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Introduction

Abdominal obesity increases the risk of developing ovarian cancer but the molecular mechanisms of how obesity supports ovarian cancer development remain unknown. Here we investigated the impact of obesity on the immune cell and gene expression profiles of distinct abdominal tissues, focusing on the peritoneal serous fluid (PSF) and the omental fat band (OFB) as critical determinants for the dissemination of ovarian metastases and early metastatic events within the peritoneal cavity.





Methods

Female C57BL/6 mice were fed a low-fat (LFD) or a high-fat diet (HFD) for 12 weeks until the body weights in the HFD group were significantly higher and the mice displayed an impaired glucose tolerance. Then the mice were injected with the murine ovarian cancer cells (MOSE-LTICv) while remaining on their diets. After 21 days, the mice were sacrificed, tumor burden was evaluated and tissues were harvested. The immune cell composition of abdominal tissues and changes in gene expression in the PSF and OFB were evaluated by flow cytometry and qPCR RT2-profiler PCR arrays and confirmed by qRT-PCR, respectively. Other peritoneal adipose tissues including parametrial and retroperitoneal white adipose tissues as well as blood were also investigated.





Results

While limited effects were observed in the other peritoneal adipose tissues, feeding mice the HFD led to distinct changes in the immune cell composition in the PSF and the OFB: a depletion of B cells but an increase in myeloid-derived suppressor cells (MDSC) and mono/granulocytes, generating pro-inflammatory environments with increased expression of cyto- and chemokines, and genes supporting adhesion, survival, and growth, as well as suppression of apoptosis. This was associated with a higher peritoneal tumor burden compared to mice fed a LFD. Changes in cellular and genetic profiles were often exacerbated by the HFD. There was a large overlap in genes that were modulated by both the HFD and the cancer cells, suggesting that this ‘genetic fingerprint’ is important for ovarian metastases to the OFB.





Discussion

In accordance with the ‘seed and soil’ theory, our studies show that obesity contributes to the generation of a pro-inflammatory peritoneal environment that supports the survival of disseminating ovarian cancer cells in the PSF and the OFB and enhances the early metastatic adhesion events in the OFB through an increase in extracellular matrix proteins and modulators such as fibronectin 1 and collagen I expression as well as in genes supporting growth and invasion such as Tenacin C. The identified genes could potentially be used as targets for prevention strategies to lower the ovarian cancer risk in women with obesity.
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1 Introduction

Obesity has been linked to the etiology of coronary heart disease, hypertension, and diabetes and has also been associated with the increased risk of many cancers including endometrial, pancreatic, prostate, breast, colon and rectum, liver, and other cancers (1). However, inconsistent approaches in defining obesity, variations in study methodology including the use of different adipose tissues (e.g., visceral versus subcutaneous), ambiguity of age, menopausal status and the use of hormone replacement therapy, in addition to the heterogenous histology of ovarian cancer, have contributed to diverging risk assessments of obesity and ovarian cancer. An association of ovarian cancer risk and body mass index (BMI) of >30kg/m2 has been reported although the risk increase was generally low (2) and highly affected by the cancer subtype (3), and variables such as hormone therapy and smoking (2, 4, 5). The distribution of adiposity also may affect the cancer risk. Indeed, abdominal adiposity was found to be a risk predictor (6, 7) that raised ovarian cancer risk independent of BMI (8) and increased ovarian cancer mortality (9), suggesting an impact of abdominal adipose tissues on ovarian cancer development and progression. While interactions between the adipose tissues and ovarian cancer cells have been shown to support cancer cell survival (10, 11), the mechanisms of how obesity increases ovarian cancer risk have not been clearly delineated.

Metastatic ovarian cancer cells exfoliate from the primary tumor and disseminate throughout the peritoneal cavity via the flow of the peritoneal serous fluid (PSF) (12). Their primary metastatic site is typically the omentum (omental fat band, OFB), a visceral adipose tissue that serves as a filter for the PSF and functions as secondary immune organ for immuno surveillance within the peritoneal cavity. The OFB is interspersed with cellular aggregates of stromal and immune cells such as T cells, B cells, and macrophages, called “milky spots” (13). Disseminating tumor cells are both actively recruited to the OFB via IL-6 and IL-8 secretion (11) and passively filtered from the PSF, adhering to omental milky spots within hours of implantation (11, 14). Both omental adipocytes and milky spots contribute to cancer cell recruitment, survival and metastatic outgrowth (10, 11); therefore, the OFB is typically removed during surgical tumor debulking to slow disease progression.

We have previously shown that individual fat depots in the peritoneal cavity contain distinct immune cell populations (15) that may differentially contribute to ovarian cancer risk in either a protective or tumor-promoting manner. Indeed, the parity-mediated decrease in ovarian tumor burden was associated with a significant immunological shift in resident leukocyte populations in the OFB that supported the development of a refractory microenvironment (16). Therefore, understanding the changes in the cellular and secretory composition of abdominal adipose tissues and the metastatic transport media PSF can offer insights into the role of the abdominal microenvironment in ovarian cancer metastasis. Here, we investigated how diet-induced obesity modulates the composition of the OFB and select peritoneal tissues to generate permissive conditions for ovarian cancer metastases. Using a murine serous ovarian cancer cell model, we examined the correlation between increased body weight, peritoneal dissemination of ovarian cancer, and differential shifts in the immunological and gene expression profiles of critical microenvironments within the peritoneal cavity and additionally identified events that can promote the establishment of a pro-tumorigenic environment. Since ovarian cancer has one of the highest incidence-to-death ratios due to late detection when the tumor has already metastasized (17), understanding the dynamics of the pre-metastatic tumor microenvironment as well as characterizing the cellular and molecular changes involved in the generation of a permissive niche for ovarian metastases are critical steps for elucidating potential therapeutic targets and developing novel strategies to prevent or suppress ovarian cancer metastasis in high-risk groups.




2 Materials and method



2.1 Mice and diets

Female nine-week-old C57BL/6 mice (Harlan Laboratories) were singly housed in a controlled environment (12h light/dark cycle at 21°C) with free access to food and water. After acclimatization for one week, the mice were randomly assigned to four groups (n=10 each). Two groups each were placed either on a low-fat (AIN-93G rodent diet from Dyets with 7% corn oil; 17% of total kcal from fat) or a high-fat diet (AIN-93G rodent diet with 7% corn oil and 16.5% lard; 45% of kcal from fat). After 12 weeks on the research diets, the mice were subjected to body composition analyses using a Bruker mini spec LF90NMR analyzer to confirm diet-induced changes in their body composition and insulin response. This study was conducted in accordance with the NIH guidelines for Vertebrate Animal Use and was approved by the Virginia Tech Institutional Animal Care and Usage Committee.




2.2 Glucose tolerance test

After 12 weeks of dietary treatment, mice were fasted overnight and i.p. injected with 2 mg pharmaceutical grade glucose/g body weight in a 10% solution of PBS. Blood was then sampled six times over a two-hour period (at time point 0, 15, 30, 60, 90, and 120 minutes). Approximately 5 μl of blood was collected at each time point via tail vein nicks. A hand-held glucometer was used to measure blood glucose.




2.3 Cell lines

The mouse ovarian surface epithelial (MOSE) cell model utilized in this study was developed from C57BL/6 mice and has been extensively characterized (18–22). The expression of several fallopian tube markers (19) suggests that the MOSE cells represent the most detrimental serous ovarian cancer. Highly aggressive, tumor-initiating variants (MOSE-LTICv) were isolated following i.p. passage of MOSE-L cells in C57BL/6 mice and subsequently maintained in tissue culture. The MOSE-LTICv were transduced with firefly luciferase (FFL)-encoding lentiviral particles (GeneCopoeia) to facilitate live in vivo imaging of cancer cell outgrowth; the FFL gene served also as a tumor-specific reporter gene. MOSE-LTICv, injected i.p. into female C57BL/6 mice rapidly disseminate throughout the peritoneal cavity to the OFB with mice reaching defined endpoints within 21 days (16). MOSE-LTICv cells were maintained in high glucose Dulbecco’s Modified Eagle Medium (Invitrogen), supplemented with 4% fetal bovine serum (Atlanta Biological), 100 mg/ml penicillin and streptomycin and 4 μg/ml puromycin to maintain FFL expression.




2.4 Tumor induction

After 12 weeks of dietary regimen, when significant changes in body weight and glucose tolerance were observed, one group of mice from each dietary regimen (n=10 per group) was injected i.p. with 1x104 MOSE-LTICv cells in 300 μl sterile calcium- and magnesium-deficient phosphate buffered saline (PBS-/-) while the control groups received injections of 300 μl PBS-/-. All mice were maintained on their respective diets for 21 days post-injection. Then mice were sacrificed by CO2 asphyxiation. To quantify the tumor burden, PCI scores were determined as described previously (14, 16). Briefly, tumor burden (number and size, vascularization) was determined in the peritoneal lining, diaphragm, ovaries, lesser and greater omentum, liver, stomach, pancreas, mesentery, small intestine, and colon. Relative PCI scores in the OFB were further validated by qRT-PCR analysis of FFL gene expression.




2.5 Adipose tissue, peritoneal serous fluid, and blood collection

Three intra-abdominal white adipose tissues (WAT) were harvested: the OFB, parametrial white adipose tissue (pmWAT) and retroperitoneal white adipose tissue (rpWAT). The OFB (visceral fat depot) was chosen as it is a primary site of ovarian cancer metastasis and because of its importance in the immunosurveillance of the peritoneal cavity. pmWAT and rpWAT served as control non-visceral abdominal fat depots with distinct immune and progenitor populations (15); due to its abundance in obese mice, pmWAT (or epididymal WAT in male mice) is the most used tissue in other studies. The PSF was included as an established immunologically active microenvironment and vehicle of peritoneal cancer cell dissemination; blood was used as an indicator of systemic effects.

All tissues were individually harvested, weighed, and rinsed with PBS-/-. To ensure there was no pancreatic contamination, the OFB samples were also tested for buoyancy. Each sample was then processed for flow cytometry or placed into RNAlater (Qiagen) and stored at -80°C. Cells in the PSF were collected via peritoneal lavage with 5 ml of PBS-/-. The effluent was centrifuged, subjected to erythrocyte lysis (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and processed for flow cytometry or stored for RNA extraction. Blood was collected via heart puncture and centrifuged at 1100 rpm for 10 minutes. The pellet was subjected to erythrocyte lysis three times and then processed for analysis.




2.6 Tissue digest

The stromal cells (stromal vascular fraction, SVF) from each adipose depot (n=10) were isolated from digested tissue according to standard protocols (14–16). Briefly, the OFB was digested in GKN-buffer containing 1.8 mg/ml collagenase IV, 10% FBS, and 0.1 mg/ml DNase. PmWAT and rpWAT digest buffer contained a 1:1 ratio of Krebs-Ringer bicarbonate buffer and collagenase solution (1 mg collagenase I, 10 mg BSA, and 2 mM CaCl2 in 1 ml PBS). Following digest at 37°C for 45 min, cells were passed through a 40 μm cell strainer, and erythrocytes were lysed.




2.7 Flow cytometric analysis

SVF suspensions from the tissues of five mice per group 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 fluorophore-labeled antibody combinations (available upon request) for 20 min at 4°C. Fluorophore-labeled antibodies specific for mouse CD45, CD11b, CD11c, F4/80, Ly6C, CD4, CD5, CD44 CD62L, B220, CD19, CD93, NK1.1, Ly6C, and Ly6G were obtained from eBioscience. CD3 and CD8 antibodies were obtained from BD Biosciences. Prior to analysis, cells were washed twice and re-suspended in PBS-/- containing propidium iodide for dead cell exclusion. Viable cells identified via propidium iodide exclusion were gated based on forward/side scatter to exclude doublets and were then separated into CD45+ leukocytes and CD45- stromal constituents. CD45+ cell was then further subdivided into specific leukocyte populations: CD19+ B cells, CD5+ or CD3+ T cells, CD11b+ mono- or granulocytes, NK.1.1+ CD3- NK cells, NK.1.+ CD3- NKT cells (see Table 1 for sub-groups). Flow cytometry was performed on a FACSAria (BD Biosciences) and data was analyzed using Flowjo (TreeStar) software.


