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Introduction:   In order to more clearly define the functional role of milky spots and their components 
in metastatic colonization, we evaluated the lodging and progressive growth of ovarian cancer cells in 
peritoneal fat that either contains or lacks milky spots.  In vivo studies using a panel of ovarian cancer 
cell lines showed that milky spots dramatically enhance early cancer cell lodging on peritoneal adipose 
tissues.  Similarly, conditioned medium from milky spot-containing fat had a significantly increased 
ability to direct cell migration, compared with conditioned medium from milky spot-deficient fat. 
Studies using a panel of immunodeficient mice showed that the number and size of omental milky 
spots is not dependent on the mouse genetic background and, similarly, that ovarian cancer cell 
colonization does not depend on the immune composition of the milky spot. Finally, consistent with 
the role for lipids as an energy source for ovarian cancer cell growth, in vivo time-course studies 
revealed an inverse relationship between metastatic burden and omental adipocyte content.  

Body:  After escape from the primary tumor, ovarian cancer cells in the peritoneal fluid have access to and can 
potentially lodge within a variety of tissues  (1,2).  In both clinical disease and experimental models, 
however, the omentum is the site of prodigious metastasis formation (3-5). Thus, attachment of ovarian 
cancer cells to the omentum represents an early step in the development of widespread peritoneal 
disease (6,7).    As the central regulator of peritoneal homeostasis, its functions include regulating fluid 
and solute transport, sensing and repairing injuries, promoting angiogenesis, fighting infection, serving 
as a source of stem cells, producing regulatory molecules, and storing and supplying lipids (8-12). 
These diverse functions are conferred by the cellular composition and architecture characteristic of 
human omenta.  

Aside from the clear collagenous membrane that acts as a scaffold for the organ, the majority of the 
omentum is composed of bands of adipose tissue that contain adipocytes, blood and lymph vessels, 
immune cells, stromal cells, and connective matrix components that lie beneath an irregular 
mesothelium (8-12).  In general, adipocytes have a variety of functions, ranging from lipid storage to 
production of endocrine molecules, and can serve as an integrating hub for inflammation, metabolism, 
and immunity (13-20).  A distinctive feature of the omental vasculature is the presence of numerous 
branching blood vessels ending in tortuous glomerulus-like capillary beds near the tissue periphery 
(21-23).  Immune cells aggregate around and within these capillary beds to form milky spots, which 
are the major immune structure for host defense of the peritoneal cavity (20, 25-36).  In milky spots, 
both the endothelial lining of the capillaries and the overlying mesothelium are specially adapted to 
facilitate transmigration of immune cells (35).   Additional structural elements include plasmocytes, 
fibroblasts, and mesenchymal cells, as well as collagen and reticular and elastic fibers (21). 

A comprehensive literature review showed that studies examining the role of the omentum in 
metastasis focus on the contribution of its individual components, and not on the tissue as a whole. In 
our view, results from the majority of studies support models in which ovarian cancer metastatic 
colonization is driven either purely by milky spots or purely by adipocytes. The milky spot-driven 
model is based on a large body of in vivo data showing that, on intraperitoneal injection, cancer cells 
rapidly and specifically localize, invade, and proliferate within omental milky spots (36-40).  In 
contrast, the adipocyte-driven model is based on studies published since the awarding of this grant. 
This model was prompted by the observation that, in its resting state, the omentum is composed 
predominantly of adipose and that cultured adipocytes can produce adipokines capable of promoting 
ovarian cancer cell migration and invasion in vitro (41).  Adipocytes can also provide a proliferative 
advantage by transferring fatty acids to ovarian cancer cells (41).  Although both models have clear 
strengths, neither addresses the intimate and dynamic interaction among milky spots, surrounding 
adipocytes, and other components of omental tissues.   
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Key Research Accomplishments:  
1. Identified both milky spot containing and deficient depots of peritoneal adipose to use to dissect 

that role(s) of milky spots and adipocytes in the promotion of ovarian cancer cell metastatic 
colonization. 

2. Ovarian cancer cells preferentially colonize peritoneal adipose that contains milky spots.  
3. Omental tissues secrete a factor(s) that can promote ovarian cancer cell migration.  
4. Milky spot-containing tissues show enhanced ability to stimulate directed migration. 
5. In vivo colonization of omental milky spots by ovarian cancer cells is not dependent on their 

immune cell composition. 
6. During progressive growth ovarian cancer cells replace omental adipose. 

Reportable Outcomes: 
Several sources of adipose tissue are accessible to ovarian cancer cells in the peritoneal cavity. 
There are five major adipose depots structures in the peritoneal cavity (2). As shown in Figure 1A, a 
lateral view of a ventral dissection allows visualization of the omentum (OM), gonadal fat (GF), 
uterine fat (UF), and mesentery (MY). The ovary (ov), uterine horn (uh) and small intestine (si) are 
indicated as points of reference. Further dissection allows for clear visualization of the splenoportal fat 
(SP), which surrounds the splenic artery and connects the hilum of the spleen to the celiac artery 
(Figure 1B), and the omentum, shown isolated from the pancreas (Figure 1C). The gross structure and 
relative size of these tissues is shown in Figure 1D.  

