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Abstract
The omentum, an important peritoneal tissue, is studded with a high number of immune
aggregates, or “milky spots,” the number, function, and phenotype of which is largely unknown.
We have analyzed the immune composition on the normal omentum and also have shown that
both free immune cells and tumor cells in the peritoneal fluid bind preferentially to these immune
aggregates. This binding may be mediated by the network of collagen I fibers, which overlay these
areas. In addition, we have shown that not only do omental vessels express vascular endothelial
growth factor receptor 3 (VEGFR3), a receptor that is only found on angiogenic blood vessels, but
that tumor cells co-localize with these vessels, possibly increasing the ability of tumor to induce
neovascularization and therefore thrive.

Keywords
Omentum; Tumor; Peritoneal cavity; Metastasis; Angiogenesis

Introduction
Ovarian cancer is the most common cause of death from gynecological cancers with an
estimated 21,650 deaths expected in 2008 [1] primarily because the disease has reached an
advanced stage before it is discovered [2]. Dissemination from the primary tumor occurs
mainly by exfoliation of cells through the surface of the ovarian capsule, which are then
spread by the circulation of the peritoneal fluid. Although tumor cells may attach to any
intraperitoneal surface, the omentum appears to be a selective site of attachment of the initial
disseminated cells and aggressive tumor growth [3] and subsequent seeding to the rest of the
peritoneal cavity. The omentum, a sheath of protective tissue overlying the stomach and
pancreas [4], is composed of well-vascularized adipose tissue embedded with clusters of
immune cells originally termed “milky spots”. These immune aggregates were first
described in rabbits by Ranvier [5], and have since been shown to exist in other mammalian
species [6]. This tissue is thought to serve as a cushion and acts to filter peritoneal fluid
providing protection from infection. In initial experiments using mouse tumor cell lines
injected intraperitoneally, we have found that multiple cell lines, including five mouse lines
and one human ovarian line, bound preferentially to these immune cell clusters [5]. Given
that tumor cells appear to preferentially localize to these immune aggregates on the
omentum, it is important to understand their cellular composition, structure, and function. In
our studies, we have used a recently developed mouse ovarian tumor model called ID8 [7]
and a whole mount fluorescence microscopy technique [8] to study the metastasis of tumor
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cells within the peritoneal cavity. These studies indicate that attachment of tumor cells to
these immune aggregates is promoted by the normal physiological function of these sites,
and that the aggressive growth of the peritoneal metastases may be due to the unique,
proangiogenic vasculature present at these sites.

Immune cell composition and phenotype of immune aggregates on the
naïve omentum

Due to the ease of injections and the ability to induce potent immune responses, the
peritoneal cavity is often used as a site for immunizations, although the cell composition of
this space differs considerably from that of the spleen, lymph nodes, or peripheral blood,
sites most often analyzed for immune responses. The omentum is one tissue that is thought
to provide the peritoneal cavity with immune cells. Some reports have likened the omentum
to an “intestinal thymus” [9]. For example, the majority of B cells in the peritoneal cavity
are a distinct lineage of cells known as B1 lymphocytes that have a limited receptor
repertoire and respond primarily to carbohydrate antigens and self antigens [10].
Interestingly, the omentum has been shown to be a site in which these B1 lymphocytes are
generated [11]. Other immune populations exist in the peritoneal cavity such as
macrophages, T cells, NK cells, and DC, however, the presence of these subsets on the
omentum has not been fully characterized. We have used flow cytometry to examine the
cellular composition of the mouse omentum and compared it to that of the peritoneal cavity.
The peritoneal cavity immune cells were removed from normal C57BL/6 mice by rinsing
the cavity with 3 ml of PBS. The omentum was removed, and immune aggregate cells were
isolated by mincing the tissue in 2 ml of 0.2% collagenase and rotating at 37°C for 45 min.
The dissociated omental cells were stained with anti-CD45 to identify the hematopoietic
cells, and with antibodies specific for additional markers including CD8 or CD4 (T cell
subsets), CD3 and γδ TCR (γδ T cells), CD3 and NK1.1 (NKT cells), CD19 (B cells),
CD19 and CD11b (B1 cells), NK1.1 (NK cells), GR-1 (granulocytes), CD11c (DC), and
F4/80 (monocyte/macrophages). Results are given in Table 1 as a percentage of each subset
out of the total CD45+ population. The different subsets of immune cells, which contain
both innate and adaptive immune populations, were similar between the omentum and the
peritoneal lavage, although the omentum contained significantly more CD4+ T cells. We
next examined the activation phenotype of CD4+ and CD8+ T cells for the omentum and
other immune sites. The omentum contained a high percentage of activated (CD44+,
CD62L− and CD44+, CD62L+) CD4+/CD8+ T cells when compared to the other sites such
as the spleen and lymph nodes (Table 2). Interestingly, the omental T cells seem to more
closely resemble cells from the intestinal lamina propria, which are known to contain
activated lymphocytes [12,13]. This may be indicative of a constitutive role of these cells in
dealing with bacteria.

