (0.2) 1.7 (0.3) 

LPMs CD11b+F4/80+ 25.1 (1.8) 17.4 (1.7) 14.6 (1.8) 15.7 (2.3) 

SPMs CD11b+/loF4/80lo 9.7 (1.1) 23.5 (1.7) 26.5 (4.5) 34.3 (3.1) 

Monocytes  CD11b+F4/80- 0.5 (0.1) 0.5 (0.1) 0.6 (0.1) 1.3 (0.4) 

Monocytes (2) CD11bloF4/80- 8.6 (0.5) 7.5 (0.4) 7.3 (0.6) 8.1 (1.2) 

PMNs CD11b+Ly6G+Ly6C+ 0.2 (0.05) 0.3 (0.1) 0.1 (0.06) 0.5 (0.3) 

PreBoMs 

CD19+CD11bhiB220lo 

F480+CD93+CD69+ 0.2 (0.01) 0.3 (0.05) 0.3 (0.04) 0.3 (0.06) 
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Gene Expression (Avg dCT ± SEM) 

Gene PBS MOSE-LEGFPv MOSE-LFFLv MOSE-LFFL/IL-12v 

Arg1 8.9 (0.6) 8.0 (0.4) 8.1 (0.4) 9.0 (0.3) 

CCL1 14.8 (0.4) 13.5 (0.6) 15.3 (0.2) 15.2 (0.5) 

CCL2 6.5 (0.4) 6.3 (0.3) 6.9 (0.3) 7.7 (0.2) 

CCL3 11.5 (0.4) 11.3 (0.2) 11.5 90.1) 11.7 (0.2) 

CCL5 4.3 (0.2) 3.9 (0.2) 4.4 (0.2) 4.0 (0.3) 

CCL7 7.3 (0.3) 7.2 (0.3) 7.2 (0.3) 8.3 (0.1) 

CXCL1 10.2 (0.3) 9.7 (0.3) 10.1 (0.2) 11.0 (0.2) 

CXCL12 3.7 90.3) 4.1 90.1) 3.9 (0.2) 4.3 (0.1) 

CXCL13 -1.4 (0.1) 0.1 (0.1) -1.2 90.2) -0.66 (0.3) 

CXCL16 5.5 (0.1) 5.2 (0.1) 5.6 (0.1) 6.1 (0.1) 

CXCL2 10.2 (0.4) 10.5 (0.2) 10.8 (0.1) 11.6 (0.5) 

CXCL3 15.9 (1.1) 16.3 (0.3) 15.5 (0.5) 18.6 (0.3) 

CXCL5 15.7 90.4) 15.0 (0.2) 15.8 (0.2) 16.6 (0.2) 

GM-CSF 12.4 (0.1) 12.6 (0.3) 12.5 (0.2) 13.0 90.1) 

HIF1a 5.4 90.2) 5.2 (0.1) 5.7 (0.1) 5.6 (0.2) 

IFNy 9.1 (0.8) 10.6 (1.1) 10.1 (0.4) 11.6 (0.8) 

IL-10 8.9 (0.3) 8.3 (0.3) 8.7 (0.2) 9.1 (0.1) 

IL-12p35 12.6 90.2) 12.1 (0.3) 13.0 90.2) 12.7 (0.1) 

IL-13 15.6 (0.3) 14.5 (0.6) 15.6 (0.8) 17.3 (0.4) 

IL-1b 9.5 (0.3) 10.6 (0.4) 9.8 (0.1) 10.9 (0.5) 

IL-2 13.0 (0.2) 12.0 (0.2) 12.8 (0.2) 12.9 (0.2) 

IL-4 13.7 (0.3) 13.1 (0.2) 14.9 (0.3) 14.5 90.3) 

IL-6 10.2 (0.4) 11.1 (0.2) 10.8 (0.1) 11.7 (0.2) 

iNOS 13.4 (0.4) 13.2 (0.3) 13.6 (0.1) 14.2 (0.3) 