	
    

	
  

Figure 1. The relative locations of the main 
peritoneal adipose depots. A: View of the 
peritoneal cavity of a B6 mouse. Beginning at the 
top center and moving clockwise are: the omentum 
(OM; outlined) located over the stomach and 
spleen, the gonadal fat (GF) surrounding the left 
ovary (ov), the uterine fat (UF) attached to the 
uterine horns (uh) and the mesentery (MY) 
attached to the small intestine (si). B: The 
splenoportal fat can be exposed by lifting the 
spleen with forceps (SP; outlined). C: The 
omentum is shown dissected free from the 
pancreas to improve visualization. D:  relative 
size. From left to right: splenoportal fat (SP), 
omentum (OM), gonadal fat (GF), uterine fat (UF) 
and mesentery (MY; with attached mesenteric 
root). 
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 Interestingly, in 1995 Takemori et al, reported the presence of milky spots in the splenoportal fat 
of New Zealand Black mice that are similar in structure and composition to omental milky spots;  
however, they did not examine cancer cell localization to these structures (42). Consistent with their 
findings, we found that both the omentum and splenoportal fat have archetypal milky spot structures 
(Figure 2A). In contrast, these structures were not observed in uterine, gonadal and mesenteric fat 
(Figure 2A).  Further, 7 days after i.p. injection of SKOV3ip.1 cells, comparable cancer cell lesions 
were observed in both omental and splenoportal fat (Figure 2B) and not other fat depots. IHC using a 
human pan-cytokeratin (pan-CK) antibody showed that the lesions were composed of SKOV3ip.1) 
cells intermingled with the immune cells.  The specificity of IHC staining was confirmed by staining 
with an IgG control antibody (Figure 2B).  
 
Figure 2. Ovarian cancer cells 
preferentially colonize peri-
toneal adipose that contains 
milky spots. A: Milky spots (MS) 
are observed in the adipose (A) of 
the omentum and splenoportal fat 
of PBS-injected and naïve mice. In 
contrast, no milky spots were 
detected in the uterine fat, gonadal 
fat and mesentery, each composed 
mostly of adipocytes.  Repre-
sentative data from PBS-injected 
B6 mice is shown.  Arrows indicate 
blood vessels. Scale bar equals 50 
µm.  B. Standard histology and 
IHC shows comparable 
colonization of milky spots in both 
omentum and splenoportal fat 
(after injection of 1x106 

SKOV3ip.1 cells into Nude mice). 
Sections evaluated by H&E 
staining. Epithelial (cancer) cells 
within the lesions were confirmed 
by IHC for cytokeratin using a pan-
cytokeratin (pan-CK) antibody. 
IHC using an IgG isotype antibody 
for pan-cytokeratin served as a 
control. The scale bar is the same 
for all images and denotes 100 µm.   
C.  Eval-uation of ID8, CaOV3, 
and HeyA8 ovarian cancer colon-
ization of peritoneal fat depots at 7 
dpi. Cancer cell lesions are 
outlined.  Representative exam-ples 
of the cancer lesions occasionally 
seen in uterine, gonadal, and 
mesenteric fat are shown in insets. 
D. Flow cytometric analyses of 
omentum (OM), uterine fat (UF), 
gonadal fat (GF), and mesentery 
(MY) harvested from mice at 7 dpi 
of ID8-tdTomato cells. Data is 
presented as fold change increase 
of tdTomato-postive cells over 
PBS-injected mice (right).  Error 
bars indicate standard error of the 
mean.  ** denotes p<0.01 
compared to PBS controls. 
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Ovarian cancer cells preferentially colonize peritoneal adipose that contains milky spots. As 
described in the introduction, a review of the literature showed that ovarian cancer’s predilection for 
omental metastasis formation can be ascribed to either adipose-driven or milky spot-driven 
mechanisms. However, these models are based upon studies focusing on either structural features (i.e. 
milky spots) or cellular components (i.e. adipocytes) of omental tissue (25,38,41). The availability of 
peritoneal fat depots that contain or lack milky spot structures	
   enabled	
   us	
   to	
   distinguish	
  
experimentally between the two models in the physiologically relevant setting of the peritoneal cavity. 
We reasoned that if colonization were purely adipocyte-driven, ovarian cancer cells would colonize the 
various peritoneal adipose depots to a similar extent after i.p. injection. In contrast, if milky spots drive 
this process, the omentum and splenoportal fat would have cancer cell foci in their numerous milky 
spots, while uterine, gonadal, and mesenteric fat would essentially be free of cancer cell colonies. 
Although our previous studies using SKOV3ip.1 cells support this latter model, studies using 
additional ovarian cancer cell lines are needed to determine the generalizability of these findings.  To 
this end, the ability of ID8, CaOV3, and HeyA8 cells to form cancer cell foci on the five distinct 
peritoneal fat after i.p. injection into B6 (ID8) or Nude (CaOV3, HeyA8) mice was assessed by 
histology.  The average number of cancer cells in a representative section of tissue was determined and 
expressed as foci/slide (Table 1). At 
7 dpi, numerous large foci of ID8 
cells were seen within the milky 
spots of both the omentum (ave. 48 
foci/slide) and splenoportal fat 
(ave. 5 foci/slide) (Figure 2C). No 
ovarian cancer cells were detected 
in the uterine or gonadal fat (Figure 
2C). In the mesentery, small 
clusters (<10 cells) of cancer cells 
were seen observed (ave. 2 
foci/slide) on the tissue periphery 
(Figure 2C, inset). In agreement 
with these findings, CaOV3 cells 
showed similar pattern and extent 
of foci formation in the peritoneal 
adipose (Figure 2C, inset). 
Interestingly, HEYA8 cells had a 
greater ability to form surface foci 
on gonadal fat (UF) with 8 
foci/slide (ave). [Figure 2C, inset 
(Table 1)].   