Tumor cells and peritoneal lymphocytes bind preferentially to omental
immune aggregates

Previously, our lab and others [4] have shown that intraperitoneal injection of B16
melanoma tumor cells resulted in macroscopic foci of black-pigmented tumor cells on the
omentum. Upon closer microscopic analysis using the whole mount technique and GFP
expressing B16 tumor cells injected i.p., we found that the tumor foci were localized to
distinct areas on the omentum, which coincided with immune cells. Five additional GFP+ or
mCherry+ [14] tumor cell lines including ID8, an ovarian line, bound preferentially to these
areas (Fig. 1a, b). Interestingly, a human ovarian tumor cell line (OVCAR-3), labeled with
the fluorescent marker CFSE, also selectively bound to these same areas of the mouse
omentum (Fig. 1c, d). This result suggests that direct peritoneal metastatic seeding is similar
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in a xenograft system. Next, we monitored tumor burden over time within the same mouse
by injecting B16 cells transfected with luciferase i.p. Following infusion with luciferin and
using an in vivo imaging system (IVIS), the photon count, which represents tumor burden,
was determined at both 24 h (data not shown) and 96 h (Fig. 1e). At 96 h, the tumor-bearing
omentum, along with a control omentum from a naïve mouse, was excised and digital
images obtained (Fig. 1f, g). Even through the pigmented skin of a C57BL/6 mouse, light
from the tumor growing on the omental tissue is clearly visible in an intact mouse. These
data demonstrate the possibility of monitoring the presence and subsequent growth of
peritoneal metastases on the omentum, which can be utilized to examine potential tumor
immunotherapy.

The omentum, like the rest of the peritoneum, is reported to be covered by a layer of
mesothelial cells [15]. We have been able to identify these cells using whole mount by
staining for the adhesion molecule, VCAM-1 (CD106) [4], and these VCAM-1+ cells are
selectively found over the immune aggregates. Therefore, either the mesothelial cells do not
cover the entire omentum, or alternatively, the mesothelial cells on the immune aggregates
express much higher levels of VCAM-1. Either of these possibilities makes these
mesothelial cells strong candidates for initiating the selective adhesion of tumor cells on the
immune aggregates. Indeed, confocal microscopy studies have revealed that the tumor cells
initially bind to these outer mesothelial cells (data not shown).

We have identified another unique feature of the immune aggregates, which is the presence
of an intricate extracellular matrix that appears to be absent from the surrounding areas of
the omentum. The whole mount technique provides an excellent visualization of this as
shown in Fig. 2a, which depicts an omental immune aggregate stained for collagen I. This
extracellular matrix also expresses collagen III (data not shown) and is only seen in this
dense configuration within the immune aggregates. Since we have observed openings in the
overlying layer of mesothelial cells, this matrix is probably accessible to metastatic tumor
cells, and thus could also be involved in the attachment process.

The ability of the cells within these aggregates to generate adaptive immunity to i.p.
antigens has not received extensive study, and there is very little information available on
whether or not these immune cells respond to the presence of metastatic tumor cells.
However, there is evidence that some ovarian cancer patients have T cells present in the
peritoneal cavity that are capable of reacting with tumor cells [16,17]. This raises the
possibility that the preferential homing of tumor-reactive cells to the immune aggregates on
the omentum and other peritoneal tissues might provide an advantage for adoptive
immunotherapy of metastatic disease. We have found that lymphocytes injected into the
peritoneal cavity, like tumor cells, also preferentially localize to the immune aggregates
(Fig. 2b). In addition, the percentage of T cells found in the peritoneal lavage and on the
omentum that expresses the integrin adhesion molecules VLA-4 (α4β1) and LFA-1 (αLβ2),
which bind to VCAM-1 and ICAM-1, respectively, is much larger than in lymphoid organs
(Table 2). Therefore, VLA-4 and LFA-1 expressing immune cells may preferentially home
to omental immune aggregates due to the presence of VCAM-1+/ICAM-1+ mesothelial cells
covering the immune aggregates.