Table 1 | Comparison of the CD45+ cells in the individual tissues of mice on a low-fat (LFD) or high-fat diet (HFD) (SEM in parenthesis).






2.8 RNA Extraction and cDNA synthesis

Adipose tissues were homogenized in Qiazol (Qiagen) and PSF cells were lysed in RLT lysis buffer (Qiagen). RNA was purified using the RNeasy Lipid Tissue Kit (Qiagen), according to manufacturer’s instructions. RNA concentration was determined using a NanoDrop1000 spectrophotometer. RNA (n= 5 per tissue) was then subjected to the iScript cDNA synthesis system (Biorad) according to the manufacturer’s protocol.




2.9 RT2 profiler PCR array

RT2 Profiler PCR arrays were specific to genes involved in acute phase inflammatory and humoral immune responses, targeting cytokines, chemokines and their receptors, and regulators of cytokine metabolism and synthesis (>350 genes, see Supplementary Table S1). cDNA for each group (5 mice each) was pooled from equal amounts of RNA from each sample, totaling 1μg RNA for one plate. The SABiosciences RT2 Profiler PCR Array (PAMM-3803E-12) was conducted according to the manufacturer’s protocol with the ABI 7900HT (Applied Biosystems). Data was analyzed using the SABiosciences RT2 Profiler PCR Array data analysis program. Genes with differences of at least a 2-fold change were included in lists of differentially expressed genes.




2.10 Quantitative real-time PCR

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 master mix (Bioline) was used in a 15 μL 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 ABI 7900HT (Applied Biosystems). Melt curves were performed to ensure fidelity of the PCR products. RPL19 was utilized as the housekeeping gene and the ΔΔCt method was used to determine fold differences (23).




2.11 Immunofluorescence

Adherent MOSE-LTICv cells were grown on coverslips; pre-formed spheroids were allowed to adhere for 4, 8, and 12 h onto glass-bottom cell culture dishes (Cellvis) and were then washed away prior to fixation, leaving only secreted extracellular matrix (ECM) on the plates.

Proteins were immunostained with primary antibodies against Collagen Type I (Invitrogen) and Fibronectin (Abcam), along with appropriate FITC-conjugated rabbit and TRITC-conjugated mouse secondary antibodies. Coverslips with adherent cells were mounted with Prolong gold antifade mounting medium with DAPI and imaged using a Nikon 80i fluorescent microscope. Images were processed using Adobe Photoshop CS6®.




2.12 Statistical analysis

Data is expressed as mean ± standard error of mean (SEM). Student’s t-tests were used to compare two groups. Two-way ANOVA with post-tests were used to compare multiple tissues or more than two groups. Differences were considered statistically significant at p<0.05.





3 Results



3.1 Effect of diet on body weight and composition

Mice fed the high-fat diet (HFD) for 15 weeks gained more weight (25.66g vs 17.91g in the low-fat diet -LFD) and had significantly higher body weights compared to mice fed the LFD (42.97g vs 34.89g; p=0.0036) (Supplementary Figure S1A). Accordingly, mice fed the HFD had greater body fat percentages (27.28 ± 1.49% vs 20.14 ± 2.09% on the LFD; p<0.05) (Supplementary Figure S1B). Blood glucose levels were higher in the HFD group at all time points following time 0 (p<0.05) (Supplementary Figure S1C), indicating an impaired glucose tolerance. However, as fasting glucose remained normal, the mice did not display all symptoms of metabolic syndrome, confirming earlier reports that in contrast to male mice, female mice on a HFD are less likely to develop the full spectrum of the metabolic syndrome (24).

As expected, the weights of all individual WATs were significantly higher in mice fed the HFD (Figure 1A) but only the pmWAT showed a significant increase in SVF cell number in the HFD group (Figure 1B). The number of cells per mg of tissue did not significantly change in any tissue in response to the diet (Figure 1C), suggesting that the HFD did not induce a net influx of cells above the observed tissue expansion.




Figure 1 | Effect of the diet on tissue weight and cellularity. 12 weeks of feeding a low-fat (LFD) or high-fat diet (HFD) affected (A) the wet tissue weight, (B) the total number of cells per tissue, and (C) the Number of cells per mg of tissue. * p<0.05; **p<0.01 compared to the LFD.






3.2 Impact of HFD on resident peritoneal leukocytes

We have previously shown that the individual abdominal fatpads are characterized by distinct leukocyte populations (15). To determine how the HFD affects these tissues, we identified HFD-induced changes in leukocyte populations within select abdominal WATs as well as in the blood and PSF. As shown in Table 1, 98% of cells found in the blood and PSF were leukocytes staining positive for the pan-leukocyte marker CD45. The percentage of CD45+ cells was lower in the WATs than the PSF (p<0.001 vs pmWAT and rpWAT), concurrent with their function as reservoirs for the stem- and progenitor cells in the stromal vascular fraction (SVF). The OFB contained a greater proportion of leukocytes than the other abdominal WATs (p<0.01 and p<0.001 vs pmWAT and rpWAT, respectively) albeit less than the PSF (p<0.001). This is consistent with the OFB serving as a unique lymphoid organ (25). The HFD did not significantly alter the percentage of CD45+ cells in any tissue but changed the proportion of specific leukocyte subsets. A significant HFD-induced decrease in the CD19+ B cells was observed in blood, PSF and the OFB while their already very low proportion in the pmWAT and rpWAT did not change. There was a trend towards increased proportions of T cells in all tissues except the OFB after feeding the HFD; this was significant only in blood, confirming that the HFD contributes to the systemic low-grade chronic inflammation commonly associated with obesity (26). Additionally, the HFD group had increased CD5- lymphoid cells in the blood, PSF and the OFB but not in the pmWAT and rpWAT. An increased proportion of monocytes/granulocytes was observed in all tissues but blood (significant in PSF and pmWAT). Thus, in the more immunologically active areas of the peritoneal cavity (PSF and OFB), the HFD led to a decrease in B cells, with increases noted for other lymphoid cells and monocytes/granulocytes. In contrast, the pmWAT and rpWAT were more resistant to HFD-induced changes in the immune cell composition despite the increase in total SVF cell numbers.




3.3 HFD-induced changes in gene expression in select tissues

The immune cell composition of tumors is very heterogenous and dependent not only on the tumor type but also on their molecular subtypes, limiting their prognostic value (27). Thus, to characterize the HFD-mediated changes in the peritoneal signaling milieu more comprehensively, RT2 Profiler PCR arrays were performed with RNA extracted from the OFB, pmWAT and rpWAT (ΔCT values for all tissues are shown in Supplementary Table S1). The expression patterns represent the whole tissue and, thus, are reflective of both adipocytes and cells comprising the SVF. Several genes were upregulated in all three adipose tissues upon HFD feeding (Areg, Ccl2, Ccl7, Ccr2, Csf2, Il7r, Spp1, Tlr1, Tnfsf9, Tnfrsf11b, Xcr1) whereas only Fos, Il17d, and Socs2 expression were decreased in all tissues (Figure 2). Genes regulating immune response and inflammation including many cyto- and chemokines and their receptors were expressed at higher levels in the OFB than in the pmWAT and rpWAT, likely a result of the higher cell count and CD45+ cell content of the OFB. Differences in gene expression between the pmWAT and rpWAT were minimal (Supplementary Table S1).




Figure 2 | Changes in gene expression levels by the high-fat diet (HFD) as determined by RT2 Profiler PCR arrays in the (A) omental fat band (OFB), (B) parametrial white adipose tissue (pmWAT), and (C) retroperitoneal white adipose tissue (rpWAT). Data is expressed as the log10 of the expression level of each gene in the test group (HFD) versus the corresponding value in the LFD. Red circles represent genes that increased by twofold or greater in the HFD group, green circles represent genes that decreased by twofold or greater.



In the OFB, the HFD led to increased gene expression of many cyto- and chemokines and their receptors, which may contribute to a sustained pro-inflammatory microenvironment. Expression of genes regulating adhesion and cell growth (Apol7a, Blnk, Bmp7, Fgf5,7, Gdf5, Itih4, Nampt, Ptafr, Reg3a, Spp1, Tymp), and TNF superfamily members were also increased by the HFD while genes that are involved in the regulation of monocyte chemotaxis (Ccl27a, Ccr7, Ccr8), suppression of cytokine synthesis and signaling (Il11, Socs2) and regulation of apoptosis (Ccr8, Il19) were reduced (Figure 2A). Gene expression changes in the pmWAT (Figure 2B) and rpWAT (Figure 2C) may also contribute to maintenance of a pro-inflammatory microenvironment (Ccl4, Ccl7, Ccl17, Il2ra, Ly86, Tlr4), cell survival (Ghr, Mdk, Nr3c1), and protection of stem cells from apoptosis (Gdf3); however, the expression levels and magnitude of changes were lower than in the OFB and there was little overlap of gene expression changes between the select adipose tissues (see Supplementary Table S1). Thus, the HFD resulted in changes to the cellular composition and molecular expression signature of the OFB which may support a pro-inflammatory, pro-adhesion and pro-growth microenvironment that is more conducive for cancer cell adhesion, survival, and progression, while other tissues had less notable changes.




3.4 The HFD potentiates peritoneal tumor burden of ovarian cancer

To determine if the observed HFD-mediated changes in the abdominal microenvironments promote ovarian cancer metastasis, we injected female C57BL/6 mice i.p. with the syngeneic MOSE-LTICv cells or PBS (control group) upon confirmation of the HFD-induced changes in body weight, body fat percentages, and aberrant glucose tolerance. Tumor cell implantation had no effect on body weight or percent body fat in either diet group (data not shown) likely due to the rapid development of lethal disease in this model. As shown in Figure 3A, there was a significant increase in the tumor burden in mice fed the HFD (p<0.05). Concordantly, the expression levels of FFL, used here as a tumor cell reporter gene expressed only in MOSE-LTICv cells, was significantly higher in the OFB of mice fed the HFD (Figure 3B). Importantly, this increase in FFL expression was also observed in the PSF, indicating that the HFD-induced changes also increased the number of the non-adherent, disseminating metastatic cancer cells in the peritoneal cavity. Macroscopically, the OFBs in the HFD-MOSE-LTICv group were composed almost entirely of solid tumor, with minimal adipose tissue remaining. Despite this loss of fat, OFBs in HFD-MOSE-LTICv were significantly heavier than in LFD-MOSE-LTICv (Figure 3C) due to cancer cell recruitment and expansion; while the OFBs from LFD-MOSE-LTICv were also heavily infiltrated with tumors, these were of smaller size. This correlates well with the larger total cell number detected in the OFB in the HFD-MOSE-LTICv group (Figure 3D) that includes tumor, immune and stromal cells and corresponds to the higher tumor burden. The total cell number in the PSF was reduced by the HFD but increased in the HFD-MOSE-LTICv group. No increases in cell numbers in blood were noted after the MOSE-LTICv injections.




Figure 3 | Tumor burden of mice 21 days post injection of MOSE-LTICv cells. (A) PCI score of low-fat (LFD) high-fat diet (HFD) groups after MOSE-LTICv injection. (B) FFL gene expression in the omental fat band (OFB) and peritoneal serous fluid (PSF) of mice following MOSE-LTICv injection as compared to the PBS group on each diet; *p<0.05 compared the LFD. (C) Average OFB weight per mouse; * p<0.05 compared to LFD. (D) Average number of cells isolated from each tissue. *significant at p<0.05 over the corresponding LFD group, or the corresponding PBS controls.