 Finally, to complement our findings from our histological analyses and enable future studies, we 
developed a protocol to quantitate the number of cancer cells present in peritoneal adipose depots.  
ID8-tdTomato cells were prepared and injected i.p. into B6 mice.  At 7 dpi, the adipose organs were 
harvested and dissociated into a single-cell suspension. The number of tdTomato cells present in the 
population of remaining cells (i.e. immune, endothelial, and mesothelial cells, fibroblasts, etc.) was 
quantified via flow cytometry as described in the Materials and Methods.  It should be noted that 
splenoportal fat was excluded because its small size prohibited reliable cell recovery. As shown in 
Figure 2D, omental tissue preparations contained a significant population of tdTomato-positive cells. 
When quantified (Figure 2D, right), the omentum showed a ~ 12-fold increase in the number of ID8- 
tdTomato cells present over PBS-injected controls while there was no significant increase in cell preps 

Mouse  
Strain 

Cell  
Line 

Tissue 
 Type 

Presence of   
Cancer Foci in 

Adipose Depota 
# Foci/Slide Ave. # Foci/ 

Slide 

C57Bl/6 ID8 OM 5 / 5  36, 46, 50, 51, 58  48 
SP 5 / 5    3,   3,   6,   6,   6  5 
GF 0 / 5    0,   0,   0,   0,   0 0 
MY 5 / 5    1,   1,   1,   2,   4  2 
UF 0 / 5    0,   0,   0,   0,   0 0 

Nude CaOV3 OM 5 / 5  17, 19, 22, 23, 24  21 
SP 5 / 5    7,   7, 13, 13, 20  12 
GF 1 / 5     1,  0,   0,   0,   0 0 
MY 5 / 5     1,  2,   2,   4,   4 3 
UF 2 / 5     1,  1,   0,   0,   0 0 

HeyA8b OM 4 / 4   25, 27, 29, 35 29 
SP 4 / 4      6,   7,   8, 10 8  
GF 3 / 4     1,   1,   3,   0 1 
MY 4 / 4     1,   4,   6,   8 5 
UF 4 / 4     6,   6, 10, 11 8 

a Incidence of cancer foci in organ in each of 5 mice injected 
b HeyA8 mouse cohort n=4 due to mis-injection of an individual mouse 

Table 1.  Histologic assessment of ID8, CAOV3, and HeyA8 
colonization of peritoneal adipose depots 
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from the gonadal fat, uterine fat, or mesentery.  These data support our histological finding that ovarian 
cancer cells preferentially colonize milky spot-containing adipose and provide an additional 
quantitative method for future studies by our laboratory and others.   

Omental tissues secrete a factor(s) that can promote ovarian cancer cell migration. Ovarian 
cancer cells specifically localize to the omentum within minutes after i.p. injection (3, 6, 36). This 
suggests that omental tissue produces a factor(s) that promotes cancer cell homing; however, previous 
studies have only examined the contribution of isolated adipocytes (41). To address this gap in 
knowledge, we first tested the ability of omentum-conditioned media to promote directed cancer cell 
migration. Using a modification of our published method for ex vivo organ culture (6), omenta were 
excised and allowed to normalize in DMEM/F12 media containing 20% FCS for 24 hrs. Tissues were 
then rinsed with PBS, placed in serum-free DMEM/F12, and maintained for up to 5 days ex vivo. 
Tissue integrity was assessed both histologically by visually evaluating intact (round, continuous cell 
membrane) versus necrotic (stellate, discontinuous cell membrane) adipocytes and functionally by 
measuring the level of IL-6 in the conditioned media every 24 hrs. In agreement with our previously 
published studies (6), omental tissues did not show loss of integrity or function under these conditions 
(Figure 3). 

After normalization in DMEM/F12 containing 20% FCS, omenta were rinsed with PBS and allowed 
to condition serum-free DMEM/F12 for 24 hrs (subsequently referred to as conditioned serum-free 
media; CSF). Omenta maintained in serum-free (SF) media are termed starved omenta (SOM). The 
combinations of omenta and media used as chemoattractants for the 6 hr migration assay are 
summarized in Figure 4A, upper panel, while representative membranes from the migration assays are 
shown in Figure 4A, lower panel. The number of cells that migrated to the lower side of the membrane 
was determined by summing the number of cells in each of 5 independent fields observed at 100x 
magnification.  