M6pr 4.3 (0.3) 4.2 (0.1) 4.8 (0.1) 4.6 (0.1) 

MCSF 6.8 (0.4) 6.8 (0.1) 7.5 (0.2) 7.7 (0.2) 

TGFb 7.1 (0.4) 6.7 (0.2) 7.3 (0.1) 7.5 (0.1) 

TNFa 9.0 (0.4) 8.6 (0.2) 9.1 (0.1) 9.1 (0.1) 

VEGFa 6.0 (0.3) 5.8 (0.2) 6.7 (0.2) 6.7 (0.2) 

Ym1 10.9 (0.8) 1.4 (0.6) 9.5 (0.5) 9.1 (0.7) 

Supplementary Table S5.8. Gene expression analysis of the OFB 7 days post-injection. dCT calculated 

relative to L-19 (housekeeping gene) expression.  
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CHAPTER 6. 
 

Conclusions 
 

 The face of cancer research is changing. In 2000, Hanahan and Weinberg published their iconic 

work introducing the “Hallmarks of Cancer”.  This work represented decades of compiled research, and 

has thus far been cited over 16,000 times. The phrase has become so symbolic of the diverse arena that 

encompasses cancer research that in March of 2013, a new open access online journal entitled Cancer 

Hallmarks released its first “volume”, targeting multidisciplinary advances and significant discoveries 

relating to the hallmarks of cancer. In 2000, there were six identified hallmarks (sustaining proliferative 

signaling, evading growth suppressors, activating invasion and metastasis, enabling replicative 

immortality, and inducing angiogenesis and resisting cell death)
1
. These hallmarks reflect the interests of 

the time, and research attention was mainly focused on the intrinsic mechanisms by which cancer cells 

transform and progress.  In 2011, Hanahan and Weinberg published again, identifying the “next 

generation” of cancer hallmarks. This work summarized the advances in knowledge gained over the last 

decade, incorporating two new hallmarks (deregulating cellular energetics and avoiding immune 

destruction), and two “enabling characteristics” (genome instability and tumor-promoting inflammation)
2
. 

Thus, research attention has evolved from internal mechanisms (oncogenes, for instance) to dynamic 

microenvironmental interactions
3, 4

 between tumor cells and the surrounding stroma (leukocytes, 

endothelial cells, progenitors, etc) that are constantly shifting to aid the progression of a pro-tumorigenic 

cascade. Much emphasis has been given to this emerging idea of a complex and heterogenous signaling 

milieu between a host of cell types, inducing an intricate pro-tumorigenic microenvironment. 

The immune system plays a paradoxical role in tumor progression. While capable of recognizing 

and eradicating tumors, in many scenarios immune cells can be hijacked to facilitate tumor survival and 

growth
5
. Research is ongoing to characterize different immune cell subsets that play a role in this 

pathogenesis
6, 7, 8, 9

, and the mechanisms and kinetics behind their polarization. 
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 This dissertation has focused on defining the immune compositional changes in the predominant 

site of ovarian cancer metastasis, the omental fat band (OFB). Previous work has demonstrated that 

ovarian cancer is a disease typically diagnosed post-metastasis, and that disseminated tumor cells in the 

peritoneal cavity preferentially adhere and form outgrowths at the OFB
10

. In fact, tumor cells seem to 

home directly to “milky spots”, or immune cell aggregates in the OFB, indicating an early cancer cell-

leukocyte interaction that facilitates continued outgrowth. Due to its role as a secondary lymphoid organ, 

and subsequent ability to mount effective innate and adaptive responses, we believe that the OFB could 

be harnessed in an immunomodulatory manner and redirected to discourage tumor growth or survival in 

the peritoneal cavity.  

