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Abstract

Purpose—Natural killer T (NKT) cells are important mediators of anti-tumor immune responses. 

We have previously shown that ovarian cancers shed the ganglioside GD3, which inhibits NKT 

cell activation. Ovarian cancers also secrete high levels of vascular endothelial growth factor 

(VEGF). In this study, we sought to test the hypothesis that VEGF production by ovarian cancers 

suppresses NKT cell-mediated anti-tumor responses.

Experimental Design—To investigate the effects of VEGF on CD1d-mediated NKT cell 

activation, a conditioned media model was established wherein the supernatants from ovarian 

cancer cell lines (OV-CAR-3 and SK-OV-3) were used to treat CD1d-expressing antigen 

presenting cells (APC) and co-cultured with NKT hybridomas. Ovarian cancer associated-VEGF 

was inhibited by treatment with Bevacizumab and Genistein, conditioned medium was collected 

and CD1d-mediated NKT cell responses were assayed by ELISA.

Results—Ovarian cancer tissue and ascites contain lymphocytic infiltrates, suggesting that 

immune cells traffic to tumors, but are then inhibited by immunosuppressive molecules within the 

tumor microenvironment. OV-CAR-3 and SK-OV-3 cell lines produce high levels of VEGF and 

GD3. Pretreatment of antigen presenting cells with ascites or conditioned medium from OV-

CAR-3 and SK-OV-3 blocked CD1d-mediated NKT cell activation. Inhibition of VEGF resulted in 

a concomitant reduction in GD3 levels and restoration of NKT cell responses.

Conclusions—We found that VEGF inhibition restores NKT cell function in an in-vitro ovarian 

cancer model. These studies suggest that the combination of immune modulation with anti-

angiogenic treatment has therapeutic potential in ovarian cancer.
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Introduction

In the United States, ovarian cancer is the fifth most common cause of cancer death among 

women (1). In fact, >120,000 women worldwide die each year from this disease that has the 

highest fatality-to-incidence of all gynecologic malignancies (2). The major clinical 

challenge for this disease is that the majority of patients present with late stage disease 

− 70% of patients have stage III or IV disease at the time of diagnosis. Despite 

improvements in treatment, even with aggressive cytoreduction combined with 

chemotherapy, five- year survival rates of patients with advanced ovarian cancer remain less 

than 50% (3, 4). The lack of effective treatment options for relapse requires the development 

of alternative interventions against this recalcitrant disease.

In ovarian cancer, immune function is central to response to treatment and prognosis (5-11). 

Several groups have reported that long-term survivors (>10 years) have higher levels of T 

cell infiltrates in their tumors. However, the immune response is more nuanced. The 

presence or absence of specific T cells subsets has been correlated to survival (7). Tumor 

infiltration by regulatory T cells (CD4+CD25+ T cells) is indicative of reduced survival, 

whereas the presence of intraepithelial CD8+ T cells is associated with favorable prognosis 

in ovarian cancer (8).

Escape from the host's immune system is crucial for cancer growth and development of 

metastasis. Identification of immunosuppressive factors produced within the tumor 

microenvironment, and the ability to target these factors could enhance anti-tumor immune 

responses. Several studies have focused on tumor-associated immune suppression mediated 

by T regulatory (Treg) cells, myeloid derived suppressor cells (MDSC), immunosuppressive 

dendritic cells, immune-inhibitory receptors, and inhibitory factors, including TGF-β, 

prostaglandins, and adenosine (12-17). In addition, components of ovarian ascites fluid have 

also been shown to inhibit immune function (18). Recently, it was reported that 

phosphatidylserine present in extracellular vesicles (EV) harvested from ovarian tumor 

ascites fluids and from solid ovarian tumors induces TCR signaling arrest (19). In addition, 

we have shown that ganglioside (GD3) produced by ovarian cancer cells is present in ascites 

fluid and can inhibit antitumor natural killer T (NKT) cell responses (20). Similarly, it has 

been reported that higher levels of gangliosides, specifically GD3, are present in sera of 

ovarian cancer patients compared to healthy donors due to ganglioside shedding from the 

surface of tumor cells (21).