Initial studies tested the ability of omenta harvested from CD1 mice to promote migration of both 
mouse ID8 and human SKOV3ip.1 cells (Figure 4B). CD1 CSF media served as a strong 
chemoattractant for both ID8 and SKOV3ip.1 cells, resulting in a greater than 150-fold increase in 
migration relative to SF media controls. To ensure that these results are not specific to omenta 
harvested from CD1 mice, CSF from B6 and Nude mouse omenta were also tested in their ability to 
promote ID8 and SKOV3ip.1 cell migration. As shown in Figure 4C, CSF prepared from B6 and Nude 
mouse omenta were a strong chemoattractant for ID8 cells, stimulating migration on a par with CD1-
conditioned media (Figure 4B).   Consistent with this finding, B6 and Nude CSF also stimulated 
equivalent levels of migration in SKOV3ip.1 cells.  Interestingly, SKOV3ip.1 cells show a consistently 
lower level of migration than ID8 cells in response to media conditioned by omenta from CD1, B6, 
and Nude mice.  Taken together, these experiments showed that intact omental tissue can be used as a 
starting point for efforts to identify one or more secreted factors that promote ovarian cancer cell 
homing to omental tissues. 
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Figure 3. Evaluation of tissue integrity and function of tissues maintained in ex vivo 
culture. Left column: The appearance of freshly excised tissues. Middle column: Histology 
of tissues maintained for 24 hr in serum-free DMEM/F12. Right column: To assess tissue 
viability and function under ex vivo conditions, the amount of IL-6 in the SF culture media 
was determined at 24 hr intervals. As a control, the amount of IL-6 secreted by tissues 
maintained in media containing 20% FCS was determined in parallel. The relative amount of 
IL-6 at each timepoint is the ratio of the measured IL-6 concentration to the IL-6 
concentration in the control group. The scale bar is the same for all images and denotes 50 
µm. Error bars indicate standard error of the mean, *** denotes p<0.001. 
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Figure 4. Milky spot-containing adipose tissues show enhanced ability to stimulate directed migration. A: Top: 
Depiction of migration assay setup. Cancer cells are placed in the upper chamber of the transwell apparatus. The 
chemoattractant media, with or without starved tissue, is placed in the lower chamber as indicated. Bottom: 
Representative membranes from ID8 migration assays. B: Quantitation of ID8 (left) and SKOV3ip.1 (right) cell 
migration in response to factors produced by omenta harvested from CD1 mice. Conditions are those illustrated in Panel 
A, where SF denotes serum free media where CSF denotes conditioned serum and SOM denotes starved omentum. C: 
Quantitation of ID8 (left) and SKOV3ip.1 (right) cell migration in response to media conditioned by omenta from either 
B6 or Nude mice [indicated as CSF(B6) and CSF(Nude), respectively]. D: Migration assay of ID8 cells toward serum-
free media conditioned for 24 hr by tissue equivalents of omenta (OM), splenoportal fat (SP), uterine fat (UF) and 
mesentery (MY) harvested from B6 mice. n=5 for all conditions. Error bars indicate standard error of the mean, *** 
denotes p<0.001. 
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Milky spot-containing tissues show enhanced ability to stimulate directed migration. In their 
work, Nieman et al. showed that adipocytes cultured in vitro secreted cytokines that can promote 
migration of SKOV3ip.1 ovarian cancer cells (41).  This raised the possibility that migration of cancer 
cells toward omentum-conditioned media could be a strictly adipose-driven process. If that were the 
case, we predicted that media conditioned by adipose tissue lacking milky spots would promote 
migration of ovarian cancer cells to the same extent as milky spot-containing adipose tissue. 
Alternatively, if milky spots play a key role in organ-specific homing, we expected that conditioned 
media from tissues containing milky spots could have an enhanced ability to promote migration. To 
distinguish between these possibilities, CSF media was prepared using weight-matched tissue 
equivalents of omentum, splenoportal fat, uterine fat, and mesentery and used as a chemoattractant in 
transwell migration assays. As shown in  

Figure 3 tissues did not show loss of integrity or function for the duration of the migration assay. 
However, it was noted that the IL-6 production of the cultured uterine fat dropped significantly at 3 
days in culture (Figure 3). The migration-promoting activity of CSF prepared from each of these 
tissues is summarized in Figure 4D. Media conditioned by omenta and splenoportal fat caused a 95-
fold increase in cell migration as compared to SF media controls. In contrast, the absence of milky 
spots in uterine fat and mesentery corresponded with 75% reduction in the migration-stimulatory 
activity in their conditioned media (Figure 4D). Taken together, these functional studies bridge the 
adipocyte-driven and milky spot-driven models and argue that the presence of milky spots increases 
the chemoattractive potential of peritoneal fat depots. 

In vivo colonization of omental milky spots by ovarian cancer cells is not dependent on their 
immune cell composition. As a first step toward understanding the effect of the immune cell 
composition of milky spot structures on ovarian cancer cell colonization, experimental metastasis 
assays were conducted using immune competent (B6) and immunodeficient (Igh6, Nude, Rag1, and 
BN XID) mice. Specifically, 1 x 106 ID8 ovarian cancer cells were injected i.p. into all of the 5 
different mouse strains. Cancer cell foci were observed within milky spots in each of these mouse 
strains at 7 dpi (Figure 5A) and were confirmed to be epithelial via positive staining for mouse 
cytokeratin 8/18 (CK8/18). To determine if the missing immune-cell types in the various immune-
deficient mice alters cancer localization to milky spots, DAB area was quantified in CK8/18 stained 
sections. Figure 5B shows that ID8 cancer cells colonize omenta from each strain to a statistically 
equivalent degree. In parallel, 1 x 106 SKOV3ip.1 human ovarian cancer cells were injected into Nude, 
Rag1, and BN XID mice, and cancer foci were again found in each mouse strain (Figure 5C). 
SKOV3ip.1 lesions were stained for human pan-cytokeratin (pan-CK) and found to be cytokeratin-
positive. Thus, ovarian cancer cell colonization of omental milky spots is not affected by deficiency or 
absence of T cells, B cells and/or NK cells in these mouse strains. 
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Figure 5. Colonization of omental milky spots by ovarian cancer cells is not dependent on the host immune 
status. To test the possibility that the immune composition of the milky spots has a quantitative effect on ovarian cancer 
cell colonization, mice with deficiencies in T cells, B cells and/or NK cells were injected i.p. with either PBS (control)  
or 1x106 ovarian cancer cells. A: B6, Igh6-/-, Nude, Rag1-/- and BN XID mice were injected with mouse ID8 cells 
(syngeneic to B6 background). Omenta were collected at 7 dpi and stained with H&E. Cancer cell foci within milky 
spots are outlined. IHC against mouse cytokeratin 8/18 (CK8/18) was used to confirm that the epithelial origin of the 
cancer cell foci. B: DAB staining area is used as an indicator of cancer cell burden in omental tissues.  Values 
calculated as the percentage of ID8 with strong and medium intensity of CK8/18 (DAB) staining normalized to total 
stained area of the slide. Error bars indicate standard error of the mean. C: Human SKOV3ip.1 cells were injected into 
Nude, Rag1-/- and BN XID mice and treated similarly to ID8 injected animals. IHC for against human pan-cytokeratin 
(pan-CK) was used to confirm the epithelial origin of cancer cell lesions. Samples from 5 independent animals were 
evaluated for each condition of each test. The scale bar is the same for all images and denotes 50 µm.  
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During progressive growth ovarian cancer cells replace omental adipose. Mechanistic studies by 
Nieman et al. indicated that ovarian cancer cells could use adipocytes as an energy source for tumor 
growth (41).   If this holds true in vivo, we predicted that as cancer cells proliferate, they interact with 
and consume adipocyte lipids. The ultimate outcome of this inverse relationship between cancer cell 
area and adipocyte area would be that, at the experimental endpoint, the omental adipose would be 
replaced completely with cancerous tissue. To test this notion, 1 x 106 ID8 ovarian cancer cells were 
injected i.p. into a cohort of B6 mice. Groups of 5 mice were euthanized and tissues collected for 
histologic analysis at 1, 3, 6 and 9 weeks post injection (Figure 6A). Consistent with an inverse 
relationship between ovarian cancer cell growth and adipocyte depletion, there is a marked reduction 
in the adipocyte area over time. To quantify this change, we used a pixel-based image processing 
protocol similar to milky spot quantification (detailed in the Materials and Methods) to calculate the 
adipocyte area in omenta over time.  This showed a linear decrease in the percentage of adipocytes in 
the omentum corresponded to the expansion of ID8 cancer cell lesions (Figure 6B). These data are 
consistent with cancer cells’ utilization of lipids stored in adipocytes as an energy source for their 
continued growth. 

