Lipid accumulation and dendritic cell dysfunction in cancer
Donna L. Herber*1, Sergey V. Novitsky*1, Srinivas Nagaraj*1, Yulia Nefedova*, Wei Cao*,  Alex Corzo*, Valerian Kagan#, Stella C. Knight♣, Tapan Padhya♦, Thomas V. McCaffrey♦, Judith C. McCaffrey♦, Dmitry Gabrilovich*2
*-Department of Immunology H. Lee Moffitt Cancer Center and Research Institute,  

+-Department of Molecular Medicine and ♦-Otolaryngology, University of South Florida, Tampa, FL 

#-University of Pittsburgh, Pittsburgh, PA
♣-Imperial College London, London, UK
1-contributed equally to this work
2-address for correspondence: Dmitry Gabrilovich, H. Lee Moffitt Cancer Center, MRC 2067, 12902 Magnolia Dr. Tampa, FL, 33647

Ph. 813-745-6863

Email: dmitry.gabrilovich@moffitt.org

Abstract
Dendritic cells (DC) are a critical element of the immune system responsible for acquisition and presentation of antigens and induction of immune responses. DC dysfunction in cancer is a well described phenomenon that plays an important role in immune escape and failure of immunotherapy. Here, we report surprising findings that a substantial proportion of DCs in tumor-bearing mice and cancer patients have increased levels of fatty acids. Accumulation of lipid laden DCs was especially prominent in tumor sites. Lipid accumulation in DCs was caused by increased uptake of extracellular lipids by these cells due to up-regulation of the expression of several scavenger receptors. When loaded with peptides, DCs with high lipid content effectively stimulated peptide-specific T cells and they did not inhibit ongoing T-cell responses. However, in contrast to DCs with normal levels of lipids, lipid-laden DCs were not able to effectively stimulate allogeneic T cells as well as antigen-specific T cells after loading with soluble ovalbumin. Moreover, these DCs were not able to present antigens associated with tumor. DCs with high and normal lipid levels did not differ in the expression of MHC class I, II and co-stimulatory molecules. DCs with high lipid content took up soluble proteins in vitro and in vivo. However, they were unable to effectively process antigens. Pharmacological normalization of lipid levels in DCs with an inhibitor of acetyl-CoA carboxylase restored the functional activity of DCs and substantially enhanced the effects of a cancer vaccine. This opens a new opportunity for regulation of immune responses in cancer.      
Introduction
DCs are professional antigen presenting cells that are specialized in recognition, acquisition, processing, and presentation of antigens to T cells for the induction of antigen-specific immune responses. Data from many different laboratories has demonstrated the defective function of DCs which could be an important factor in tumor escape (rev. in 1,2). DC defects in cancer are systemic and caused by various tumor-derived factors. One of the major mechanisms of DC defects in cancer is considered to be their altered differentiation. In the presence of tumor-derived factors or in tumor-bearing hosts, accumulation of immature DCs was frequently observed1. These cells express lower levels of MHC class II and co-stimulatory molecules and are unable to effectively stimulate immune responses3. There are number of reports demonstrating the normal function of DCs in tumor-bearing hosts, as well as published data showing their defective function (rev. in2). The function and role of mature DCs in cancer is not well understood. In an attempt to evaluate the effect of tumor-derived factors on DC differentiation we studied the morphology of DCs generated from human CD34+ hematopoietic progenitor cells (HPC) in the presence of tumor cell conditioned medium (TCCM).  To our surprise, analysis of cells by electron microscopy revealed that in contrast to DCs generated in the presence of  fibroblasts-conditioned medium, a a substantial proportion (more than 40%) of DCs generated in the presence of TCCM had large “holes” in the cytoplasm (Fig. S1A). Such “holes” are typically a result of lipid deposits extracted during fixation of the cells. To verify these findings we stained cells with sudan black to detect neutral lipids and observed lipid deposits in DCs generated in the presence of TCCM (Fig. S1B). These observations prompted us to further investigate the possible role of lipids in DC function in cancer.  
Lipids represent a highly diversified group of low molecular weight molecules. Most lipid molecules contain fatty acid moieties4. Lipids are an important energy resource and a major structural component of the membrane matrix, its lipid bilayer. During the last three decades, important signaling functions of fatty acids have also been demonstrated and they are now considered a very important component of the network, regulating the function of different cells (rev in. 5). Lipid metabolism includes the hydrolysis of lipid in the cytoplasm to produce glycerol and fatty acids. The regulation of fat metabolism occurs via two distinct mechanisms. One is short-term regulation, which is controlled by substrate availability, allosteric effectors and/or enzyme modification. Acetyl-CoA carboxylase (ACC) is the rate-limiting step in fatty acid synthesis. Long-term regulation is mediated via alteration of enzyme synthesis and turnover rates.  