VEGF levels in the ascites of ovarian cancer patients are much higher (up to tenfold higher) 

than levels in ascites associated with other solid tumors (22). These high ascites VEGF 

levels in patients with ovarian cancer have also been shown to be inversely correlated with 

survival (23, 24), correlate directly with invasion and metastasis of ovarian cancer cells and 

further play a role in the formation of ovarian cancer related ascites (25, 26). Huang and 

colleagues demonstrated that low-dose anti-VEGF antibody therapy helps to facilitate the 

penetration of immune effector elements into the tumor parenchyma (27, 28). VEGF also 

reduces T cell cytotoxic activity increasing VEGF production by tumor cells, creating a 

negative feedback loop that my be harnessed to improve treatment or help overcome 
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chemotherapy resistance (29, 30). In the present study, we sought to characterize the 

interaction between angiogenesis and immune function in ovarian cancer cells.

Materials and Methods

Patient samples

Ovarian cancer associated ascites were collected from patients undergoing primary 

cytoreductive surgery by the Kelly Gynecologic Oncology Service at Johns Hopkins 

Medical Institutions and at the Marlene and Stewart Greenebaum Cancer Center at the 

University of Maryland School of Medicine. All donors gave written informed consent 

before enrolling in the study. The Institutional Review Boards of Johns Hopkins Medical 

Institutions and the University of Maryland Medical Center approved this investigation. 

Ovarian cancer samples were obtained from the tissue bank and 4μm-sections of paraffin-

embedded tissues were deparaffinized and rehydrated, and an antigen retrieval procedure 

performed according the manufacturer's instructions using Target-Retrieval Solution 

(DAKO).

Cell Lines

Human ovarian cancer cells, SK-OV-3, and endometrial cancer cell line, HEC-1A, were 

cultured in McCoy's 5a Modified Medium supplemented with 10% fetal bovine serum and 

penicillin/streptomycin. OV-CAR-3, purchased from the ATCC (Manassas, VA), was grown 

in in RPMI-1640 medium supplemented with 20% fetal bovine serum, 0.01 mg/mL bovine 

insulin, and penicillin/streptomycin. The cell lines were used within six months of purchase.

Murine L cells transfected with vector alone (Lvector) or the WT cd1d1 cDNA in 

pcDNA3.1-neo (Invitrogen) (LCD1dwt) were kindly provided by R.R. Brutkiewicz (Indiana 

University School of Medicine, Indianapolis, IN) (31), and were cultured in DMEM media, 

supplemented with 2 mM L-glutamine, 10% FBS, 500 μg/mL G418 and penicillin/

streptomycin. The cell lines used have been tested and authenticated routinely by staining 

for stable cell surface expression of CD1d, compared to isotype control staining, and also 

compared to cells stably transfected with the empty control vector.

The Vα14+ NKT cell hybridoma cell lines DN32.D3, (32, 33), N38-2C12, N38-2H4, 

N38-3C3, and the CD1d-specific NKT cell hybridoma N37-1A12 (Vα5+), have all been 

described (34) and were cultured in IMDM medium supplemented with 5% FBS and 2 mM 

L-glutamine. The NKT cells are tested for specificity to CD1d in each experiment via 

functional T cell assay.

VEGF inhibition

VEGF was purchased from Sigma (#V7259) and reconstituted as per manufacturer's 

instructions. Genistein was purchased from Sigma (#G6649) and reconstituted in DMSO. 

Bevacizumab/ Avastin (Genentech) was supplied reconstituted by the manufacturer in water 

supplemented with salts. OV-CAR-3 cells were seeded in a flask, allowed to grow to 70% 

confluence and subsequently treated with increasing concentrations of Genistein and vehicle 

(DMSO) for 3 days, with daily medium and drug change, followed by a 24 hour fresh 
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medium recovery phase. Similarly, OV-CAR-3 cells were treated with Bevacizumab and 

vehicle (PBS) for 3 days with daily medium and drug exchange. Following a 24-hour 

recovery period, supernatants were harvested and used in conditional medium experiments.

Inhibition of GD3

OV-CAR-3 cells were infected with adenovirus encoding for human NEU3 (AdNEU3) or 

GFP plasmid (AdGFP), as a control at a multiplicity of infection (MOI) of 100 for 20-24h at 

37°C. Plasmid construction and packaging are previously described (35). OV-CAR-3 cells 

were grown to confluence and allowed to recover for one day with fresh medium not 

containing the virus. Medium was collected and used in conditioned medium experiments as 

described.