 However, other peritoneal fat pads have also been shown to contribute to a variety of disease 

states, mainly through secreted signals and recruitable stromal cells. Additionally, there seems to be some 

conflicting information in the literature regarding identification and applicability of various fat depots, 

particularly in the context of visceral fat, which (in contrast to subcutaneous fat) is associated with 

cardiovascular disease, insulin dysregulation and certain cancers
11, 12, 13

. Therefore, we first characterized 

the OFB in the homeostatic state, and evaluated inherent differences between alternate intra-abdominal fat 

depots (parametrial and retroperitoneal). In keeping with our hypothesis, we found that fat pads represent 

distinct immunomodulatory microenvironments, and should be evaluated independently in regard to 

physiological processes and disease. Importantly, the parametrial fat pad, which is the most often used 

representative of “visceral fat”, had a distinct immune compositional profile, indicating a divergent role in 

intraperitoneal pathogeneses. Further, the parametrial fat pad doesn’t exist in humans, suggesting that this 

depot may be an inappropriate model for studying the contributions of intra-abdominal fat to human 

disease. Consistent with its role as an immunomodulator in the peritoneal cavity, the OFB has a diverse 

and unique immune profile that may be uniquely suited to immunotherapeutic manipulation. Therefore, 

the overall goal of this dissertation was to define the immune compositional profile of the OFB, and how 

this was affected by age (the median age in ovarian cancer is 60+) and parity (correlated with decreased 

ovarian cancer in epidemiological studies). Additionally, we hypothesized that inherent changes in these 
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states would affect the success of the pro-tumorigenic cascade and that, if defined, could be harnessed and 

redirected to discourage metastasis in the peritoneal cavity.  

 Although ovarian cancer is considered an aggressive and hard-to-treat disease due to its 

asymptomatic nature and high incidence of metastasis, parity (child-bearing) has been correlated with 

protection in epidemiological studies. The mechanisms behind protection are largely unknown, although 

in breast cancer there are indications that parity is associated with increased differentiation of stromal 

cells in the mammary tissue, and that these effects are refractory to metastasis but not initial 

transformation. Therefore, we utilized the OFB as the primary site of ovarian cancer metastasis to 

determine inherent changes in the homeostatic state that may be part of the “protective signature” 

affiliated with parity. We determined that child-bearing was in fact protective against metastatic tumor 

growth following intraperitoneal implantation and we characterized the hallmark of a metastatic 

microenvironment as containing high levels of tumor-associated neutrophils (TANs) and macrophages 

(TAMs), as well as a predominant B1 B cell phenotype. Additionally we determined that the parous 

protective signature was correlated with a decreased incidence of neutrophils, macrophages and B1s in 

the homeostatic state, and decreased expression of chemokines for these pro-tumorigenic immune cell 

subsets following cancer cell injection. This parous signature provides valuable insight into a naturally-

occurring microenvironment that is refractory to ovarian cancer cell metastasis, elucidating potential 

targets for therapeutics.  

 As the above studies validated our hypothesis that parity-associated protection against ovarian 

cancer metastasis is associated with resident and/or infiltrating leukocyte populations in the OFB , we 

sought to evaluate the efficacy of IL-12, a potent anti-tumorigenic cytokine, when delivered directly to 

the metastatic microenvironment. As a promising cancer therapeutic associated with severe side effects 

during clinical trials, IL-12 has prompted a wealth of research regarding targeted delivery systems to 

avoid systemic distribution
14, 15, 16

. As a disease rarely discovered prior to metastasis, and with a specified 

site of primary metastatic development that doubles as an active immune organ, ovarian cancer is an 

excellent candidate for targeted immunotherapeutic strategies.  Thus, we engineered a membrane-bound 
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IL-12 expressing MOSE cell variant and evaluated comparative tumor burden and immune profiles within 

the OFB and PSF following implantation. Localized delivery of mbIL-12 did reduce tumor burden, 

extending lifespan by over 200%. This is particularly significant given the low 5-year survival rate in 

ovarian cancer patients. Delayed disease was associated with an early reduction (7 days post-injection) in 

chemoattractants specific for the pro-tumorigenic immune populations mentioned above (TAMs, TANs). 