 

Conclusions and Future Directions:   
There is now considerable literature on the structure and function of milky spots in both the omentum 
and extraomental sites. Beginning in the 1970s, investigators noted that ascites tumors had a proclivity 
for these structures (42). Subsequent studies have confirmed and refined these findings (3, 6, 36). The 
strength of this work is that it implies a functional role for milky spots in the early steps of omental 
colonization. However, the weakness of the “milky spot-driven” model prompted by this body of 
literature is that the studies on which it is based do not consider the potential contribution(s) of 
adipocytes and other cells within the omentum. While the failure to consider the contribution of 

Figure 6. Adipocyte area of the omentum decreases during the timecourse ovarian cancer growth. A: The first 
panel shows a representative H&E stained section of an omentum from a naive B6 mouse. Milky spots are seen within 
adipose at the tissue periphery. The four subsequent panels show representative images of omental tissues harvested 
from B6 mice at 1, 3, 6 and 9 weeks post injection. The scale bar is the same for all images and denotes 200 µm. B: 
Quantitation of adipocyte area from H&E images. Reported values are percent adipocyte area normalized to whole 
omental area. Data at each time point is based on five independent animals. Error bars indicate standard error of the 
mean.  A linear regression of the data points indicates a slope significantly deviant from zero (p<0.0001) with R2 = 
0.8145. 
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omental adipose in cancer metastasis is consistent with the now-antiquated view of adipocytes as an 
inert component of connective tissues (13, 18, 19), it is a fundamental oversight that must be addressed 
if we are to understand the organ specificity of ovarian cancer cells.  

In contrast, the adipocyte-driven model prompted by the findings of Nieman et al., showed that in 
omental metastases, ovarian cancer cells at the interface with adipocytes contained abundant lipids 
(41).  In vitro studies showed that the adipocytes transfer lipid droplets that contain fatty acids to 
ovarian cancer cells (41), that can be used as an energy source The strength of their studies is that they 
focused on human ovarian cancers and identified a novel function for adipocytes in the progressive 
growth of ovarian cancer lesions. The weakness of this work lies in its effort to show that adipocytes 
drive, and are solely responsible for, early steps in omental colonization. The case for adipose as the 
sole determinant of the ovarian cancer’s organotropic metastasis was based on an incomplete 
examination of the literature and a biased approach to experimental design. As a result of the focus on 
adipocytes, important clues in the data were overlooked and the potential contributions of milky spots, 
vasculature, or other unique characteristics of the omentum were neither tested nor discussed. Thus, 
like the milky spot-driven model, this model is also limited by the narrow focus of the studies upon 
which it was based. 

Despite their strengths, neither the milky spot-driven nor the adipocyte-driven models address the 
intimate and dynamic interactions among milky spot structures, adipocytes, and other omental 
components.  Integration of these two models required a fresh look from a different perspective.  Thus, 
we sought to understand why ovarian cancers do not colonize other sources of peritoneal fat as 
extensively as they do the omentum, rather than more traditional omentum-focused approaches. This 
led to our novel strategy to compare colonization of peritoneal adipose that either contains or lacks 
milky spots.  The report by Takemori et al (42), showing the presence of milky spots in the 
splenoportal fat of New Zealand Black mice was key to our approach.  To our knowledge, the 
splenoportal fat band has not been studied in other mouse strains, nor has its colonization by any type 
of cancer cells been examined prior to the work presented herein.   In vivo studies using a panel of 
ovarian cancer cell lines  (ID8, SKOV3ip.1, CaOV3, and HeyA8) yielded the most comprehensive 
assessment of ovarian cancer cell lodging in peritoneal adipose and provided clear data showing that 
milky spots dramatically enhance early cancer cell lodging.   