3.5 Cancer-associated changes in the peritoneal cavity



3.5.1 Changes in immune cell composition

We aimed to identify common cellular and molecular events induced by both the HFD and the cancer cells which would suggest the generation of a permissive niche. First flow cytometric analysis was used to characterize changes in the main immune cell populations in the selected adipose tissues, PSF, and blood as a consequence of the diet and ovarian cancer presence in the peritoneal cavity. While both diet- and cancer-induced shifts were noted in the PSF, blood, and OFB (Figure 4; Supplementary Table S2A), the pmWAT and the rpWAT were largely resistant to changes with both conditions (Supplementary Table S2B). The overall population of CD45+ cells remained stable in the presence of the cancer cells (Supplementary Table S2A) although the proportions of different cell types within the leukocyte population shifted. There was a reduction in the CD19+ B cell populations in the blood and the PSF by the cancer cells that was less pronounced than the reduction induced by the HFD; in contrast, the depletion of B cells in the OFB by the cancer cells was more prominent than the HFD-induced changes. A subsequent analysis showed mainly B2 cell with little effect of the cancer cells or the HFD on the proportions of either sub-population. There was little additional effect of the HFD combined with cancer cells (Figure 4).




Figure 4 | Changes in immune cell populations by the diet and the cancer cells. Flow cytometric analyses were performed in blood, peritoneal serous fluid (PSF) and the omental fat band (OFB).



The T cell percentage and the T cell sub-populations were not affected by the cancer cells alone; tissue specific increases (in the PSF) or decreases (in the OFB) were observed in the combined HFD/MOSE-LTICv group. Most T cells in the PSF and OFB were Th cells while more Tc cells were found in the blood, and CD4-CD8- DN T cells were the predominant T cell type in the pmWAT and rpWAT (Figure 4; Supplementary Table S2A). While there were little changes in CD4+ and CD8+ T cell subpopulations, the DN T cells were increased in the blood by the combined treatments but significantly reduced in the PSF and the OFB which appears in the latter tissues to be little affected by the cancer cells.

Tissue-specific responses were also noted in the mono-granulocyte category. The cancer cells were associated with significant increases in the blood while the cancer cells increased mono/granulocytes in the PSF and the OFB with no additional effect of the combination treatment. The analysis of sub-populations showed a significant cancer cell-induced increase in myeloid-derived suppressor cells (MDSC) which was exacerbated by the HFD in the OFB and PSF; there were only small increases seen with the HFD alone. While there were no changes in total dendritic cells (DC), F4/80hi,Ly6Clo,CD93+ resident peritoneal macrophages were significantly increased in the PSF by the HFD but reduced in blood and OFB; cancer cell presence reduced the proportion of these cells in the PSF and the blood with no effect on the OFB. Tissue-specific responses were observed for NK cells. NKT cell proportions were significantly decreased only in the OFB by both the HFD and the cancer cells without a further combinatorial effect.

Together, these results demonstrate a differential response of the select tissues to both the HFD and the cancer cell injections: while the pmWAT and rpWAT were more resistant to changes and generally responded to the HFD only, the PSF and OFB exhibited significant and similar changes in specific sub-populations that together generate pro-inflammatory conditions. These changes often were exacerbated by the HFD and may contribute to a more permissive environment for disseminating cancer cells in the peritoneal cavity.




3.5.2 Change in gene expression levels

To characterize changes in the signaling microenvironment within the peritoneal cavity as a consequence of the diet and cancer, we again used RT2 Profiler PCR arrays and compared the impact of the diet on gene expression to the effects of the cancer cells. Cancer cell presence increased the expression of many genes in all tissues investigated; this was more pronounced in the OFB than the pmWAT and rpWAT (Figures 5A–C) (see Supplementary Table S1 for a complete list). Key cytokines and chemokines and their receptors in addition to growth regulators (Areg, Csf1, Gdf6, Nrg1, Pdgfa, Spp1), adhesion (F11r, Fn1) and stemness modulators (Hdac7, Lefty1, Procr), and genes associated with progressive disease (Apoa2, Apol7a, Inhba, Mif, Nos2, Olr1, Prl, Tnfsf9, S100a8) were upregulated in the OFB with the cancer cells. Genes often found to be epigenetically silenced or with low expression levels in ovarian or other cancers (Adora1, Bmp3, Ccl6, Ephx2, Lefty2, Pf4, Socs2) were downregulated by MOSE-LTICv in the OFB.




Figure 5 | Changes in gene expression by cancer in peritoneal adipose tissues. RT2 Profiler PCR arrays were used to determine gene changes in mice fed the low-fat diet (LFD) (left panels) and the high-fat diet (HFD) (right panels). (A) Omental fat band (OFB), (B) parametrial white adipose tissue (pmWAT), and (C) retroperitoneal white adipose tissue (rpWAT). Red circles indicate genes that increased twofold or greater, green circles indicate genes that decreased twofold or greater.



The combination of HFD and MOSE-LTICv further increased the expression levels of several cytokine and chemokines that contribute to a pro-inflammatory environment (see Supplementary Tables S1, S3). In addition, the expression of regulators of growth (Nos2, Spp1) and metabolism (Ins1, Tymp), as well as indicators of cancer progression (Cer1, Fos, Saa4) were exacerbated while genes such as Adora1, Ccl6 that are often low expressed in cancer and genes that inhibit cancer growth and development (Gdf1, Grem2, F2, Kng1, Ltb4r1, Nodal) were further down-regulated compared to the LFD MOSE-LTICv group (Supplementary Tables S1, S3). These results suggest that the HFD alone can alter the gene expression profile in the OFB but can also exacerbate cancer-induced changes.

We also observed MOSE-LTICv-induced changes in the gene expression levels in the pmWAT and rpWAT that were enhanced when the mice were fed the HFD (Figures 5B, C). While these genes can also contribute to a pro-inflammatory and growth stimulatory environment, the changes in their expression levels were lower (Supplementary Table S1), indicating a less robust response of these tissues to both the HFD and the cancer cells. A complete list of genes that were affected by the HFD, by the cancer cells, or the combination of both can be found in Supplementary Table S2.

To confirm the changes in gene expression levels shown above that were obtained with the RT2 Profiler PCR arrays, we performed qRT-PCR on key inflammatory genes in the OFB, pmWAT, and rpWAT and extended our analysis to include genes that are critical for the survival of exfoliated cancer cells and for early metastatic processes such as adhesion and outgrowth. We noted both diet- and MOSE cell-dependent changes in gene expression levels in addition to tissue-specific responses. There were very few changes in response to the HFD in the pmWAT and rpWAT; only Ccl2 was significantly elevated by the HFD. While the cancer presence alone did not elicit gene expression changes in these adipose tissues, there was a significant increase in Ccl4 (in pmWAT only), Ccl2 and Il6 in both WATs in the HFD/MOSETICv group (Supplementary Table S4). In contrast, genes in the OFB were highly responsive to both conditions (Table 2). The HFD alone did not alter the expression of the adipokines but significantly increased several cyto/chemokines or their receptors such as Ccl2, Cx3cl1, Ccr5, IL1b and Tnfa. Genes promoting adhesion (FN1, Col1) and invasion (Tnc) via extracellular matrix remodeling (Mmp11, Pai1) were also upregulated by the HFD.


Table 2 | qPCR analyses of the OBF (ΔCT±SEM).



The expression of the key adipokines adiponectin, adipisin, leptin, resistin, and visfatin were significantly decreased by the cancer cells irrespective of the diet in the OFB (Table 2), but not in the other adipose tissues (Supplementary Table S4). The cancer cells alone increased several pro-inflammatory chemo- and cytokines (Ccl2, Ccl4, Cxcr2, Il1b, Il10) but decreased Cxcl13. Adhesion and invasion factors (Col1, Fn1, Tnc) were also upregulated while growth and angiogenesis regulators were downregulated. Interestingly, the MOSE-LTICv cells themselves express moderate to high levels of several pro-inflammatory cytokines and chemokines and their receptors and regulators (i.e., Ccl2, Ccl7, Csf1, Cxcl5, Cebpb, Mif) as well as extracellular matrix proteins and their regulators (i.e., Fn1, Mmp25, S100A11, Spp1) (Supplementary Table S5). MOSE-LTICv cells growing as monolayers express the extracellular matrix proteins Col1 and FN1 (Figure 6A) and readily secrete both after only 4 h of adhesion of MOSE-LTICv spheroids (Figure 6B). Thus, the cancer cells themselves contribute to a permissive microenvironment.




Figure 6 | Expression of extracellular matrix proteins in MOSE-LTICv cells. (A) MOSE-LTICv spheroids were seeded on tissue culture plates, removed and the plates were stained for collagen 1 and fibronectin 1 secretion. (B) Expression of collagen 1 and fibronectin 1 in adherent MOSE-LTICv cells.



The combination of HFD plus cancer resulted in increased expression of some cytokines in the OFB (e.g., Ccl2, Ccl4, Cxcr2, Il1b) and decreased expression of others (e.g., Ccr5, Cx3cl1, eNos, Tnfa) as compared to the HFD group alone (Table 2). Genes that support adhesion and invasion (Col1, FN1, Mmp11, TnC) were also significantly higher in the HFD/MOSE-LTICv group while angiogenesis regulators had lower expression. These changes were not observed in the pmWAT or rpWAT (Supplementary Table S4).

The PSF plays an important role in transporting and seeding cancer cells along its flow pattern throughout the peritoneal cavity. Since we observed an increase in the number of non-adherent cancer cells in the PSF (see Figure 4B), we also investigated diet and cancer-mediated changes in gene expression in the cellular fraction of the PSF that may contribute to the survival of the disseminating cells. The cellular fraction of the PSF contained mostly CD45+ leukocytes (Table 1; Supplementary Table S2A) and all genes selected for analysis had lower expression levels than in the OFB and peritoneal WATs (see Supplementary Table S1, S4). The HFD alone induced a significant increase in the expression of several pro-inflammatory genes such as Ccl2, Ccl3, Ccl4, Gmcsf, Ifng, Il1b, and Tnfa (Figure 7; Supplementary Table S6); these genes are involved in monocyte/granulocyte recruitment and activation and their expression levels correlate with the increased recruitment into the PSF in the HFD group (Supplementary Table S2A). In contrast, pattern recognition receptors (Tlr1-4) or adhesion and migration regulators (Tnc) were not affected by the HFD. The presence of cancer cells alone resulted in higher expression of the same genes in the PSF that were upregulated by the HFD. In addition, genes involved in leukocyte recruitment (Cxcr2) or promotion of metastasis (Ccr5) had higher expression after cancer cell implantation while genes that regulate B cell migration and chemotaxis (Cxcl12, Cxcl13) were downregulated; this correlates with the reduction of the B cell marker Cd19 and confirms the reduction of B cells in the PSF in the HFD and the cancer group (Supplementary Table S2A). The combination of HFD and MOSE-LTICv led to an exacerbation of the expression of the pro-inflammatory cyto/chemokines (Ccl2, Ccl3, Ccl4, Cxcl13, Ifng, Il1b, Il10) over the LFD/MOSE-LTICv group; other genes were not further affected by this combination beyond the impact of the HFD or the cancer cells alone.




Figure 7 | Heatmap of select gene expression changes (ΔCT values) in the cellular fraction in the peritoneal serous fluid (PSF). qRT-PCR was employed to determine gene expression levels in the PSF of mice fed the low-fat (LFD) or the high-fat diet (HFD) and injected with the MOSE-LTICv cancer cells.