Generation of artificial APC

The preparation of CD1d-Ig–based aAPC was carried out according to the previously 

described method (36). The hCD1d-aAPCs were loaded with lipid antigen and α-GalCer (5 

μg/mL in 1 mL PBS containing 5 × 107 beads).

Treatment of cells with tumor-cell supernatants

The APCs were treated with the clarified supernatants for 4 hours at 37°C, unless otherwise 

indicated. The APCs were subsequently washed extensively with PBS, and cocultured with 

NKT hybridomas (0.5-1 X 105) for 20 to 24 hours at 37°C. Cytokine release was measured 

as an indication of NKT cell activation and was measured by standard sandwich ELISA 

(Biolegend). For the ovarian cancer cocultures, ovarian cancer cell lines were fixed in 0.05% 

paraformaldehyde for 20 min at room temperature, washed, pulsed with α-GC and co-

cultured with NKT cells. Supernatants were harvested after 16 hours. The VEGF ELISA 

was performed according the manufacturer's instructions (R&D Systems).

Immunoblotting

L-CD1d cells were pretreated with the indicated ascites for 4 hours. The cells were washed 

in PBS and lysed. Equal amounts of protein were then resolved on a 10% SDS-PAGE gel 

and transferred to a polyvinylidene difluoride membrane. The blot was processed using anti-

p38, anti-JNK, or anti-ERK1/2 Abs specific for the phosphorylated forms and developed 

using chemiluminescence before exposure on film. The blot was then stripped and reprobed 

with Abs for the detection of total p38 and ERK1/2 (Cell Signaling Technologies).

Intracellular Staining

Intracellular staining was performed according to the BD Transcription Buffer Set (BD 

Pharmingen) protocol. GD3 mAb (Abcam) was used at a concentration of 1 μg/mL. ERK 

and pERK antibodies were purchased from Cell Signaling and were used at 1:50 dilution. 

Secondary antibody for GD3 (PE-anti-mouse IgG; Biolegend); secondary antibody for ERK/

pERK (APC-anti-rabbit IgG; Life Technologies) were used at a 1:50 dilution. Isotype 

control Abs (mouse IgG3 and rabbit IgG purchased from Biolegend) were used as indicated.
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Statistical analysis

Data analysis was conducted by Prism software (version 5.02 for Windows; GraphPad). 

Parametric statistics were used to analyze differences between experimental groups, when 

needed. Where multiple groups existed within a single experiment, multiple between-group 

comparisons were made by ANOVA with the Bonferroni post-test, with the following 

designations for p values: *p<0.05, **p<0.01, and ***p<0.001. A p value less than 0.05 was 

considered significant. The error bars in the bar graphs indicate S.E.M.

Results

Conditioned medium from ovarian cancer cell lines inhibit NKT cell activation

We previously reported that ovarian cancer tumor cells in ascites fluid shed soluble factors 

that inhibit CD1d-mediated activation of NKT cells (18, 20). In the current study, we 

confirmed those findings (Fig 1A) and examined whether treatment with conditioned 

medium from ovarian cancer cell lines would inhibit the ability of CD1d-expressing cells to 

stimulate NKT hybridomas. Mouse fibroblasts expressing high levels of CD1d (LCD1dwt) 

were incubated with cell-free supernatants from ovarian cancer cell lines OV-CAR-3 and 

SK-OV-3 cultured to confluence. Treatment with conditioned medium treatment inhibited 

NKT cell activation, as evidenced by decreased IL-2 (Fig 1B) and IL-4 (Fig 1C) production. 

These data demonstrate established ovarian cancer cell lines secrete soluble factors that 

block CD1d-mediated antigen presentation to NKT cells.

Lymphocytes are present within the tumor microenvironment

We next assessed whether there were T cells within the tumor microenvironment that could 

be influenced by the immunosuppressive factors produced by ovarian cancers. Ovarian 

cancer samples obtained from the tissue bank were examined for CD3 and CD8 expression. 