To dissect the mechanism(s) by which milky spots promote colonization, we made use of the 
observation that after i.p. injection, ovarian cancer cells rapidly localize to omental milky spots, 
suggesting involvement of a tissue-secreted factor(s).  Development of the quantitative transwell 
migration approach (Figure 4) enabled us to assess the ability of fat (tissue)-conditioned media to 
stimulate directed migration of ovarian cancer cells.  Although milky spot-deficient tissues (uterine fat, 
gonadal fat and mesentery) secrete one or more factors that promotes directed migration, results from 
in vivo assays indicate that this signal is not sufficient for ovarian cancer cells to achieve the high level 
(both number and size) of foci formation seen in the omentum and splenoportal fat. This suggests that 
colonization requires additional chemotactic signals and/or tissue structures. In support of this notion, 
in vivo assays showed that ovarian cancer cells efficiently colonize milky spots in the omentum and 
splenoportal fat. In addition, using media conditioned by milky spot-containing adipose yielded the 
novel finding that the presence of these structures caused a significant enhancement in the media’s 
ability to promote directed cancer migration.   

Our findings show the critical importance of milky spots to ovarian cancer cell lodging and initial 
colonization of peritoneal adipose (3, 6, 21, 25, 36-40) and provide a foundation for studies to identify 
milky spot components involved in cancer cell homing and invasion. As a first step toward this goal, 
the use of immunodeficient mouse strains allowed us to rule out a requirement for B cells, T cells, or 
NK cells for ovarian cancer cell lodging within milky spots, confirming and expanding on the findings 
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of Lotan et al. (8) Previous studies have shown that mast cells and macrophages are frequently 
observed in the milky spots (27, 30, 31, 33). Macrophages are an intriguing candidate as they have 
been shown to assist the survival and growth of established tumors (43-45). Further, the depletion of 
peritoneal macrophages has been shown to decrease ovarian cancer tumor burden on the diaphragm at 
the experimental endpoint (46).  Milky spot macrophages are thus possibly contributing to the rapid 
and specific colonization of omental milky spots. Another possible source of the omentum’s 
chemotactic properties is the abundance of endothelial cells found in the milky spots. The vessels 
within the dense and tangled capillary bed of the milky spots have been shown to undergo a 
constitutive level of active vascular remodeling (25, 38). The activated endothelial cells associated 
with angiogenic vessels are known to support and promote metastatic disease (47, 48). Either or both 
of those cell types could be responsible for the prolific omental metastases and warrant future study.  

The growing emphasis on the role of the host tissue microenvironment in metastasis formation 
stems from the seminal work of Stephen Paget showing that certain tumor cells (the “seed”) have a 
proclivity for specific organ microenvironment(s) (the “soil”) (49-51). A powerful but often 
underappreciated aspect of studies by Paget and other pioneers of metastasis research was their innate 
appreciation of the unique tissue architecture, physiology, and function of the target organ that is 
essential to understanding metastatic organ specificity (51-55). The studies presented herein seek to 
integrate milky spot and adipocyte function in the omentum. We propose a two-step model for omental 
colonization wherein the localization of disseminated cancer cells is dependent upon milky spots. 
Adipocytes are then required for progressive growth and subsequent spread of cancer cells to other 
sites within the peritoneal cavity. This model is likely a more accurate representation of the overall 
process of ovarian metastatic colonization. It is our hope that both our findings and discussion of the 
larger literature will serve as a framework for studies that will continue to refine our understanding of 
omental colonization. Ultimately, it is our goal to use this information to extend the duration of 
metastatic suppression and significantly increase the quality of life for patients diagnosed with ovarian 
cancer.  
  



	
   14	
  

References:   
1. Naora H, Montell DJ: Ovarian Cancer Metastasis: Integrating insights from disparate model organisms. 

Nat Rev Cancer 2005, 5:355–366.  

2. Cinti S: The Adipose Organ. In: Fantuzzi G, mazzone T, editors. Adipose Tissue and Adipokines in 
Health and Disease, Totowa, New Jersey, Humana Press, 2007, pp. 3–19.  

3. Hagiwara A, Takahashi T, Sawai K, Taniguchi H, Shimotsuma M, Okano S, Sakakura C, Tsujimoto H, 
Osaki K, Sasaki S: Milky spots as the implantation site for malignant cells in peritoneal dissemination in 
mice. Cancer Research, AACR, 1993, 53:687.  

4. Roby KF, Taylor CC, Sweetwood JP, Cheng Y, Pace JL, Tawfik O, Persons DL, Smith PG, Terranova 
PF: Development of a syngeneic mouse model for events related to ovarian cancer. Carcinogenesis 2000, 
21:585–591.  

5. Lengyel E: Ovarian Cancer Development and Metastasis. The American Journal of Pathology, American 
Society for Investigative Pathology, 2010, 177:1053–1064.  

6. Khan SM, Funk HM, Thiolloy S, Lotan TL, Hickson J, Prins GS, Drew AF, Rinker-Schaeffer CW: In 
vitro metastatic colonization of human ovarian cancer cells to the omentum. Clin Exp Metastasis 2010, 
27:185–196.  

7. Kenny HA, Krausz T, Yamada SD, Lengyel E: Use of a novel 3D culture model to elucidate the role of 
mesothelial cells, fibroblasts and extra-cellular matrices on adhesion and invasion of ovarian cancer cells 
to the omentum. Int J Cancer 2007, 121:1463–1472.  

8. Liebermann-Meffert D: The greater omentum. Anatomy, embryology, and surgical applications. Surg 
Clin North Am 2000, 80:275–93–xii.  

9. Collins D, Hogan AM, O'Shea D, Winter DC: The omentum: anatomical, metabolic, and surgical 
aspects. J Gastrointest Surg 2009, 13:1138–1146.  

10. Platell C, Cooper D, Papadimitriou JM, Hall JC: The omentum. World J Gastroenterol 2000, 6:169–176.  

11. Goldsmith HS: The Omentum: Basic Research and Clinical Application. 1st ed. Goldsmith HS, editor. 
New York, Cine Med, Inc, 1990.  