A comparison of the gene expression profiles of the OFB as the first metastatic site and the PSF as a transport medium for the disseminating ovarian cancer cells shows a comparable response to the diet and cancer cells in both tissues; however, the response in the PSF was more pronounced for most genes and conditions. As shown in Figure 8, both the HFD and the cancer cells increased the expression of most genes; however, especially Il1b, Ym1, Cxcl2, Cxcl3, and Cxcr2 were among the most responsive genes to both the HFD and the cancer cells in the PSF which were further exacerbated by the combination of the HFD and cancer cells. These gene expression patterns are consistent with the immune cell compositional changes observed in both the PSF and OFBs of cancer-bearing mice: elevated leukocyte populations and the decline in B cells by both the HFD and the cancer treatments. This is mirrored by a decrease in Cxcl13, a potent B cell chemoattractant which was reduced by the HFD but more so by the cancer cell presence. Also downregulated in both tissues was Cxcl12, an anti-inflammatory chemokine. We noted several genes that were differentially regulated in the tissues by the diet and cancer cells. In the OFB, Tbet (involved in NK cell maturation and function) is increased and Cx3cl1, Ifng and Mscf2 are decreased by the HFD with little response to the cancer cells while increased in the PSF in both cancer groups.




Figure 8 | Comparison of changes in gene expression in the peritoneal serous fluid (PSF) and the omental fatband (OFB). Fold differences over the low-fat diet (LFD) in the expression of select genes in the cellular fraction of the PSF and the OFB (determined by qRT-PCR) from mice fed the high-fat diet (HFD) (top panel), the LFD group injected with MOSE-LTICv, (middle panel) and the high-fat diet (HFD) injected with MOSE-LTICv. *p<0.05 vs LFD.








4 Discussion

Obesity is associated with an increased risk of developing ovarian cancer and a lower likelihood to survive the disease. Higher mortality appears to be especially prominent when the onset of obesity is prior to diagnosis or before 18 years of age (28). A better understanding of the underlying mechanisms of this obesity-mediated risk increase is critical for the development and implementation of more effective prevention strategies to lower the cancer risk in these women. So far, the disruption of hormone regulation, changes in adipokine production, local and systemic inflammation, and increased energy supply have all been suggested to play a role in ovarian cancer development and progression (29). Inflamed mammary adipose tissues have also been associated with an increased risk of breast cancer (30), highlighting the importance of changes in adjacent adipose tissues for cancer development. We have shown previously that abdominal adipose tissues have a unique immune cell composition (15) and that changes in the CD45+ leukocyte populations observed in parous mice was correlated with a lower ovarian cancer tumor burden (16). In the present study we determined the overlap of HFD- and cancer-induced changes in tissues relevant for ovarian cancer development and progression to generate a risk “fingerprint” that links obesity to ovarian cancer risk. We used the MOSE model that recapitulates genetic changes in functional categories that are observed in the human disease progression rather than testing the interaction of obesity with cancer cells with specific gene mutations. We tested our hypothesis that a HFD promotes the generation of a permissive, pre-metastatic environment that supports cancer cell survival during peritoneal dissemination, and secondary outgrowth. We focused our investigation on cellular and molecular changes in the OFB as an early metastatic site, the PSF as transport medium for the disseminating ovarian metastases, blood as indicator of systemic effects and the pmWAT and rpWAT as non-visceral abdominal fat depot controls.

Feeding mice a HFD increased the size of all adipose tissues investigated but did not cause a net influx of immune cells. The response to the HFD was tissue dependent: we observed a net depletion of B cells and an increase in mono/granulocytes and CD5- lymphoid cells in the PSF and the OFB with no effect on T cells while B cells were decreased and T cells were increased in the blood. The changes in immune populations in the OFB were accompanied by an increased expression of pro-inflammatory cyto- and chemokines and their receptors, survival-, growth-, and adhesion-promoting factors, and genes that are generally associated with a poor outcome similar to the changes induced by the cancer cells in mice fed a LFD. These results suggest that the HFD-induced cellular and molecular changes contribute to the generation of permissive conditions for ovarian metastases. Accordingly, we found a significantly increased peritoneal tumor burden in the mice fed the HFD.

The non-visceral abdominal adipose tissues pmWAT and rpWAT also responded to the HFD and the cancer cells with an increase in the number of resident immune cells but the changes in their composition was modest. While we observed overall increases in inflammatory gene expression levels due to the HFD that often mimicked those induced by MOSE-LTICv, albeit of a lower magnitude, these were less pronounced than the changes observed in the OFB and PSF. Genes that support adhesion were not elevated, and MOSE-LTICv lesions were rarely observed in these tissues. Thus, while not a preferred metastatic site, the non-visceral adipose tissues may add to ovarian cancer risk by contributing to the pro-inflammatory peritoneal environment as well as by functioning as an energy reservoir for adjacent tumors (11). Further, the abdominal adipose tissues contain progenitor and stem cells in the stromal vascular fraction that can be recruited to ovarian metastases (31). We have recently shown that incorporation of the stromal cells supported the survival, adhesion and invasion of non-adherence ovarian cancer cell aggregates via reduced respiration and proliferation, as well as elevated expression of genes that increase senescence, telomere maintenance, and DNA repair (22, 32). Whether the HFD changes the stem- and progenitor populations in the abdominal adipose tissues or affects their recruitment to disseminating ovarian metastases needs further investigation.

Both the cancer cells and the HFD led to the net depletion of B cells in the OFB and PSF. This was associated with the reduced expression of the key regulators of B cell chemotaxis, Cxcl12 and Cxcl13 by both the HFD and the cancer cells. The role of B cells in cancer progression appears to be multi-faceted since both poor (33) or better outcomes (34, 35) have been associated with B cell infiltration. B cell depletion can promote an immuno suppressive environment (36) while B cell infiltration contributes to an anti-cancer defense via stimulation of T cell responses (37, 38). B cell infiltration of tumors correlates with more favorable outcomes and lower relapse rates when associated with an influx of T cells (39). We have previously reported that parity established a tumor suppressing peritoneal environment that was characterized by increased proportions of B cells and a decrease in macrophages in the OFB and PSF compared to nulliparous mice (16). Further, Il-12 expression in the tumors was also associated with increased B cells and reduced macrophages in the PSF and OFB (14), suggesting that B cells localized in these tissues may contribute to the lower tumor burden observed in both studies. In addition to B cell depletion, we observed a significant shift in the accumulation of bone marrow precursor-derived B2 B cells over the peritoneal B1 B cells in the PSF with the combination of the HFD and the cancer cells, suggesting a reduction of the innate immune response in the PSF. Hence, our studies suggest that B cells are important players in the generation of permissive or refractory conditions in tissues critical for ovarian cancer dissemination and metastatic outgrowth.

Increased T cells were observed in both blood (contributed to the systemic inflammatory state) and PSF, but they were found significantly reduced in the OFB as a consequence of both the HFD and cancer cell presence. Interestingly, we did not observe significant changes in the CD4+ or CD8+ sub-populations, but a significant reduction in the percentage of DN T cells in both the PSF and the OFB was observed. DN T cells have been found to be higher in tumor tissue (40) and expand rapidly upon hypoxia (41). While the role of adipose tissue DN T cells in ovarian metastasis has not been delineated, DN T cells can exert a profound anti-tumor effect (42) due to their capacity to lyse tumor cells (43). Thus, the reduction of DN T cells in tissues critical for ovarian metastasis may also contribute to a permissive peritoneal environment for disseminating ovarian cancer cells.

Macrophages are the most abundant infiltrating leukocyte population in human ovarian tumors and ascites (44), enhancing tumor progression via immunosuppression and promotion of tumor growth, invasion, metastasis, and angiogenesis (45). The levels of resident macrophages in the PSF were significantly enhanced as a consequence of HFD but not by the cancer cells alone. It is possible that this is the result of recruitment to disseminating tumor cell aggregates, tumors or other sites since only single cell solutions were analyzed. Adipose-associated macrophages parallel tumor-associated macrophages in gene expression profiles which includes the enrichment of angiogenic factors, chemokines, cytokines, proteases, and growth factors that can be even higher in adipose tissue-derived macrophages than tumor-associated macrophages (46). Here, F4/80loLy6Chi monocytes were increased in the PSF by the cancer cells. Ly6Chi inflammatory monocytes are preferentially recruited to metastatic sites by Ccl2 (which is also highly expressed in the MOSE-LTICv) and allow for tumor cell extravasation and metastasis while residential monocytes (Ly6Clo) were found mostly in primary breast tumors (47). Thus, the loss of resident macrophages in the PSF could be due to the recruitment to cancer aggregates and combined with the increase of F4/80loLy6Chi monocytes could aid metastasis to peritoneal organs. Further, macrophage populations were increased in the WATs with the HFD, which can induce M2 polarization (48), this could serve as an additional contribution of the adipose tissue to the induction of a metastasis-permissive microenvironment.

MDSCs are increased during inflammation and their recruitment to tumor sites has been associated with tumor promotion (49) and poor outcome (50) in part due to the suppression of innate and adaptive immunity. In our study we confirmed the increase in MDSCs in the blood of obese mice but also found elevated MDSC populations in the OFB. Importantly, the HFD significantly increased cancer-mediated MDSC recruitment to the PSF and OFB. The CD11BhiLy6Ghi, Ly6Clow MDSCs were categorized as the polymorphonuclear (PMN)-MDSC sub-population of a distinct phenotype that partially overlaps with the monocytic MDSCs (CD11B+Ly6G-Ly6Chi) (51). Activated PMN-MDSCs are poorly phagocytotic and their potent immunosuppressive activity is associated with high secretion of anti-inflammatory cytokines and reactive oxygen and nitrogen species (51), which can contribute to an immunosuppressive environment.

In early metastasis, disseminating cancer cells are transported throughout the peritoneal cavity by the PSF. During disease progression, the malignant ascites is accumulating which exposes the cells to low oxygen and nutrient levels as well as physical stresses which further enhances cancer development and metastatic potential (52). The malignant ascites contains varying levels of pro-inflammatory cyto- and chemokines, growth factors, bioactive lipids, and other factors that support chemotaxis, cancer proliferation, progression, lymphangiogenesis and angiogenesis (53), and thereby enables or supports many aspects of metastasis such as invasion through the mesothelial layer (54) and the development of a stem-like phenotype (55). Thus, the composition of the ascites is critical for the survival and progression of disseminating cancer cells. In the present study, no ascites was observed in mice on the HFD but obesity increased the number of viable cancer cells in the PSF. This was associated with changes in the immune cell population including the depletion of B cells as well as increases in resident macrophages and NK cells. While our analysis of gene expression changes in the cellular components of the PSF was limited, the fold increase in pro-inflammatory genes induced by the HFD alone was above levels found in the OFB and, importantly, the HFD further exacerbated cancer-induced increases in several of these genes. This was especially evident in genes such as Il1b [shown to be increased in malignant ascites in ovarian cancer patients (56)], Ym1 (a marker for immunosuppressing M2 macrophages), and Cxcr2 (expressed in inflammatory monocytes). Also increased by HFD but less so by the cancer cells was Ccl2 in contrast to its receptor Ccr2 that was modestly increased by the HFD but highly upregulated in the cancer groups. Ccl2 encodes a potent chemoattractant for monocytes and other immune cells and is a contributor to chronic inflammation. It is secreted by various cells in the tumor microenvironment such as fibroblasts, T cells, monocytes (correlating with the influx in monocytes into the PSF), endothelial cells, adipocytes, and tumor cells. The high levels of free fatty acids after ingestion of the HFD may contribute to the high levels of Ccl2 via activation of TLR4 (57). Ccl2 is also highly expressed in the MOSE-LTICv cells but is even higher in stromal cells derived from obese adipose tissues, and increased in hypoxic conditions (32). Thus, the HFD-mediated increase in Ccl2 and its receptor promotes inflammation but also can enhance the autocrine CCL2-CCR2 axis that activates monocytes, macrophages, and NK cells, and promotes macrophage polarization. This axis also has been shown to stimulate tumor cell proliferation, migration, invasion, progression, and angiogenesis, and can promote chemoresistance in several cancers (58).