Specific immunization strategies targeting omental immune aggregates
elicit potent immune responses

We have shown that the omentum is the primary site of free tumor attachment within the
peritoneal cavity and that the omental immune aggregates contain both adaptive and innate
immune cells. Therefore, it may be possible to induce an immune response to a tumor-
associated antigen. To test this, we used an ID8 cell line transfected with ovalbumin (Ova)
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as a model tumor-associated antigen and quantified the peptide-specific response using an
IFN-γ ELISpot assay. Mice were primed i.p. with 5 × 106 irradiated ID8/Ova tumor cells
and 6.5 weeks later spleen, omentum, and peritoneal lavage cells were collected and assayed
for their ability to produce IFN-γ in response to Ova peptides. Following immunization with
irradiated tumor cells, specific spots were undetectable in the spleens and only a minimal
number were recovered from the peritoneal cavity (Table 3). A similar result was obtained
when mice were injected with viable ID8/Ova and the tumor allowed to grow for 2 weeks
before collection and assay of the cells (data not shown). It is possible that this result might
be because the i.p. route is a poor route of delivery, so we tested the ability to prime with
antigen delivered in other forms into the peritoneal cavity. As clearly shown in Table 3
below, this route of delivery is very effective in generating Ova-specific responses when the
antigen is conjugated to beads or pulsed on DC. In fact, omental cells were superior in
generating an immune response when compared to spleen or peritoneal lavage. The
ineffectiveness of tumor cells to generate immune responses may be a result of
immunosuppressive effects inherent to tumor cells or the amount of antigen delivered.
Nonetheless, our data indicates that the omentum can respond strongly to antigen,
suggesting that alternative vaccine strategies, such an alteration of the mode and location of
antigen delivery, may be more effective than others in generating potent immune responses.

Omental vessels are proangiogenic in both naïve and tumor-bearing mice
We have previously shown that the presence of tumor cells on the omentum alters the
normal architecture of the omentum by disrupting the immune aggregates and inducing
vascular morphological alteration indicative of angiogenesis [4]. Some of these changes may
be a result of tumor-secreted factors. Indeed, message for several angiogenic growth factors
including VEGF-A and VEGF-C were detected in ID8 tumor cells in vitro (Table 4). We
next used whole mount microscopy to determine if VEGF-A, which is predominantly
secreted as a soluble molecule, but can be detected bound to the ECM, could be visualized
in tumor-bearing omental immune aggregates. Although not detected visually on naïve
omenta (data not shown), VEGF-A was seen perivascularly within the immune aggregates
when tumor was present (Fig. 3a).

Our lab has previously reported that VEGFR3 is induced on tumor vasculature and may be
an indicator of adult angiogenesis [18]. Although VEGFR3 is positive on both blood and
lymphatic vessels in utero, it is downregulated on blood vessels after birth but can be
upregulated in the rare cases of adult angiogenesis, such as chronic wound healing and
tumor growth [19–21]. Surprisingly, naïve omental vessels located within the immune
aggregates were found to be positive for VEGFR3, while negative for the lymphatic marker
LYVE-1 (Fig. 3b), further reinforcing the idea that these vessels are continuously
undergoing angiogenesis. This data reinforces our previous findings that vessels within
immune aggregates are constitutively high for the proangiogenic marker CD105 [4]. As
expected, omental vessels from mice injected with B16/GFP i.p. are also VEGFR3 positive
(Fig. 3c).