12. Wilkosz S, Ireland G, Khwaja N, Walker M, Butt R, Giorgio-Miller A, Herrick SE: A comparative study 
of the structure of human and murine greater omentum. Anat Embryol 2005, 209:251–261.  

13. Wozniak SE, Gee LL, Wachtel MS, Frezza EE: Adipose Tissue: The New Endocrine Organ? A Review 
Article. Dig Dis Sci 2008, 54:1847–1856.  

14. Trayhurn P, Beattie JH: Physiological role of adipose tissue: white adipose tissue as an endocrine and 
secretory organ. Proc Nutr Soc 2001, 60:329–339.  

15. Hauner H: The new concept of adipose tissue function. Physiol Behav 2004, 83:653–658.  

16. Scherer PE: Adipose tissue: from lipid storage compartment to endocrine organ. Diabetes 2006, 
55:1537–1545.  

17. Kershaw EE, Flier JS: Adipose tissue as an endocrine organ. J Clin Endocrinol Metab 2004, 89:2548–
2556.  

18. Wang P, Mariman E, Renes J, Keijer J: The secretory function of adipocytes in the physiology of white 
adipose tissue. J Cell Physiol 2008, 216:3–13.  

19. Conde J, Scotece M, Gómez R, López V, Gómez-Reino JJ, Lago F, Gualillo O: Adipokines: biofactors 
from white adipose tissue. A complex hub among inflammation, metabolism, and immunity. Biofactors 
2011, 37:413–420.  

20. Rajala MW, Scherer PE: Minireview: The adipocyte--at the crossroads of energy homeostasis, 



	
   15	
  

inflammation, and atherosclerosis. Endocrinology 2003, 144:3765–3773.  

21. Michailova KN, Usunoff KG: The milky spots of the peritoneum and pleura: structure, development and 
pathology. Biomedical Reviews, Varna, Bulgaria, 2004, 15:47–66.  

22. Simer P: On the morphology of the omentum, with especial reference to its lymphatics. American 
Journal of Anatomy, Wiley Subscription Services, Inc., A Wiley Company, 1934, 54:203–228.  

23. Ackermann PC, De Wet PD, Loots GP: Microcirculation of the rat omentum studied by means of 
corrosion casts. Acta Anat (Basel) 1991, 140:146–149.  

24. Shimotsuma M, Shields J, Simpson-Morgan M, Sakuyama A, Shirasu M, Hagiwara A, Takahashi T: 
Morpho-physiological function and role of omental milky spots as omentum-associated lymphoid tissue 
(OALT) in the peritoneal cavity. Lymphology 1993, 26:90.  

25. Gerber SA, Rybalko VY, Bigelow CE, Lugade AA, Foster TH, Frelinger JG, Lord EM: Preferential 
Attachment of Peritoneal Tumor Metastases to Omental Immune Aggregates and Possible Role of a 
Unique Vascular Microenvironment in Metastatic Survival and Growth. The American Journal of 
Pathology, American Society for Investigative Pathology, 2006, 169:1739–1752.  

26. Shimotsuma M, Kawata M, Hagiwara A, Takahashi T: Milky spots in the human greater omentum. 
Macroscopic and histological identification. Acta Anat (Basel) 1989, 136:211–216.  

27. Shimotsuma M, Simpson-Morgan MW, Takahashi T, Hagiwara A: Activation of omental milky spots 
and milky spot macrophages by intraperitoneal administration of a streptococcal preparation, OK-432. 
Cancer Research 1992, 52:5400–5402.  

28. Litbarg NO, Gudehithlu KP, Sethupathi P, Arruda JAL, Dunea G, Singh AK: Activated omentum 
becomes rich in factors that promote healing and tissue regeneration. Cell Tissue Res 2007, 328:487–
497.  

29. Rangel-Moreno J, Moyron-Quiroz JE, Carragher DM, Kusser K, Hartson L, Moquin A, Randall TD: 
Omental Milky Spots Develop in the Absence of Lymphoid Tissue-Inducer Cells and Support B and T 
Cell Responses to Peritoneal Antigens. Immunity, Elsevier Ltd, 2009, 30:731–743.  

30. Wijffels JF, Hendrickx RJ, Steenbergen JJ, Eestermans IL, Beelen RH: Milky spots in the mouse 
omentum may play an important role in the origin of peritoneal macrophages. Res Immunol 1992, 
143:401–409.  

31. Shimotsuma M, Takahashi T, Kawata M, Dux K: Cellular subsets of the milky spots in the human 
greater omentum. Cell Tissue Res 1991, 264:599–601.  

32. Cranshaw ML, Leak LV: Milky spots of the omentum: a source of peritoneal cells in the normal and 
stimulated animal. Arch Histol Cytol 1990, 53 Suppl:165–177.  

33. Beelen RH, Fluitsma DM, Hoefsmit EC: The cellular composition of omentum milky spots and the 
ultrastructure of milky spot macrophages and reticulum cells. J Reticuloendothel Soc 1980, 28:585–599.  

34. Krist LF, Eestermans IL, Steenbergen JJ, Hoefsmit EC, Cuesta MA, Meyer S, Beelen RH: Cellular 
composition of milky spots in the human greater omentum: an immunochemical and ultrastructural 
study. Anat Rec 1995, 241:163–174.  

35. Mironov VA, Gusev SA, Baradi AF: Mesothelial stomata overlying omental milky spots: scanning 
electron microscopic study. Cell Tissue Res 1979, 201:327–330.  