Additionally, both Cxcl2 and Cxcl3 expression were increased. CXCL2 can be expressed in neutrophils and tumor cells (also expressed in the MOSE-LTICv) and has been correlated with metastasis and lower survival (59). CXCL3 is a chemoattractant for neutrophils and has been shown to promote angiogenesis. Its expression in adipose cells can activate the focal adhesion signaling pathway in cancer cells leading to an enhanced mesenchymal phenotype, increased migration and invasion in breast cancer (60). In addition to inflammation, some of the elevated genes and their proteins may also contribute directly to the survival of metastases: Cxc3cl1 via Akt activation (61), Tnfα by induction of Tgfβ secretion in mesothelial cells (62), Ym1 (encoding the murine chitinase-like protein3) via cell protection (63), and Il-10 via immunosuppression and promotion of proliferation and migration (64). These may be some of the mechanisms through which a HFD can contribute to a pro-inflammatory and pro-survival environment in the PSF that can support the survival of disseminating ovarian cancer cells.

One of the first adhesion sites is the OFB where cancer cells can be found in less than an hour after i.p. injection (16). The HFD alone generated similar inflammatory conditions in the OFB as observed in the PSF although the response was somewhat less pronounced. We observed a significant overlap of up- or downregulated genes by both the HFD and cancer presence (Figure 9). Upregulated were many cyto- and chemokines as well as regulators of growth and adhesion. Downregulated were genes that suppress cytokine synthesis, regulate apoptosis, and those often found suppressed in cancer. The HFD further exacerbated the cancer-mediated increase of several inflammatory genes and those associated with the regulation of growth, metabolism, and cancer progression while further reducing the expression of genes that inhibit cancer growth and development (Figure 9, in bold). Thus, these genes may represent a “permissive fingerprint” in the OFB generated by the HFD even before the arrival of cancer cells.




Figure 9 | Overlap in gene expression changes between the high-fat diet (HFD) and the HFD plus cancer cell presence (MOSE-LTICv). Genes in bold indicate exacerbation of cancer-induced changes by the HFD.



The HFD alone increased genes encoding matrix proteins such as COL1 and TNC in the OFB and exacerbated cancer-mediated increases in Col1, Tnc, and Fn1. These proteins have shown to increase adhesion, invasion, proliferation, and migration of ovarian metastases (65–68); FN1 has been also shown to be important marker for the transformation of the ovarian epithelial cells to a mesenchymal phenotype and the formation of aggregates (69, 70) while COL1 increased resistance to paclitaxel (71) and cisplatin (72) treatment. Both COL1 and FN1 have been detected in solid ovarian metastases but not in ascites cells, and it was thought that they originate from stromal cells rather than cancer cells (73). However, as shown in Figure 6, the MOSE-LTICv themselves generate and secrete both FN1 and COL1 even after brief adhesion. Other studies have found that tumor-associated macrophages secrete TNC and FN1and both proteins were among the most enriched in the macrophage secretome (74). TNC, FN1 and COL1 expression in in ascites or ovarian tumor tissue are associated with an unfavorable prognosis and a lower survival (74) (proteinatlas.org, accessed on 10/01/2023). The HFD-mediated increase in Fn1 was more pronounced in the OFB than in other abdominal adipose tissues while Tnc and Col1 expression levels were not affected in rpWT and pmWAT. While there is still discussion about the origin of several of the investigated genes [stromal versus immune versus tumor cells with considerable overlap (75)], our data suggest that the elevation of extracellular matrix genes specifically in the OFB can promote the adhesion of disseminating cancer cells to their first metastatic site and supports their metastatic outgrowth.

Another protein of interest is SPP1 (Osteopontin), a secreted matrix glycoproFtein that is expressed in areas of inflammation and tissue remodeling. SPP1 activates signaling cascades via binding to integrins or CD44; these pathways upregulate the expression of pro-survival genes, enhance proliferation, migration, progression, metastasis, angiogenesis (76) and adhesion via increasing CD44 and Integrin B1 expression (77). Receptor activation by SPP1 in immune cells affects cytokine production, immune cell differentiation and function, communication between the adaptive and innate immune system, and acts as an immune checkpoint to suppress the anti-cancer immune cell activity (78). Spp1 was elevated by both the HFD and the cancer cells in the OFB; the HFD also elevated the cancer-mediated increase in Spp1 expression in the OFB and, to a lesser extent, in the pmWAT and rpWAT. SPP1is already detectable in early ovarian cancer stages in serum (79). It is highly expressed in advanced ovarian cancer and has been associated with a poor prognosis and a low survival (19, 80). It is thought that SPP1 is mostly secreted by tumor cells (81) and, accordingly, we found high levels of Spp1 in the MOSE-LTICv cells. However, the increased expression levels induced by the HFD in the OFB implicates Spp1 as an important factor in the generation of a pro- inflammatory premetastatic niche; as a ligand of integrins and CD44 its presence in the extracellular matrix can also support cancer cell adhesion and subsequent metastatic outgrowth similar to COL1and FN1.

In summary, our data support the ‘seed and soil’ or pre-metastatic niche hypothesis that states that a conducive microenvironment must be formed in order for tumor cells to engraft and proliferate at secondary sites (82). However, we postulate that not only the primary tumor but also the HFD can contribute to the generation of permissive conditions that prepare the PSF and OFB for the arrival of the metastases, promoting their survival, adhesion, and invasion. Our results provide support for two mechanisms through which obesity can increase the ovarian cancer risk: first, by directly impacting the cellular and gene expression profile in critical tissues in the peritoneal cavity that together generate a pre-metastatic, permissive niche for disseminating ovarian cancer cells and second, by enhancing and sustaining cancer-mediated changes. In line with other reports (83) we observed a differential response of individual tissues with the pmWAT and rpWAT undergoing more limited changes but still contributing to a pro-inflammatory environment. These cellular and molecular profiles of a pro-metastatic microenvironment that mediate the relationship between obesity and cancer could be developed as effective targets for strategies to prevent or treat metastatic ovarian cancer.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee at Virginia Tech. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

AS: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. CL: Data curation, Methodology, Writing – review & editing. JG: Data curation, Methodology, Writing – review & editing. PR: Conceptualization, Formal analysis, Methodology, Supervision, Writing – review & editing. ES: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by the USDA National Institute of Food and Agriculture Hatch project 1006578 (ES), and NCI Ruth L. Kirschstein NRSA individual fellowship 1F31CA261146-01 (JG).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1323399/full#supplementary-material




References

1. Pati, S, Irfan, W, Jameel, A, Ahmed, S, and Shahid, RK. Obesity and cancer: A current overview of epidemiology, pathogenesis, outcomes, and management. Cancers (Basel) (2023) 15(2). doi: 10.3390/cancers15020485

2. Nagle, CM, Dixon, SC, Jensen, A, Kjaer, SK, Modugno, F, deFazio, A, et al. Obesity and survival among women with ovarian cancer: results from the Ovarian Cancer Association Consortium. Br J Cancer (2015) 113(5):817–26. doi: 10.1038/bjc.2015.245

3. Dixon, SC, Nagle, CM, Thrift, AP, Pharoah, PD, Pearce, CL, Zheng, W, et al. Adult body mass index and risk of ovarian cancer by subtype: a Mendelian randomization study. Int J Epidemiol (2016) 45(3):884–95. doi: 10.1093/ije/dyw158

4. Lahmann, PH, Cust, AE, Friedenreich, CM, Schulz, M, Lukanova, A, Kaaks, R, et al. Anthropometric measures and epithelial ovarian cancer risk in the European Prospective Investigation into Cancer and Nutrition. Int J Cancer (2010) 126(10):2404–15. doi: 10.1002/ijc.24952

5. Collaborative Group on Epidemiological Studies of Ovarian, C. Ovarian cancer and body size: individual participant meta-analysis including 25,157 women with ovarian cancer from 47 epidemiological studies. PloS Med (2012) 9(4):e1001200. doi: 10.1371/journal.pmed.1001200

6. Barberio, AM, Alareeki, A, Viner, B, Pader, J, Vena, JE, Arora, P, et al. Central body fatness is a stronger predictor of cancer risk than overall body size. Nat Commun (2019) 10(1):383. doi: 10.1038/s41467-018-08159-w

7. Park, IS, Kim, SI, Han, Y, Yoo, J, Seol, A, Jo, H, et al. Risk of female-specific cancers according to obesity and menopausal status in 2*7 million Korean women: Similar trends between Korean and Western women. Lancet Reg Health West Pac (2021) 11:100146. doi: 10.1016/j.lanwpc.2021.100146

8. Canchola, AJ, Chang, ET, Bernstein, L, Largent, JA, Reynolds, P, Deapen, D, et al. Body size and the risk of ovarian cancer by hormone therapy use in the California Teachers Study cohort. Cancer Causes Control (2010) 21(12):2241–8. doi: 10.1007/s10552-010-9647-x

9. Rodriguez, C, Calle, EE, Fakhrabadi-Shokoohi, D, Jacobs, EJ, and Thun, MJ. Body mass index, height, and the risk of ovarian cancer mortality in a prospective cohort of postmenopausal women. Cancer Epidemiol Biomarkers Prev (2002) 11(9):822–8.

10. Clark, R, Krishnan, V, Schoof, M, Rodriguez, I, Theriault, B, Chekmareva, M, et al. Milky spots promote ovarian cancer metastatic colonization of peritoneal adipose in experimental models. Am J Pathol (2013) 183(2):576–91. doi: 10.1016/j.ajpath.2013.04.023

11. Nieman, KM, Kenny, HA, Penicka, CV, Ladanyi, A, Buell-Gutbrod, R, Zillhardt, MR, et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat Med (2011) 17(11):1498–503. doi: 10.1038/nm.2492

12. Lengyel, E. Ovarian cancer development and metastasis. Am J Pathol (2010) 177(3):1053–64. doi: 10.2353/ajpath.2010.100105

13. Gerber, SA, Rybalko, VY, Bigelow, CE, Lugade, AA, Foster, TH, Frelinger, JG, et al. Preferential attachment of peritoneal tumor metastases to omental immune aggregates and possible role of a unique vascular microenvironment in metastatic survival and growth. Am J Pathol (2006) 169(5):1739–52. doi: 10.2353/ajpath.2006.051222

14. Cohen, CA, Shea, AA, Heffron, CL, Schmelz, EM, and Roberts, PC. Interleukin-12 immunomodulation delays the onset of lethal peritoneal disease of ovarian cancer. J Interferon Cytokine Res (2016) 36(1):62–73. doi: 10.1089/jir.2015.0049

15. Cohen, CA, Shea, AA, Heffron, CL, Schmelz, EM, and Roberts, PC. Intra-abdominal fat depots represent distinct immunomodulatory microenvironments: a murine model. PloS One (2013) 8(6):e66477. doi: 10.1371/journal.pone.0066477

16. Cohen, CA, Shea, AA, Heffron, CL, Schmelz, EM, and Roberts, PC. The parity-associated microenvironmental niche in the omental fat band is refractory to ovarian cancer metastasis. Cancer Prev Res (Phila) (2013) 6(11):1182–93. doi: 10.1158/1940-6207.CAPR-13-0227

17. Saad, AF, Hu, W, and Sood, AK. Microenvironment and pathogenesis of epithelial ovarian cancer. Horm Cancer (2010) 1(6):277–90. doi: 10.1007/s12672-010-0054-2

18. Roberts, PC, Mottillo, EP, Baxa, AC, Heng, HH, Doyon-Reale, N, Gregoire, L, et al. Sequential molecular and cellular events during neoplastic progression: a mouse syngeneic ovarian cancer model. Neoplasia (2005) 7(10):944–56. doi: 10.1593/neo.05358

19. Creekmore, AL, Silkworth, WT, Cimini, D, Jensen, RV, Roberts, PC, and Schmelz, E. Changes in gene expression and cellular architecture in an ovarian cancer progression model. PloS One (2011) 6(3):e17676. doi: 10.1371/journal.pone.0017676

20. Anderson, AS, Roberts, PC, Frisard, MI, McMillan, RP, Brown, TJ, Lawless, MH, et al. Metabolic changes during ovarian cancer progression as targets for sphingosine treatment. Exp Cell Res (2013) 319(10):1431–42. doi: 10.1016/j.yexcr.2013.02.017