As shown in Figure 2A, large numbers of lymphocytes infiltrate the tumor 

microenvironment. Of note, there was a higher percentage of CD4−CD8− double negative T 

lymphocytes present in NKT cell inhibitory ascites, compared to non-inhibitory ascites fluid 

(Fig 2B). These data suggest that lymphocytes within the tumor microenvironment may be 

actively suppressed by factors produced by ovarian cancers. To define the factors responsible 

for inhibiting CD1d-mediated NKT cell activation, ovarian cancer associated-ascites was 

passed through size exclusion columns and treated with proteinase K (Supplemental Figures 

1 A-C). Filtration of the ascites did not alter its inhibitory properties; however, treatment 

with proteinase K resulted in a loss of suppressive activity. These data suggest that in 

addition to the previously identified factor, ganglioside G3, one or more other soluble 

factor(s), likely a protein, produced by ovarian cancers modulates CD1d-mediated 

presentation to NKT cells.

High VEGF levels in patient ascites and ovarian cancer cell conditioned medium

Given the critical role of growth factors in the biology of epithelial ovarian cancer, we 

measured VEGF levels in ascites fluid and conditioned medium. In Fig 3A, donors OC1, 

OC4, OC5, and OC9 had primary disease. Patient OC6 had recurrent disease and another 

donor was diagnosed as low malignant potential (NMA). VEGF was present in the ascites of 
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ovarian cancer patients (Fig 3A) and conditioned medium from ovarian cancer cell lines 

(Figure 3B). HEC-1-A, an endometrial cancer cell line was included as it has been reported 

to secrete VEGF (37). Moreover, treatment of CD1d-expressing cells with comparable levels 

of recombinant VEGF resulted in a dose-dependent decrease in NKT cell activation (Figure 

3C).

VEGF inhibition in ovarian cancer cells restores NKT responses

To confirm a role for VEGF in suppressing NKT cell function, we introduced a neutralizing 

anti-VEGF antibody, Bevacizumab/Avastin (Figure 3D). Immuno-blockade of VEGF dose-

dependently restored NKT cell function, indicating that VEGF is directly responsible for 

NKT cell suppression (Figure 3E). To further establish a role for ovarian cancer-associated 

VEGF in suppressing NKT cell function, we used a flavonoid known to inhibit VEGF in 

ovarian cancer cells lines, Genistein (Figure 4A) (38). Genistein is a tyrosine kinase 

inhibitor (Figure 4B) and similar to Avastin, treatment of ovarian cancer cell lines with 

Genistein restored CD1d-mediated antigen presentation to NKT cells (Figure 4C).

Previous studies showed that the ganglioside GD3 in ovarian cancer ascites was responsible, 

at least in part, in inhibiting CD1d-mediated NKT cell activation (20). Accordingly, we 

examined ovarian cancer cell lines OV-CAR-3 and SK-OV-3 for GD3 expression. As shown 

in top panels of Fig 5A, flow cytometric analysis indicated that GD3 is present in these cells. 

We then asked whether VEGF and ganglioside synthesis pathways might be linked, working 

in tandem to suppress immune responses. To establish crosstalk between VEGF and GD3, 

we asked whether VEGF inhibition alters GD3 expression in ovarian cancer cell lines. We 

found that GD3 expression was reduced after 72 hours of Genistein treatment (Figure 5A), 

and treatment with GD3 inhibited CD1d-mediated NKT cell activation (Fig 5B). To 

establish that Genistein-mediated GD3 inhibition is responsible for restoring NKT cell 

responses, we overexpressed the plasma membrane-associated sialidase NEU3 in ovarian 

cancer cells. NEU3 has been shown to decrease GD3 (39). Following infection with 

adenovirus encoding for human NEU3 (AdNEU3), we harvested cell culture supernatants 

and utilized the conditioned medium. Supernatants from NEU3-overexpressing cells 

inhibited NKT cell function to a lesser extent than did controls (Figure 5C). Other groups 

have shown an activating role for GD3 (40, 41). We hypothesized that the source of GD3 

may influence its functional impact. We treated CD1d-expressing cell lines and artificial 

antigen presenting cells (aAPC) with GD3 from different sources. It was found that GD3 

from bovine brain (source of our original stock) was inhibitory, compared to GD3 isolated 

from buttermilk (Supplemental Figures 2A-B). In addition, we examined whether there may 

be reciprocal regulation between VEGF and GD3 by comparing VEGF levels in conditioned 

medium from ovarian cancer cells infected with control adenovirus and AdNEU3. However, 