Although vaccination with mbIL-12 expressing tumor cells was not protective against subsequent tumor 

challenge, there was a significant reduction in pro-tumorigenic immune populations, indicating that IL-12 

interferes with their recruitment to the tumor microenvironment. Overall, we demonstrate that mbIL-12 

resulted in delayed disease progression, and hypothesize that localization of this potent 

immunotherapeutic to the tumor microenvironment reduced the efficiency with which cancer cells are 

able to generate an overwhelming pro-tumorigenic niche.  

 Thus, we believe that the formation of the pro-tumorigenic niche occurs in a cascading fashion, 

with the initial influx of pro-tumorigenic cells as a result of cancer cell seeding inducing an autocrine loop 

-type accumulation of overwhelming immunosuppression and pro-metastatic signaling. These findings 

suggest that the initiation and potentiation of the pro-tumorigenic cascade is a dynamic and complex 

process. By defining the immune compositional profile of the OFB, changes induced as a result of parity, 

and the associated delay in the formation of the tumor microenvironment, we have added to the broader 

field of cancer immunology and ovarian cancer metastasis. Further, we illustrate the importance of 

specific leukocyte populations at the tumor site to facilitate rapid tumor growth. We have additionally 

demonstrated the feasibility of altering the kinetics of the tumor microenvironment using an 

immunomodulatory treatment strategy. The targeted nature of the membrane-bound cytokine makes this 

delivery method ideal for a metastatic model in which local administration at a tumor site is not practical. 

This work also suggests that the OFB may prove particularly amenable to immunomodulatory 

interventions, and if maintained following tumor debulking, could prove a valuable tool in restoring 

customary immune function. Traditional cancer treatments target different facets of the original six 

Hallmarks, such as alkylating agents or antimetabolites that target quickly dividing DNA, or anti-VEGF 
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drugs to target angiogenesis. This research is consistent with more modern combinatorial approaches that 

target accessory cells in the tumor milieu. Thus, we believe that an improved comprehension of the site-

specific, constantly evolving cross-talk within the diverse tumor microenvironment is crucial to 

overcoming ovarian cancer.  
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Appendix A-The MOSE Model 
 
 Many different models have been developed over the years to evaluate ovarian cancer. 

Problems arise from the differences in ovarian cancer subtypes, and the inability of researchers to 

induce carcinogenesis genetically due to a lack of a specific promoter for the ovaries1.  

While mice do undergo an estrus cycle with distinct stages, they do not in fact develop spontaneous 

ovarian cancer.2  However, more than 80% of ovarian cancers are thought to arise from the ovarian 

surface epithelium, and thus sygeneic murine ovarian epithelial tumor models have been developed. 

Briefly, mouse surface epithelial (MOSE) cells are removed from the ovary and cultured in vitro. In 2000, 

Roby et al first demonstrated that MOSE cells can spontaneously transform with repeated passages, 

increasing tumorigenicity3. This discovery led to the seminal work in the Roberts/Schmelz labs described 

previously4, that resulted in the MOSE cell line that we utilize throughout this study. Our MOSE model 

displays a progressively more aggressive phenotype, consistent with the stages of human ovarian 

cancer. The evolving phenotype of the MOSE cell line is described in Figure A1. Notably, as cells progress 

they lose contact inhibition and cobblestone morphology, and gain the ability to undergo anchorage 

independent growth and invade a collagen plug. Importantly, many of the traits that characterize the 

transformation of human surface epithelium, such as alterations in the actin cytoskeleton, cellular 

adhesion proteins, as well as downregulation of E-cadherin to promote the epithelial-to-mesenchymal 

transition typical of metastasis, are described in our MOSE model4.  
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Figure A1. The MOSE model. Cellular morphology of MOSE transitional cell lines in primary 

culture at confluent (a – d) and subconfluent (e – h) cell densities. Multicellular spheroids were 

cultivated for 7 days (i – l). Organotypic collagen raft cultures were cultivated for 14 days (m– p).  
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