21. Grieco, JP, Allen, ME, Perry, JB, Wang, Y, Song, Y, Rohani, A, et al. Progression-mediated changes in mitochondrial morphology promotes adaptation to hypoxic peritoneal conditions in serous ovarian cancer. Front Oncol (2021) 10(3027). doi: 10.3389/fonc.2020.600113

22. Compton, SLE, Pyne, ES, Liu, L, Guinan, J, Shea, AA, Grieco, JP, et al. Adaptation of metabolism to multicellular aggregation, hypoxia and obese stromal cell incorporation as potential measure of survival of ovarian metastases. Exp Cell Res (2021) 399(1):112397. doi: 10.1016/j.yexcr.2020.112397

23. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

24. Pettersson, US, Walden, TB, Carlsson, PO, Jansson, L, and Phillipson, M. Female mice are protected against high-fat diet induced metabolic syndrome and increase the regulatory T cell population in adipose tissue. PloS One (2012) 7(9):e46057. doi: 10.1371/journal.pone.0046057

25. Meza-Perez, S, and Randall, TD. Immunological functions of the omentum. Trends Immunol (2017) 38(7):526–36. doi: 10.1016/j.it.2017.03.002

26. Khanna, D, Khanna, S, Khanna, P, Kahar, P, and Patel, BM. Obesity: A chronic low-grade inflammation and its markers. Cureus (2022) 14(2):e22711. doi: 10.7759/cureus.22711

27. Heinze, K, Cairns, ES, Thornton, S, Harris, B, Milne, K, Grube, M, et al. The prognostic effect of immune cell infiltration depends on molecular subtype in endometrioid ovarian carcinomas. Clin Cancer Res (2023) 29(17):3471–83. doi: 10.1158/1078-0432.CCR-22-3815

28. Yang, HS, Yoon, C, Myung, SK, and Park, SM. Effect of obesity on survival of women with epithelial ovarian cancer: a systematic review and meta-analysis of observational studies. Int J Gynecol Cancer (2011) 21(9):1525–32. doi: 10.1097/IGC.0b013e31822eb5f8

29. Iyengar, NM, Gucalp, A, Dannenberg, AJ, and Hudis, CA. Obesity and cancer mechanisms: tumor microenvironment and inflammation. J Clin Oncol (2016) 34(35):4270–6. doi: 10.1200/JCO.2016.67.4283

30. Morris, PG, Hudis, CA, Giri, D, Morrow, M, Falcone, DJ, Zhou, XK, et al. Inflammation and increased aromatase expression occur in the breast tissue of obese women with breast cancer. Cancer Prev Res (Phila) (2011) 4(7):1021–9. doi: 10.1158/1940-6207.CAPR-11-0110

31. Zhang, Y, Daquinag, A, Traktuev, D, Amaya-Manzanares, F, Simmons, P, March, K, et al. White adipose tissue cells are recruited by experimental tumors and promote cancer progression in mouse models. Cancer Res (2009) 69(12):5259–66. doi: 10.1158/0008-5472.CAN-08-3444

32. Grieco, JP, Compton, SLE, Davis, GN, Guinan, J, and Schmelz, EM. Genetic and functional modifications associated with ovarian cancer cell aggregation and limited culture conditions. Int J Mol Sci (2023) 24(19):14867. doi: 10.3390/ijms241914867

33. Yang, C, Lee, H, Jove, V, Deng, J, Zhang, W, Liu, X, et al. Prognostic significance of B-cells and pSTAT3 in patients with ovarian cancer. PloS One (2013) 8(1):e54029. doi: 10.1371/journal.pone.0054029

34. Milne, K, Kobel, M, Kalloger, SE, Barnes, RO, Gao, D, Gilks, CB, et al. Systematic analysis of immune infiltrates in high-grade serous ovarian cancer reveals CD20, FoxP3 and TIA-1 as positive prognostic factors. PloS One (2009) 4(7):e6412. doi: 10.1371/journal.pone.0006412

35. Santoiemma, PP, Reyes, C, Wang, LP, McLane, MW, Feldman, MD, Tanyi, JL, et al. Systematic evaluation of multiple immune markers reveals prognostic factors in ovarian cancer. Gynecol Oncol (2016) 143(1):120–7. doi: 10.1016/j.ygyno.2016.07.105

36. Schaheen, B, Downs, EA, Serbulea, V, Almenara, CC, Spinosa, M, Su, G, et al. B-cell depletion promotes aortic infiltration of immunosuppressive cells and is protective of experimental aortic aneurysm. Arterioscler Thromb Vasc Biol (2016) 36(11):2191–202. doi: 10.1161/ATVBAHA.116.307559

37. Linnebacher, M, and Maletzki, C. Tumor-infiltrating B cells: The ignored players in tumor immunology. Oncoimmunology (2012) 1(7):1186–8. doi: 10.4161/onci.20641

38. Nelson, BH. CD20+ B cells: the other tumor-infiltrating lymphocytes. J Immunol (2010) 185(9):4977–82. doi: 10.4049/jimmunol.1001323

39. Nedergaard, BS, Ladekarl, M, Nyengaard, JR, and Nielsen, K. A comparative study of the cellular immune response in patients with stage IB cervical squamous cell carcinoma. Low numbers of several immune cell subtypes are strongly associated with relapse of disease within 5 years. Gynecol Oncol (2008) 108(1):106–11.

40. Greenplate, AR, McClanahan, DD, Oberholtzer, BK, Doxie, DB, Roe, CE, Diggins, KE, et al. Computational immune monitoring reveals abnormal double-negative T cells present across human tumor types. Cancer Immunol Res (2019) 7(1):86–99. doi: 10.1158/2326-6066.CIR-17-0692

41. Sadasivam, M, Noel, S, Lee, SA, Gong, J, Allaf, ME, Pierorazio, P, et al. Activation and proliferation of PD-1(+) kidney double-negative T cells is dependent on nonclassical MHC proteins and IL-2. J Am Soc Nephrol (2019) 30(2):277–92. doi: 10.1681/ASN.2018080815

42. Lee, J, Minden, MD, Chen, WC, Streck, E, Chen, B, Kang, H, et al. Allogeneic human double negative T cells as a novel immunotherapy for acute myeloid leukemia and its underlying mechanisms. Clin Cancer Res (2018) 24(2):370–82. doi: 10.1158/1078-0432.CCR-17-2228

43. Yao, J, Ly, D, Dervovic, D, Fang, L, Lee, JB, Kang, H, et al. Human double negative T cells target lung cancer via ligand-dependent mechanisms that can be enhanced by IL-15. J Immunother Cancer (2019) 7(1):17. doi: 10.1186/s40425-019-0507-2

44. Takaishi, K, Komohara, Y, Tashiro, H, Ohtake, H, Nakagawa, T, Katabuchi, H, et al. Involvement of M2-polarized macrophages in the ascites from advanced epithelial ovarian carcinoma in tumor progression via Stat3 activation. Cancer Sci (2010) 101(10):2128–36. doi: 10.1111/j.1349-7006.2010.01652.x

45. Colvin, EK. Tumor-associated macrophages contribute to tumor progression in ovarian cancer. Front Oncol (2014) 4:137. doi: 10.3389/fonc.2014.00137

46. Mayi, TH, Daoudi, M, Derudas, B, Gross, B, Bories, G, Wouters, K, et al. Human adipose tissue macrophages display activation of cancer-related pathways. J Biol Chem (2012) 287(26):21904–13. doi: 10.1074/jbc.M111.315200

47. Qian, BZ, Li, J, Zhang, H, Kitamura, T, Zhang, J, Campion, LR, et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature (2011) 475(7355):222–5. doi: 10.1038/nature10138

48. Haase, J, Weyer, U, Immig, K, Kloting, N, Bluher, M, Eilers, J, et al. Local proliferation of macrophages in adipose tissue during obesity-induced inflammation. Diabetologia (2014) 57(3):562–71. doi: 10.1007/s00125-013-3139-y

49. Clements, VK, Long, T, Long, R, Figley, C, Smith, DMC, Ostrand-Rosenberg, S, et al. Frontline Science: High fat diet and leptin promote tumor progression by inducing myeloid-derived suppressor cells. J Leukoc Biol (2018) 103(3):395–407. doi: 10.1002/JLB.4HI0517-210R

50. Montero, AJ, Diaz-Montero, CM, Kyriakopoulos, CE, Bronte, V, and Mandruzzato, S. Myeloid-derived suppressor cells in cancer patients: a clinical perspective. J Immunother (2012) 35(2):107–15. doi: 10.1097/CJI.0b013e318242169f

51. Bronte, V, Brandau, S, Chen, SH, Colombo, MP, Frey, AB, Greten, TF, et al. Recommendations for myeloid-derived suppressor cell nomenclature and characterization standards. Nat Commun (2016) 7:12150. doi: 10.1038/ncomms12150

52. Hyler, AR, Baudoin, NC, Brown, MS, Stremler, MA, Cimini, D, Davalos, RV, et al. Fluid shear stress impacts ovarian cancer cell viability, subcellular organization, and promotes genomic instability. PloS One (2018) 13(3):e0194170. doi: 10.1371/journal.pone.0194170

53. Kipps, E, Tan, DS, and Kaye, SB. Meeting the challenge of ascites in ovarian cancer: new avenues for therapy and research. Nat Rev Cancer (2013) 13(4):273–82. doi: 10.1038/nrc3432

54. Mikula-Pietrasik, J, Uruski, P, Szubert, S, Szpurek, D, Sajdak, S, Tykarski, A, et al. Malignant ascites determine the transmesothelial invasion of ovarian cancer cells. Int J Biochem Cell Biol (2017) 92:6–13. doi: 10.1016/j.biocel.2017.09.002

55. Latifi, A, Luwor, RB, Bilandzic, M, Nazaretian, S, Stenvers, K, Pyman, J, et al. Isolation and characterization of tumor cells from the ascites of ovarian cancer patients: molecular phenotype of chemoresistant ovarian tumors. PloS One (2012) 7(10):e46858. doi: 10.1371/journal.pone.0046858

56. Mustea, A, Pirvulescu, C, Konsgen, D, Braicu, EI, Yuan, S, Sun, P, et al. Decreased IL-1 RA concentration in ascites is associated with a significant improvement in overall survival in ovarian cancer. Cytokine (2008) 42(1):77–84. doi: 10.1016/j.cyto.2008.01.011

57. Ahmad, R, Al-Roub, A, Kochumon, S, Akther, N, Thomas, R, Kumari, M, et al. The synergy between palmitate and TNF-alpha for CCL2 production is dependent on the TRIF/IRF3 pathway: implications for metabolic inflammation. J Immunol (2018) 200(10):3599–611. doi: 10.4049/jimmunol.1701552

58. Kadomoto, S, Izumi, K, and Mizokami, A. Roles of CCL2-CCR2 axis in the tumor microenvironment. Int J Mol Sci (2021) 22(16). doi: 10.3390/ijms22168530

59. Zhang, F, Jiang, J, Xu, B, Xu, Y, and Wu, C. Over-expression of CXCL2 is associated with poor prognosis in patients with ovarian cancer. Med (Baltimore) (2021) 100(4):e24125. doi: 10.1097/MD.0000000000024125

60. He, X, Wang, L, Li, H, Liu, Y, Tong, C, Xie, C, et al. CSF2 upregulates CXCL3 expression in adipocytes to promote metastasis of breast cancer via the FAK signaling pathway. J Mol Cell Biol (2023) 100. doi: 10.1093/jmcb/mjad025

61. Gaudin, F, Nasreddine, S, Donnadieu, AC, Emilie, D, Combadiere, C, Prevot, S, et al. Identification of the chemokine CX3CL1 as a new regulator of Malignant cell proliferation in epithelial ovarian cancer. PloS One (2011) 6(7):e21546. doi: 10.1371/journal.pone.0021546