VEGF levels were similar in the presence and absence of NEU3 ectopic expression (Fig 

5D). Taken together, these data suggest that VEGF can modulate GD3 expression and 

confirm that ovarian cancer-associated GD3 is responsible for suppressing CD1d-mediated 

NKT cell activation.
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Ovarian cancer cells can act as antigen presenting cells to NKT cells

We have found that conditioned medium from ovarian cancer cell lines and ascites fluid (Fig 

6A) inhibits CD1d-mediated NKT cell activation. In addition to studying active competition 

for glycolipid antigen bound to CD1d (20), we investigated whether treatment with ascites 

fluid directly modulated MAPK signaling cascades. As shown in Fig 6A, pretreatment with 

ascites from patients OC85-87 inhibited CD1d-mediated NKT cell activation; however, we 

observed ascites-specific differences in MAPK activation (Figure 6B). Treatment with 

OC-85 resulted in an increase in p38, OC-86 had a decrease in ERK, and OC87 had a 

decrease in phosphorylated JNK. Ovarian cancers express CD1d and utilize different 

pathways to evade immune detection. We asked whether ovarian cancers could serve as 

antigen presenting cells in the absence of these soluble factors. Ovarian cancer cell lines, 

OV-CAR-3 and SK-OV-3, were fixed with paraformaldehyde and co-cultured with NKT 

cells (Figure 6C). Importantly, we found that fixation of ovarian cancer cell lines resulted in 

a >2 fold increase in their ability to activate NKT cells.

In summary, we have identified a novel immunomodulatory link between VEGF and 

ganglioside biosynthesis pathways in ovarian cancer. In our proposed model (Fig 6D), we 

postulate that activation of VEGF receptor signaling activates of MAPK signaling, which in 

turn induces GM3 synthase. GM3 synthase produces the direct precursor to GD3, thereby 

leading to the synthesis of immunosuppressive GD3. Blockade of VEGF signaling therefore 

depletes the precursor pool and results in a decrease in GD3 shedding.

Discussion

Here, we report that treatment of CD1d-expressing cells with conditioned medium from 

human ovarian cancer cell lines abrogated their ability to activate both canonical and 

noncanonical NKT cells. Mechanistically, we found that inhibiting VEGF resulted in a 

decrease in ganglioside GD3 expression and restoration of NKT cell responses. In addition, 

we addressed the link between VEGF and lipid signaling and demonstrated that tumors may 

utilize multiple signaling pathways to achieve escape from immune surveillance. We have 

identified a novel mechanism by which angiogenic signaling pathways contribute to immune 

suppression through alteration of the lipid repertoire, with VEGF serving as one of the 

modulators of the lipid rheostat.

The level of VEGF in ovarian cancer serum and ascites fluid can be directly related to 

disease burden, and is inversely related to survival (42-44), thus targeting VEGF has become 

important to treatment of ovarian cancer. Preclinical studies with anti-VEGF antibodies have 

shown that inhibiting VEGF blocks angiogenesis and the formation of ascites (45). 

Bevacizumab has shown great promise in the treatment of recurrent and metastatic disease 

(46-49). Bevacizumab has also been used to palliate fluid accumulation in patients with 

ovarian cancer associated-ascites (30). In contrast, Gourley et al. identified a molecular 

signature within a subset of 284 high-grade serous cancers from the ICON7 trial in which 

antiangiogenic therapy might actually confer a worse progression-free survival (PFS) and 

overall survival (OS) when compared with chemotherapy alone (50). Specifically, in this 

study mRNA from 265 HGSOCs from Scottish patients was compared to 283 UK samples 

from the ICON7 study in which patients were treated first line with paclitaxel/carboplatin +/
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− concomitant and maintenance with Bevacizumab for 12 months. The authors reported a 

63-gene signature that identified an immune subgroup that had superior PFS and OS when 

compared with the two-proangiogenic subgroups combined, but which showed a decrease in 

survival when treated with Bevacizumab. These studies are informative and require further 

investigation.