Concluding remarks
The peritoneal cavity is a unique immunological microenvironment. In addition to
lymphocytes, we have shown that tumor cells injected into the peritoneal cavity
preferentially bind to and grow on the immune aggregates of the omentum. This binding
may be a result of the presence of VCAM-1+ mesothelial cells or the collagen network that
overlays the immune aggregates, whereas tumor growth may be accelerated due to
constitutively angiogenic vessels within the aggregates. Ovarian cancer, which is associated
with this type of intraperitoneal metastatic spread, is the most lethal type of gynecologic
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malignancy due to its asymptomatic nature at early stages and the lack of effective
treatments for the advanced stage disease. Using a recently derived ovarian cancer cell line,
ID8, we have been able to monitor tumor growth over time both ex vivo and in vivo. In
addition, using a cell line, which expresses ovalbumin as a model antigen, we have shown
that the type of intraperitoneal immunization given can affect the immune response to that
antigen. Intraperitoneal administration of antigen-coated beads stimulated a strong response
by omental cells. However, the local and systemic response to antigen produced by viable
tumor cells was found to be low, either because of suppressive factors produced by the
tumor cells or limited availability of antigen. Elucidating the mechanisms of both the
immune response of the immune aggregates, as well as tumor binding to the omentum may
enhance our ability to prevent peritoneal metastasis and induce a clinical immune response
to ovarian cancer and other peritoneal malignancies.
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Fig. 1.
Both mouse and human ovarian tumor cells bind selectively to the immune aggregates of the
omentum and the IVIS system can be utilized to visualize growth of tumors on the
omentum. 2 × 105 mouse ID8/Cherry (a, b) or CFSE-labeled human OVCAR-3 (b, c) tumor
cells were injected i.p. into C57BL/6 mice. The omentum was removed 6 h later and stained
for CD45 to label immune cells (a, c). For each tumor, images from the same field illustrate
an immune aggregate (a or c) that contains numerous ID8/Cherry (b) or CFSE-labeled
OVCAR-3 (d) tumor cells. Interestingly, these tumor cells were not found elsewhere on the
omentum. Bars represent 50 μm (a, b) and 100 μm (c, d). 8 × 105 B16/Luciferase cells were
injected i.p. The same mouse was then monitored for tumor growth at either 24 (data not
shown), or 96 h (e) later using the IVIS system. After this timepoint, the omentum with
tumor was removed along with an omentum from an uninjected mouse (f), and again
analyzed using the IVIS system (g). Clearly, the tumor grows initially on the omentum and
mesentery as illustrated in (g), and tumor growth can be monitored over time based on
emitted light intensity
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Fig. 2.
GFP splenocytes home to immune aggregates, which possess a collagen matrix overlay.
Omenta were removed and stained with anti-CD45 to label immune cells (red) and with
anti-collagen type I (yellow). Overlaid images from the same field of view illustrate an
immune aggregate and the co-localization of collagen I, which directly overlays on the
immune aggregate. The bar represents 25 μm (a). 6 × 105 GFP+ splenocytes obtained from a
β-actin GFP mouse were injected i.p. into syngenic C57BL/6 mice. The omentum was
removed 1 h after injection and stained for CD45 to label immune cells. Images from the
same field illustrate a CD45+ immune aggregate (red) that contains numerous transferred
GFP+ splenocytes (green). Interestingly, these splenocytes were not found elsewhere on the
omentum. Bar represents 50 μm (b)
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Fig. 3.
Omental vessels from tumor-bearing mice show VEGF-A and express VEGFR3. Naïve
omenta were removed and stained with anti-CD31 (red) to label vessels and either VEGF-A
(green) (a) or VEGFR3 (green) (b). The overlay of the images is shown in yellow (a, b). 2 ×
105 B16/GFP tumor cells were injected i.p. into C57BL/6 mice. The omentum was removed
6 days later, stained and whole mount performed. All images are from the same field of an
immune aggregate stained for anti-CD31 to label vessels (red) and VEGFR3 (green) or
showing the B16/GFP tumor cells (blue) (c). Bars represent 50 μm
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 ±
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 ±
 1
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 1
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 ±
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 ±

 8
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Table 3

C57BL/6 mice were immunized i.p. with tosyl activated beads alone, or beads coated with 230 μg Ova/108

beads or with 5 × 105 bone marrow derived DC pulsed with Ova peptides, and 5 days later the organs
removed, dissociated and the cells cultured ± Ova peptide overnight and the ELISpot assay developed

Immunization Spleen cells Omental cells Peritoneal lavage cells

Beads alone 0 0 10

Beads + Ova 43 >700 253

Ova peptide pulsed BMDC 231 208 468

ID8/Ova 0 10

In the case of ID8/Ova, 5 × 106 ID8/Ova were injected i.p. and 6.5 weeks later, peritoneal lavage and omentum dissociated and pooled and

cultured with tumor lysate overnight and the Elispot assay developed. Results are given as the number of Ova specific IFN-γ ELISpots/1.25 × 105

cells
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Table 4

Presence in ID8 cells of mRNA for factors involved in angiogenesis

Using RT-PCR mRNA was obtained from ID8 cells grown in vitro. Negative controls done in the absence of RT had no bands
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