62. Lau, TS, Chan, LK, Wong, EC, Hui, CW, Sneddon, K, Cheung, TH, et al. A loop of cancer-stroma-cancer interaction promotes peritoneal metastasis of ovarian cancer via TNFalpha-TGFalpha-EGFR. Oncogene (2017) 36(25):3576–87. doi: 10.1038/onc.2016.509

63. Ohtaki, H, Ylostalo, JH, Foraker, JE, Robinson, AP, Reger, RL, Shioda, S, et al. Stem/progenitor cells from bone marrow decrease neuronal death in global ischemia by modulation of inflammatory/immune responses. Proc Natl Acad Sci U.S.A. (2008) 105(38):14638–43. doi: 10.1073/pnas.0803670105

64. Lane, D, Matte, I, Garde-Granger, P, Bessette, P, and Piche, A. Ascites IL-10 promotes ovarian cancer cell migration. Cancer Microenviron (2018) 11(2-3):115–24. doi: 10.1007/s12307-018-0215-3

65. Wilson, KE, Bartlett, JM, Miller, EP, Smyth, JF, Mullen, P, Miller, WR, et al. Regulation and function of the extracellular matrix protein tenascin-C in ovarian cancer cell lines. Br J Cancer (1999) 80(5-6):685–92. doi: 10.1038/sj.bjc.6690410

66. Kenny, HA, Chiang, CY, White, EA, Schryver, EM, Habis, M, Romero, IL, et al. Mesothelial cells promote early ovarian cancer metastasis through fibronectin secretion. J Clin Invest (2014) 124(10):4614–28. doi: 10.1172/JCI74778

67. Barbolina, MV, Adley, BP, Kelly, DL, Shepard, J, Fought, AJ, Scholtens, D, et al. Downregulation of connective tissue growth factor by three-dimensional matrix enhances ovarian carcinoma cell invasion. Int J Cancer (2009) 125(4):816–25. doi: 10.1002/ijc.24347

68. Shen, Y, Shen, R, Ge, L, Zhu, Q, and Li, F. Fibrillar type I collagen matrices enhance metastasis/invasion of ovarian epithelial cancer via beta1 integrin and PTEN signals. Int J Gynecol Cancer (2012) 22(8):1316–24. doi: 10.1097/IGC.0b013e318263ef34

69. Iwanicki, MP, Chen, HY, Iavarone, C, Zervantonakis, IK, Muranen, T, Novak, M, et al. Mutant p53 regulates ovarian cancer transformed phenotypes through autocrine matrix deposition. JCI Insight (2016) 1(10):1316–24. doi: 10.1172/jci.insight.86829

70. Fritz, JL, Collins, O, Saxena, P, Buensuceso, A, Ramos Valdes, Y, Francis, KE, et al. A novel role for NUAK1 in promoting ovarian cancer metastasis through regulation of fibronectin production in spheroids. Cancers (Basel) (2020) 12(5):1–20. doi: 10.3390/cancers12051250

71. Gurler, H, Yu, Y, Choi, J, Kajdacsy-Balla, AA, and Barbolina, MV. Three-dimensional collagen type I matrix up-regulates nuclear isoforms of the microtubule associated protein tau implicated in resistance to paclitaxel therapy in ovarian carcinoma. Int J Mol Sci (2015) 16(2):3419–33. doi: 10.3390/ijms16023419

72. Yu, PN, Yan, MD, Lai, HC, Huang, RL, Chou, YC, Lin, WC, et al. Downregulation of miR-29 contributes to cisplatin resistance of ovarian cancer cells. Int J Cancer (2014) 134(3):542–51. doi: 10.1002/ijc.28399

73. Pietila, EA, Gonzalez-Molina, J, Moyano-Galceran, L, Jamalzadeh, S, Zhang, K, Lehtinen, L, et al. Co-evolution of matrisome and adaptive adhesion dynamics drives ovarian cancer chemoresistance. Nat Commun (2021) 12(1):3904. doi: 10.1038/s41467-021-24009-8

74. Steitz, AM, Steffes, A, Finkernagel, F, Unger, A, Sommerfeld, L, Jansen, JM, et al. Tumor-associated macrophages promote ovarian cancer cell migration by secreting transforming growth factor beta induced (TGFBI) and tenascin C. Cell Death Dis (2020) 11(4):249. doi: 10.1038/s41419-020-2438-8

75. Sommerfeld, L, Finkernagel, F, Jansen, JM, Wagner, U, Nist, A, Stiewe, T, et al. The multicellular signalling network of ovarian cancer metastases. Clin Transl Med (2021) 11(11):e633. doi: 10.1002/ctm2.633

76. Zhao, H, Chen, Q, Alam, A, Cui, J, Suen, KC, Soo, AP, et al. The role of osteopontin in the progression of solid organ tumour. Cell Death Dis (2018) 9(3):356. doi: 10.1038/s41419-018-0391-6

77. Zou, C, Song, G, Luo, Q, Yuan, L, and Yang, L. Mesenchymal stem cells require integrin beta1 for directed migration induced by osteopontin in vitro. In Vitro. Cell Dev Biol Anim (2011) 47(3):241–50. doi: 10.1007/s11626-010-9377-0

78. Leung, LL, Myles, T, and Morser, J. Thrombin cleavage of osteopontin and the host anti-tumor immune response. Cancers (Basel) (2023) 15(13). doi: 10.3390/cancers15133480

79. Guo, J, Yang, WL, Pak, D, Celestino, J, Lu, KH, Ning, J, et al. Osteopontin, macrophage migration inhibitory factor and anti-interleukin-8 autoantibodies complement CA125 for detection of early stage ovarian cancer. Cancers (Basel) (2019) 11(5). doi: 10.3390/cancers11050596

80. Wei, T, Bi, G, Bian, Y, Ruan, S, Yuan, G, Xie, H, et al. The significance of secreted phosphoprotein 1 in multiple human cancers. Front Mol Biosci (2020) 7:565383. doi: 10.3389/fmolb.2020.565383

81. Kim, EK, Jeon, I, Seo, H, Park, YJ, Song, B, Lee, KA, et al. Tumor-derived osteopontin suppresses antitumor immunity by promoting extramedullary myelopoiesis. Cancer Res (2014) 74(22):6705–16. doi: 10.1158/0008-5472.CAN-14-1482

82. Psaila, B, and Lyden, D. The metastatic niche: adapting the foreign soil. Nat Rev Cancer (2009) 9(4):285–93. doi: 10.1038/nrc2621

83. DeClercq, VC, Goldsby, JS, McMurray, DN, and Chapkin, RS. Distinct adipose depots from mice differentially respond to a high-fat, high-salt diet. J Nutr (2016) 146(6):1189–96. doi: 10.3945/jn.115.227496




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Shea, Heffron, Grieco, Roberts and Schmelz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1323399-g007.jpg
Ccl2
Ccl3
Ccl4
Cxcl12
Cxcl13
Cx3cl1
Cxcr2
Ccrb
Cd19
Cde8
Fizz1
GM-CSF
Ifng
lgf1
IL1b
IL10
IL21
IL6
Ly6a
Mcsf
Ido
Rory
Tgfb
Tnfa
Tir1
TIr2
TIr3
Tir4
Tnc
Ido
Tbet
Ym1
Cd36
Cd4
Cd8

LFD
MOSE- MOSE-
LFD HFD  Lyicv Lticv

1Y e

ACT

10

I5






OEBPS/Images/fimmu-14-1323399-g002.jpg
C rpWAT

Log 10 (HFD 2* (-aCT)

i N2 Trsstn
Toiste™ "%
Tofsfis, oo

&

1000.

100,

01

001

0001

0.0001

Nos2e I11m ¢ Ccld

100

10

01

001

000t

00001

Ghr e

ool
coze o

Mdks,

o™ eCelil
Tird e Cxcl10 Px3

Sppie®

. 2
% R0V cans
% Crp
§e Jig

21
ATymp,
!on ORYEL)
Fgf6
00001 0d01

Log 10 (LFD 2% (-ACT)

Log 10 (LFD 2% (-ACT)

00601 001 001 o1
Log 10 (LFD 2* (-ACT)

5‘} > ¢ Cxelt3






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Obesity modulates the cellular and molecular microenvironment in the peritoneal cavity: implication for ovarian cancer risk

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and method

        

          		

            2.1 Mice and diets

          



          		

            2.2 Glucose tolerance test

          



          		

            2.3 Cell lines

          



          		

            2.4 Tumor induction

          



          		

            2.5 Adipose tissue, peritoneal serous fluid, and blood collection

          



          		

            2.6 Tissue digest

          



          		

            2.7 Flow cytometric analysis

          



          		

            2.8 RNA Extraction and cDNA synthesis

          



          		

            2.9 RT2 profiler PCR array

          



          		

            2.10 Quantitative real-time PCR

          



          		

            2.11 Immunofluorescence

          



          		

            2.12 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effect of diet on body weight and composition

          



          		

            3.2 Impact of HFD on resident peritoneal leukocytes

          



          		

            3.3 HFD-induced changes in gene expression in select tissues

          



          		

            3.4 The HFD potentiates peritoneal tumor burden of ovarian cancer

          



          		

            3.5 Cancer-associated changes in the peritoneal cavity

          

            		

              3.5.1 Changes in immune cell composition

            



            		

              3.5.2 Change in gene expression levels

            



          



          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1323399-g004.jpg
Percent of CD45+

Percent of CD45+ Percent of T cells Percent of CD45+

Percent of mono-gran

Percent of CD45+

150

B cells (CD19+)

Blood PSF

T cells (CD3+)

PSF

Mono-granulocytes
(CD11b+, SSCv)

Blood PSF OFB

Resident perit. macrophages
(F4/80hiLy6CloCD93+)

Blood PSF OFB

NK cells (NK1.1+CD3-)

B1b cells (CD19+CD11b+) B2b cells (CD19+CD11b-)

[2) [2)
g :
o m
«w 30 y—
2 i~
© 10 ®
O O
Q10 &
PSF Blood  PSF OFB
Th cells (CD3+CD4+) Tc cells (CD3+CD8+)
80
2 o
3 60 E
— —
5 % ‘ ‘ ‘ e A 5
= 40 =
: 1 3
T 20 o
Blood PSF OFB
1 Low-fat diet
[ High-fat diet
1 Low-fat diet +MOSE-LTICv
B High-fat diet +tMOSE-LTICv
MDSC | DCs (CD11chi)
(CD11bhiLy6GhiLy6C+)
5 g
> >
o (@)
S S
£ £
© ©
(O] (O]
o o

PSF

Monocytes (F4/80loLy6Chi)

(F4/80loLy6Chi)
c 50
o
P
2
g 25 8
s | ’
g 0 $ & e $ 8 g
&
Blood PSF OFB

NKT cells (NK1.1+CD3+)

- - N
o (3,] o

Percent of CD45+
(3, ]