Ascites, a clinical hallmark of ovarian cancer, reportedly predicts treatment benefit for 

Bevacizumab in epithelial ovarian cancer (51). More than one third of ovarian cancer 

patients present with ascites. Several types of pro-inflammatory and tumor-promoting 

factors have been identified in ovarian cancer ascites fluid. For example, pro-inflammatory 

cytokines IL-6 and IL-10 are detectable in ascites. Of the multitude of cytokines present in 

ascites (52), several have been shown to inhibit T cell function. Alteration of T cell function 

by ovarian cancer cells and ascites is known to contribute to poor prognosis (20, 23). Based 

on the well-described relationship between advanced ovarian cancer, ascites, VEGF and T 

cell function, we postulated that VEGF plays a central role in mediating this immune 

response. Our data support the concept that inhibition of VEGF not only affects 

angiogenesis, but also has an unexpected effect on the shedding of GD3. Notably, ovarian 

cancer is heterogeneous and the genomic landscape of epithelial ovarian cancer varies 

depending on the tumor stage, grade, and sensitivity to chemotherapy. Due to tumor cell 

heterogeneity and redundancy in angiogenic pathways, it is likely that combining therapies, 

such as targeted therapy and immunotherapy, will be necessary to overcome resistance. 

Further studies are needed and biomarkers to help identify individuals most likely to benefit 

from such therapies are essential.

In other disease states, interactions have been reported between VEGF and immune 

function. A positive correlation between peripheral blood Treg concentrations and baseline 

VEGF has been demonstrated in stage IV melanoma patients (53). In good agreement, a 

recent study by Farsaci et al. (54) showed that using antiangiogenic tyrosine kinase 

inhibitors in combination with a therapeutic vaccine increased CD3+ tumor infiltrating 

lymphocytes (TILs) and tumor antigen–specific CD8+ T cells. Furthermore, Gavalas et al. 

demonstrated that ascites-derived VEGF directly suppressed T cell activation and reduces T 

cell proliferation in a dose-dependent manner (55). Conversely, blockade of VEGF receptor 

on the surface of T cells restored T cell proliferation. Moreover, T cell-mediated cytotoxicity 

was suppressed by the addition of VEGF. Taken together, these studies implicate a role for 

VEGF in directly modulating T cell responses in ovarian cancer.

To determine whether VEGF might have comparable effects on NKT cells, we ascertained 

that primary human NKT cells express the VEGF receptor (data not shown). This finding 

suggests that VEGF may suppress NKT cell function both directly (via binding to VEGF 

receptor on NKT cell surface) and indirectly (by altering tumor ganglioside shedding). 

Future studies will determine whether VEGF functions through inhibition of NKT cells 

directly, or through alteration of antigen presentation. These studies suggest that targeting of 

tumor VEGF production is a rational approach to restore anti-tumor immune responses.

It is well known that tumors alter between distinct different pathways can promote 

tumorigenesis. VEGF receptor engagement activates ERK and may thus be responsible for 
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activation of GM3 synthase-mediated synthesis of the direct precursor to GD3. Chung et al. 

demonstrated that ERK is responsible for activation of GM3 synthase (56). VEGF inhibition 

may suppress GM3 activity and thus deplete precursor pool, leading to a decrease in GD3 

levels. Notably, ovarian cancer associated GD3 may undergo modifications, such as 

acetylation, that cause immunosuppression. We have tested GD3 preparations from different 

labs and different companies and have obtained strikingly distinct results with comparable 

amounts of lipid.

In summary, we have found that VEGF inhibition suppresses GD3 and hypothesize that 

VEGF receptor-mediated activation of ERK induces ganglioside shedding by ovarian cancer 

cells. However, further work elucidating the link between VEGF and GD3 axis is needed. 

Finally, fixation of ovarian cancer cells, which abrogated their VEGF secretion, restored 

their ability to present antigen to NKT cells. These data demonstrate that VEGF suppresses 