36. Krist LF, Kerremans M, Broekhuis-Fluitsma DM, Eestermans IL, Meyer S, Beelen RH: Milky spots in 
the greater omentum are predominant sites of local tumour cell proliferation and accumulation in the 
peritoneal cavity. Cancer Immunol Immunother 1998, 47:205–212.  

37. Green JA, Williams AE: The relationship between inflammatory responses and WBP1 tumour cell 
attachment to the rat omentum. Eur J Cancer 1978, 14:1153–1155.  



	
   16	
  

38. Sorensen EW, Gerber SA, Sedlacek AL, Rybalko VY, Chan WM, Lord EM: Omental immune 
aggregates and tumor metastasis within the peritoneal cavity. Immunol Res 2009, 45:185–194.  

39. Tsujimoto H, Takhashi T, Hagiwara A, Shimotsuma M, Sakakura C, Osaki K, Sasaki S, Shirasu M, 
Sakakibara T, Ohyama T: Site-specific implantation in the milky spots of malignant cells in peritoneal 
dissemination: immunohistochemical observation in mice inoculated intraperitoneally with 
bromodeoxyuridine-labelled cells. Br J Cancer, Nature Publishing Group, 1995, 71:468.  

40. Tsujimoto H, Hagiwara A, Shimotsuma M, Sakakura C, Osaki K, Sasaki S, Ohyama T, Ohgaki M, 
Imanishi T, Yamazaki J, Takahashi T: Role of milky spots as selective implantation sites for malignant 
cells in peritoneal dissemination in mice. J Cancer Res Clin Oncol 1996, 122:590–595.  

41. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR, Romero IL, Carey 
MS, Mills GB, Hotamisligil GS, Yamada SD, Peter ME, Gwin K, Lengyel E: Adipocytes promote 
ovarian cancer metastasis and provide energy for rapid tumor growth. Nat Med 2011, 17:1498–1503.  

42. Takemori N, Hirai K, Onodera R, Saito N, Namiki M: Light and electron microscope study of 
splenoportal milky spots in New Zealand black mice: comparison between splenoportal milky spots and 
aberrant spleens. J Anat 1995, 186 ( Pt 2):287–299.  

43. Qian B-Z, Pollard JW: Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 
141:39–51.  

44. Tlsty TD, Coussens LM: Tumor stroma and regulation of cancer development. Annu Rev Pathol 2006, 
1:119–150.  

45. Coussens LM, Werb Z: Inflammation and cancer. Nature 2002, 420:860–867.  

46. Robinson-Smith TM, Isaacsohn I, Mercer CA, Zhou M, Van Rooijen N, Husseinzadeh N, McFarland-
Mancini MM, Drew AF: Macrophages Mediate Inflammation-Enhanced Metastasis of Ovarian Tumors 
in Mice. Cancer Research 2007, 67:5708–5716.  

47. Orr FW, Wang HH, Lafrenie RM, Scherbarth S, Nance DM: Interactions between cancer cells and the 
endothelium in metastasis. J Pathol, Wiley Online Library, 2000, 190:310–329.  

48. Chouaib S, Kieda C, Benlalam H, Noman MZ, Mami-Chouaib F, Rüegg C: Endothelial cells as key 
determinants of the tumor microenvironment: interaction with tumor cells, extracellular matrix and 
immune killer cells. Crit Rev Immunol 2010, 30:529–545.  

49. Paget S: The distribution of secondary growths in cancer of the breast. 1889. The Lancet 1889, 133:571–
573.  

50. Kenny PA, Bissell MJ: Tumor reversion: correction of malignant behavior by microenvironmental cues. 
Int J Cancer 2003, 107:688–695.  

51. Bissell MJ, Radisky DC, Rizki A, Weaver VM, Petersen OW: The organizing principle: 
microenvironmental influences in the normal and malignant breast. Differentiation 2002, 70:537–546.  

52. Nicolson GL: Organ specificity of tumor metastasis: role of preferential adhesion, invasion and growth 
of malignant cells at specific secondary sites. Cancer Metastasis Rev 1988, 7:143–188.  

53. Fidler IJ: The pathogenesis of cancer metastasis: the “seed and soil” hypothesis revisited. Nat. Rev. 
Cancer. 2003, pp. 453–458.  

54. Hart IR, Fidler IJ: Role of Organ Selectivity in the Determination of Metastatic Patterns of B16 
Melanoma. Cancer Research 1980.  

55. Sugarbaker EV: Cancer metastasis: a product of tumor-host interactions. Curr Probl Cancer 1979, 3:1–
59.  

 
 



	
   17	
  

Appendices:  Manuscript Submitted  
 



  
      

        DEPARTMENT OF SURGERY 
        Section of Urology  
        5841 South Maryland Avenue 

 
Chicago, IL  60637-1470 

        Phone: (773) 702-5882 
        Lab: (773) 702-3140 
        Fax: (773) 702-1001 

Carrie W. Rinker-Schaeffer, Ph.D. 
Full Professor 
Director of Urology Research 
 
September 24, 2012 
 
Michael P. Lisanti, M.D., Ph.D.,  
Editor in Chief, The American Journal of Pathology,  
9650 Rockville Pike, Bethesda,  
Maryland, USA 20814-3993. 
 

Dear Dr. Lisanti 

Enclosed please find our manuscript, “Milky spots are required for ovarian cancer 
colonization of peritoneal adipose depots” submitted by Clark and Krishnan et al., for 
consideration for publication in The American Journal of Pathology, as a Research 
Article. We believe that this work is ideally suited for your Journal as it focuses on the role of 
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containing adipose tissue caused 72% more cell migration than media conditioned by milky 
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mouse genetic background does not alter omental milky spot number and size, nor does it 
effect ovarian cancer colonization. Finally, consistent with the role for lipids as an energy 
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