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1323399-g008.jpg
HFD

-25

LFD + MOSE-LTiCV

-15

HFD + MOSE-LTICV

*

-10

¥ ¥ ¥ ¥

Fold over LFD

0

-3

—

-

» %

’ [_]OFB

(R *

* Il PSF

o

-5

=

Ccl2
Ccl3
Ccl4
g
Ym1
Cxcl1
Cxcl2
Cxcl3
Cxcr2
116
1110
Tnfo
Ifrry
Mscf2
Cx3cl1
Thet
Cxcl12
Cxcl13
150
Ccl2
Ccl3
Ccl4

s B

>
-

‘ 1
¥

) *

3
e

15 250

P *
) *

Ym1
Cxcl1
Cxcl2
«  Cxcl3

e » COXCr2

116

1110
Tnfa
Ifny
Mscf2
Cx3cl1
Thet
Cxcl12
Cxcl13

500

——1

- x

[ ]OFB
Bl PSF

Ccl2

Ccl3

Ccl4

* g
Ym1
Cxcl1
Cxcl2
Cxcl3
Cxcr2
116

1110
Tnfo
Ifrry
Mscf2
Cx3cl1
Thet
Cxcl12
Cxcl13





OEBPS/Images/table2.jpg
Gene LFD HFD LFD MOS HFD MOSE-Lyicy,
Adiponectin 335£023 -3.61£0.09 0.92£0.49° 1.98+0.82¢
% Adipsin 18.75+0.08 18.46+0.08 20.30£0.15° 20.05+0.38"
:‘é Leptin 1.200.22 0.86+0.35 5.70+0.53 6.63+0.77¢
= Resistin 051024 -0.60+0.17 3.98+0.64° 5.53+0.79¢
Visfatin 1.68+0.05 2.19£0.13 2.38+0.14° 2.5320.16
Cdl 15.11£0.23 14.720.72 14.57+0.74 15.70+0.80
Cel2 5.83+0.30 3.98£0.17° 2.49+0.14° 2.0120.178
Celd 9.27+037 8.29+0.27 7.56+0.43° 7.67£0.22
Cdls 271:0.11 253:0.32 3.03:034 3.39£0.93
Cas 529+0.22 3.78+0.07° 435:029 4802038
g
é Cx3cll 7.23+031 6.17+0.19" 7.10£0.07 7.19+027¢
_g Cxd13 0.88+0.17 1.10£0.24 1416024 12.99+0.56¢
H Cxer2 11.84+0.58 10.94+0.79 8.88+0.25" 8.82£0.32
g IENy 10.430.22 9.41:0.24 10.60+0.34 10.41:034
IL-1B 11.48+0.51 9.75+0.22 8.83:0.25° 8.442021°
1L-6 17.324035 16442021 16.31+0.30 16.31+0.23
1L-10 15.330.33 14.48+0.27 13.72+0.57* 14.25:0.18
eNOS 9.00+0.23 8.42+0.14 10.31:0.54 10.65+0.22%%
TNFo 696+0.14 5.15:0.21° 663+035 7.15+0.37¢
Agt 5.39+0.28 5.6120.22 9.010.62° 10.140.67%
CD31 310021 2.48+0.09 453+035" 5.07+0.35¢
CD34 2.85+0.19 2.88+0.26 432£0.13° 4.65+0.25¢
Coll 11.010.50 9.57+0.29 9.66+0.44 8.38%0.15
EN1 8.65+0.40 7.87+0.38 3.57+0.49° 2.86+0.13¢
. HIFla 512013 476+0.13 448+0.15" 4.70%0.09
é IGF1 4812017 469+0.18 6.15£0.18° 6.38+0.05¢
g DO 11.78+0.18 13.33£0.42 15.09+0.73" 14.76:0.96
g
é_: MMP11 9.23+0.36 8112024 9.23+0.20 8.67+0.21
‘% Pai-1 347+042 5.98+0.53 6.72£0.34° 6.37:0.40
'g aSMA 3.56+047 2.78+0.44 5.090.17° 5112023
o
:f’ TGFB 5.59+0.19 4910.11 1942022 5.190.19
E TnC 14.870.29 12.90+0.45" 9.71£0.38° 8.65+0.23¢
= UCPL 14.02+0.23 13.98+0.54 15.920.32° 16.12+0.21°
VCAM 424%0.12 482+0.13 5.15£0.31° 5.35£0.19
VE-cadh 5.19+025 450+0.19 646027 6.64+0.27¢
VEGFa 5244033 5.13+0.14 525+0.46 4712036
VEGFR2 633+0.14 5.13+0.23 6.78+0.40 7012037
VLDLR 341010 2.98+0.06 6.71£0.39° 7.59+0.54¢

2vs LED p<0.05.
®ys LED p<0.01.
“vs LED p<0.001.
dys LF FFL p<0.05.
“vs HED p<0.05.
fys HED p<0.01.
#ys HFD p<0.001.





OEBPS/Images/fimmu-14-1323399-g006.jpg





OEBPS/Images/fimmu-14-1323399-g001.jpg
A

=]
(9]

o
@
3

4000 -
=)

2000
1000 i *k
il

100:

m
w
S
S
S
@
=)

NA
S S

-

Tissue Weight (|

50

Number of Cells (x10°)
~

Number of Cells per

mg of tissue (x103)

o oW s

LFD HFD LFD HFD LFD HFD
pmWAT  rpWAT OFB pmWAT  rpWAT OFB pmWAT  rpWAT OFB

LFD HFD LFD HFD LFD HFD LFD HFD LFD HFD LFD HFD





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1323399_cover.jpg
& frontiers | Frontiers in Immunology

Obesity modulates the cellular
and molecular microenvironment
in the peritoneal cavity: implication
for ovarian cancer risk





OEBPS/Images/fimmu-14-1323399-g009.jpg
Apcs, Bmp7, Ccl11, Cd180, Csf2,
Cyp26b1, Fgf5, Fgf7, Fgf12, Hrh1,
113, 114, 1117f, 1123r, Itih4, Mmp11,
Nfatc4, Reg3a, Sftpd, Tirl, TIr6,
Tlr7, Tnfa, Tnfsf8, Tnfsf10,
Tnfsfll, Xcrl

Apol7a, Areg, Blnk, Ccl2, 7,
12, Ccr2, 3, 4, 5, 6,Ccr5, Coll,
Cx3cl, Cx3crl, Cxcll, 2, 5,
Cxcr2, Fnl, Gdf5, Ifna2, Ifna4,
Ifng, Ifngrl, I1RB, 1121, 11233,
Kngl, Mcsf, Mpl, Nodal, Nos2,
Prg3, Sppl, TIr3, TnC, Tnfsf9,
Tnfsf14, Tnfsfl5, Tymp, YM1

Ccl27a Ccr7, Ccr8, Cd70,
Cebpb, Csf3, Ctf2, Cxcr4,
Gpr68, Hdac4, Ik, 1I7r, 1111,

112b, 1L12rb2, 1119, 1122,
Inhba, Nlrp12, Nampt,
Siglecl

20, 25, Cd70, Csf1, 3, Csf3r, Ctfl,2,
Cxcl9,10,14,16, Cxcrl,2,F2, F11r, Fn1,
Gdf3, 6, GImn, Gpil, Hdac7, Ifne, |16,
1110, 123, 1118, 1119, 1l11r1, ll1r2, ll1rap,

| Gene expression levels increased in the OFB

Ahsg, Aif1, Aimpl, Apoa2, Ccll, 3,4,17,

lIrl2, 1drn, , I113ral, [118r1, 1128ra, Inhba,
Irf7, Leftyl, Lif, Ly75, Mefv, Mif, Nirp12,

Nrgl, Olrl, Pdgfa, Prl, Ptgs2, Ptx3,
$100a8, Serpinf2, Sival, Slurp1l, Tlr2,
Xcll

Ccl6, Cntfr, Fgf2, Fgf6, Fgf9,
Gfral, Ido, 1l113ra2, 1l15ra,
1117b, 1117d, 1L19, 1li12, 120ra,
1I22ra2, 1131ra, ll6ra, Ins2,
Lefty2, Mgll, Pail, Ptn,
Pxmp?2, Serpina3n,
Slcola4, Socs2, Tacrl, Tbet,
Tnfsf18

Adoral, Agt, Bmp2, Bmp3, C3, Ccl11l,
Ccl24, Ccl28, Ccrll, Cxcl11,12, 13,
Cxcr2, Cd34, Eda, Ephx2, F3, Fgfl, Figf,
FIt3l, Gdf9, Gfra2, Ghr, Grem2, Ifngrl,
lgf1, 117, 1113, 1117c, Lbp, Lepr, Ltb4rl,
Mdk, Nfatc4, Ntf3, Pdgfc, Pf4, Pla2g2d,
Prg2, Prlr, Reg3a, Reg3g, S100b, Sele,
aSma, Srgapl, Thpo, TIr5, Ucpl, VE-
cadh, Vegfb, VidIr

J/

| Gene expression levels decreased in the OFB





OEBPS/Images/fimmu-14-1323399-g003.jpg
15

'S 2000
o 10 €
“3 8 1500
a )
O *
2 . 3 1000
3
°
(18
0
LFD HFD LFD HFD
MOSE-LTicv MOSE-LTicv MOSE-LTicv MOSE-Lticv
(o] D
200 120 *
] oFB
3 N Il PsF
?150 T ! B Biood
= 3
-5,100 . . g 60
2 z
50 2 30
(8]
0
LFD HFD LFD HFD LFD HFD LFD HFD

PBS PBS MOSE-Ltcc MOSE-Lvicy PBS PBS MOSE-Licc MOSE-Lcy





OEBPS/Images/table1.jpg
Markers

Percentage of 98.90
% CD45"
viable cells (0.13)
54.51
B cells CD19*
(342)
N 30.72
T cells CD5 (337)
Percent of
CD45+ | Other 424
lymphoid CD5’, (10SSC) N
Mono/ CD11b", 5.56
granulocytes SSC variable (0.87)

*p<0.05; **p<0.01; Ap<0.001; * p=0.088 compared to the LED.

98.84
(0.26)

18.107
(147)

60.947
(167)

10.087
(0.37)

5.16
(0.42)

99.76
(0.14)

56.94
(6.35)

13.94
(2.33)

197
(0.37)

15.22
(1.63)

90.84
(8.16)

3224
(4.46)

1583
(4.02)

4.68**
(0.56)

3248*
(4,74)

86.58
(2.31)

51.40
(3.11)

29.78
(3.81)

7.82
(0.54)

11.75
(2.32)

80.66
(2.67)

44.26°
(3.10)

28.26
(2:56)

10.53
(1.70)

15.40
(2.79)

59.26
(6.04)

5.06
(0.41)

355
(1.55)

28.38
(1.63)

41.94
(2.18)

59.96
(3.68)

407
(057)

1036
(0.84)

2947
(3.37)

50.28*
(2.52)

50.46
(2.64)

1071
(149)

657
(294)

26.61
(21)

48.92
(8.10)

55.32
(3.89)

17.86
(458)

10.51
(4.70)

26.01
(2.73)

44.86
(5.22)





OEBPS/Images/fimmu-14-1323399-g005.jpg
>
@)
=
@

5 100 5 10
I 3
< < Cxcl13
& 10 PR -
,% § * Ghr
| | -
0.1 5 o1
Ll O 172 3 * Foft
8 . [%) Cxcl1g Olrl® « Mgll
2 oo Be e ceomo O oot N,Hm- o8 o8 5 K it
= o sl E Areg e NG *Bmp3
L
4 0.001 'clr:zz < oo 'c%z;gegg“
o * Reg2a g
o g o " o ll.22ra Adoral
©0.0001 ~0.0001 % Nfatcd
<] =)
-t o ® ® = Nodal
-
00001 0,001 001 0.1 1.0 10.0 00001 0.001 001 01 1.0 100
B pmWAT
= —~
[3) =
1.0 O
3 3 10
» <
N s Spp1
& Cxcl10, e
5 01 J
3 5 o Cxcls® Pix3s®, Cxcl13
- A Tnte
L . -
o 001 w
1) o 001 Mstn e “ii12b
s e K
= =
et Q 0,001
o | w
= I
o 5’ * Ccerl1
=
010 0001 =0.0001 © Sele
o o
s o
-
0.0001 0.001 0.01 01 1.0 0.0001 0.001 0.01 0.1 1.0
C rpWAT
= =
% o
I 10 2 10
& &
] 8
=4 =4
O o1 * Cel11 01
1 Cxcl5 o Tir4e Cxq10 e
w Spp’ w
8 [}
s Ahsg %
00t ° Xelly 0.01
[a) o, Cifl o
W Itihd © eogog3 % I-13ra =
= S g0 Serpinf2 =
~  0.001 2 0.001
D
S j=2)
3 S

0.01 0.1

Log 10 (LFD 27(-ACT

0.001

1.0

0.01 0.1 1.0
Log 10 (HFD 2A(-ACT)