NKT cell function and that modulation of VEGF secretion via Genistein and direct blockade 

of VEGF with Bevacizumab restores NKT cell responses.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Vascular endothelial growth factor (VEGF) inhibition has become important to treatment 

of ovarian cancer. VEGF expression is inversely correlated with survival in ovarian 

cancer patients. Ovarian cancer associated ascites contains much higher levels of VEGF 

compared to ascites found in patients with other solid tumors. Bevacizumab, a 

monoclonal antibody that binds to VEGF and prevents the interaction of VEGF with its 

receptors, has demonstrated activity in the treatment of recurrent and metastatic ovarian 

cancer. Bevacizumab is also useful in palliation of ascites in patients with advanced and 

recurrent ovarian cancer where ascites is a hallmark of disease. Since avoiding detection 

by the host's immune system is crucial for the growth and metastasis of cancer, we sought 

to examine the effects of ovarian cancer associated VEGF on CD1d-mediated antigen 

presentation to natural killer T (NKT) cells. We found that inhibiting VEGF secretion by 

ovarian cancer cell lines restored NKT cell activation. Herein, we demonstrate a novel 

link between immunosuppressive ganglioside shedding and VEGF production by ovarian 

cancers. By establishing a mechanism through which VEGF impairs anti-tumor immune 

responses, our studies have the potential to enhance the clinical therapeutic possibilities 

for women with this disease.
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Figure 1. Tumor Ascites and Conditioned medium from ovarian cancer cell lines inhibits NKT 
cell activation
(A) LCD1d cells were treated with control medium or with ovarian cancer ascites fluid from 

patients for 4 h, then washed extensively and cocultured with a panel of NKT cell 

hybridomas (DN32.D3, N37-1A12, N38-3C3 and N38-2C12). After 20-24 h, IL-2 was 

measured as an indication of NKT cell activation using standard cytokine ELISA. (B, C) 

LCD1d cells were treated with supernatants from confluent ovarian cancer cell lines 

OVCAR-3 and SK-OV-3 for 4 hours at 37°C and washed extensively following treatment. 

Control LCD1d cells were concurrently treated with RPMI (B+ Medium) and McCoy 

media. Lvector cells serve as a negative control. N.D.=not detectable. Following treatment, 

LCD1d cells were co-cultured with NKT cell hybridomas, DN32.D3, and incubated for 24 

hours at 37° C. Standard ELISA was performed to measure cytokine production (B) IL-2 (C) 

IL-4. Data are shown as mean ±S.E.M. of one experiment set up in triplicate. The 

experiments were performed at least twice with each ascites sample and three times with 
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conditioned medium. T-tests were performed to compare medium vs. conditioned medium 

groups, yielding p-value of p=0.0061 for IL-2 and p=0.0187 for IL-4.
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Figure 2. Lymphocytes are present within the tumor microenvironment
(A) Representative images of patient tissue sections from confirmed cases of ovarian cancer 

were stained for CD3 and CD8. (B) Flow cytometry was performed to assess T cell 

subpopulations within the ascites. CD1d-expressing cells were treated with cell-free ascites 

for 4 hours, then washed extensively and cocultured with a panel of NKT cell hybridomas. 

Samples that caused <10% inhibition of IL-2 production by NKT cells were deemed non-

inhibitory, the others are referred to as inhibitory.
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Figure 3. VEGF inhibits NKT cell function
(A) VEGF levels in ovarian cancer patient ascites and (B) OV-CAR-3, SK-OV-3 and 

endometrial cancer cell lines HEC-1 were measured by ELISA. In (A), non-malignant 

ascites (NMA) represents VEGF levels in non-cancer-associated ascites. The negative 

control is the assay diluent used in the ELISA assay and the positive control was 

recombinant VEGF (1000 pg/mL). ND=not detectable. (C) LCD1d cells were treated with 

the indicated concentrations of recombinant VEGF for 4 hours, then washed extensively and 

cocultured with NKT cell hybridomas, DN32.D3 and N38-3C3. (D) OV-CAR-3 cells were 

treated with increasing concentrations of Bevacizumab/Avastin and VEGF levels in the cell 

culture supernatant were assessed after 24 hours by ELISA. (E) OV-CAR-3 cells were 

treated with increasing concentrations of Bevacizumab/Avastin for 3 days, following a one-

day recovery period in fresh culture medium. Pretreatment of CD1d-expressing cells with 

conditioned medium were performed as described above. ANOVA with Bonferroni post-test 

confirmed significance. *p<0.05; **p<0.01; and ***p<0.001 for treatment groups compared 

to control.
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Figure 4. Inhibiting VEGF blocks GD3 in ovarian cancer cells
(A) OV-CAR-3 cells were treated with Genistein and VEGF levels in cell culture 

supernatants were measured 24 hours post treatment. (B) As a control for Genistein, ERK 

and phosphorylated ERK (pERK) were assessed by flow cytometry in OV-CAR-3 cells 

treated with 10 μM Genistein for 24 hours. (C) OV-CAR-3 cells were treated with increasing 

concentrations of Genistein or vehicle (DMSO) for 3 days, followed by a one-day recovery 

period. Conditioned medium from the vehicle and Genistein-treated cells were used to treat 

LCD1d cells for 4 hours. Following treatment, LCD1d cells were co-cultured with NKT cell 

hybridomas DN32.D3 and N38-3C3. IL-2 production was measured by standard ELISA. 

ANOVA compared treatment groups to the vehicle-treated group and Bonferroni post-test 

confirmed significance.
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Figure 5. Ovarian cancer-associated GD3 inhibits NKT cell responses
(A) GD3 expression in ovarian cancer cell lines was assessed using flow cytometry. OV-

CAR-3 and SK-OV-3 cells were treated with vehicle or 10 μM Genistein for 72 hours. Cells 

were fixed, permeabilized, and stained either with primary anti-GD3 antibody alone or with 

primary and PE-conjugated secondary antibodies. (B) CD1d-expressing cells were treated 

with GD3 at the indicated concentrations for 4 hours, washed and co-cultured with NKT cell 

hybridomas, DN32.D3, N37-1A12, and N38-3C3. Treatment with GD3 significantly 

inhibited CD1d-mediated NKT cell activation. (C) Adenovirus encoding for human NEU3 

(AdNEU3) or GFP (AdGFP) was used to infect OV-CAR-3 cells. Following infection and a 

one-day recovery period, supernatants from confluent cells were used in conditioned 

medium experiments. ANOVA compared treatment groups to the vehicle-treated group, with 

Bonferroni post-test confirming significance. *p<0.05 and ***p<0.001 for AdNEU3 

compared to AdGFP. (D) Following infection and a one-day recovery period, supernatants 

from confluent cells were assessed for VEGF levels.
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Figure 6. Ovarian cancer cells can present antigen to NKT cells
(A) LCD1dwt cells were treated with control medium or with ovarian cancer ascites fluid 

from patients for 4 h, then washed extensively and cocultured with a panel of NKT cell 

hybridomas (DN32.D3, N38-3C3 and N37-1A12). After 20-24 h, IL-2 was measured as an 

indication of NKT cell activation using standard cytokine ELISA. (B) Ascites pretreatment 

induces MAPK signaling. LCD1d1wt cells were incubated with ascites for 4 hours, the cells 

were lysed and then equal amounts of protein were loaded per well for the detection of 

phosphorylated and total p38, phosphorylated JNK, and ERK1/2 expression by Western blot 

analysis. (C) Fixation of OV-CAR-3 and SK-OV-3 cells restored their antigen presentation 

capabilities. The ovarian cancer cells were fixed in 0.05% paraformaldehyde, pulsed with α-
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GC and co-cultured with NKT cells. Supernatants were harvested after 16 hours. (D) 

Proposed model of crosstalk between the VEGF, MAPK, and GD3 signaling pathways. We 

postulate that activation of VEGF receptor signaling leads to the activation of MAPK 

signaling. MAPK signaling can induce GM3 synthase, which will lead to the production of 

GD3. Fixation of the ovarian cancer cells will prevent the induction of these signaling 

cascades, thereby removing these immunosuppressive factors from the microenvironment 

and allowing the presentation of glycolipid antigen to NKT cells.

Tiper et al. Page 21

Clin Cancer Res. Author manuscript; available in PMC 2017 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Patient samples
	Cell Lines
	VEGF inhibition
	Inhibition of GD3
	Generation of artificial APC
	Treatment of cells with tumor-cell supernatants
	Immunoblotting
	Intracellular Staining
	Statistical analysis

	Results
	Conditioned medium from ovarian cancer cell lines inhibit NKT cell activation
	Lymphocytes are present within the tumor microenvironment
	High VEGF levels in patient ascites and ovarian cancer cell conditioned medium
	VEGF inhibition in ovarian cancer cells restores NKT responses
	Ovarian cancer cells can act as antigen presenting cells to NKT cells

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