A number of studies have investigated the effects of dyslipidemia and dietary fatty acids on DCs. With some notable exceptions, lipids had a negative effect on DC function. Feeding rats a fish oil diet significantly diminished the antigen presentation activity and expression of several adhesion molecules on DCs6.  Treatment of mouse skin with oleic acid caused  a severe decrease in the density of DCs in the skin7. The bacterial metabolite n-butyrate, which occurs physiologically in high concentrations in the gastrointestinal tract, prevented LPS-induced maturation of DC resulting in a reduced capability to stimulate T cells8. Mice injected with lipoxin A4 showed reduced splenic DC mobilization and IL-12 responses
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. The saturated fatty acid, lauric acid, up-regulated the expression of co-stimulatory molecules, MHC class II, and cytokines (IL-12p70 and IL-6) in bone marrow-derived DCs. In contrast, an n-3 polyunsaturated fatty acid (PUFA), docosahexaenoic acid, inhibited TLR4 agonist (LPS)-induced up-regulation of the costimulatory molecules, MHC class II, and cytokine production. Similarly, DCs treated with lauric acid showed increased T cell activation capacity, whereas docosahexaenoic acid inhibited T cell activation induced by LPS-treated DCs
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. PUFAs affected human monocyte-derived DC differentiation and inhibited their activation by LPS, resulting in altered DC surface molecule expression and diminished cytokine secretion
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. Using mouse models of high-fat/cholesterol diet-induced dyslipidemia Shamshiev et al.12 demonstrated that dyslipidemia inhibited TLR-induced production of proinflammatory cytokines, including IL-12, IL-6, and TNF(, as well as up-regulation of costimulatory molecules by DCs in vivo. Decreased DC activation profoundly influenced T helper (Th) cell responses, leading to impaired Th1 and enhanced Th2 responses. Hypercholesterolemic conditions associated with atherosclerosis resulted in inhibition of DC migration from peripheral tissues
 to draining lymph nodes
13
. Dyslipidemia also inhibited the activation of CD8-DCs.12  In contrast, in recent study Packard et al. demonstrated that DCs remain functional under the hypercholesterolemic conditions present in atherosclerosis. In particular, DCs incubated in vitro with acetylated low-density lipoprotein cholesterol maintained their ability to prime CD4+ T cells.  Quantitative real-time PCR and flow cytometric analyses demonstrated that DC expression of multiple molecules involved in antigen processing, presentation, and T-cell stimulation remained unaltered by dyslipidemia
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Taken together these data indicate that fatty acids could be an important factor regulating DC function. However, those results were obtained using dietary fat or dyslipidemia that mimics conditions associated with atherosclerosis. There is scarce evidence about lipid accumulation in DCs in cancer and whether it has any biological or clinical significance. In this study we addressed these questions by employing a number of different tumor models and tissues from cancer patients. We report our novel findings that accumulation of lipids in DCs is not only wide spread and a consistent phenomenon in tumor-bearing hosts, but also has a profound effect on DC function. We demonstrate the possible mechanisms of this phenomenon and provide evidence that regulation of lipid levels in DCs could provide a new avenue for therapeutic regulation of their function in pathological conditions. 

Results
Lipid accumulation in DCs from tumor-bearing mice and cancer patients 
To evaluate the level of lipids in DCs we used the lipophilic fluorescent dye Bodipy 493/503 which can be detected by flow cytometry.  Splenocytes were labeled with APC-conjugated anti-CD11c antibody, stained with Bodipy 493/503 and the fluorescence was measured within the population of CD11c+ cells. DCs from tumor-bearing mice had substantially higher levels of lipids than control DCs. Two populations of DCs from tumor-bearing mice were detectable. One population representing 30-50% of cells had the level of fluorescence similar to that in control DCs. We will refer to this population as DCs with normal levels of lipids (DC-NL). The other population (50-70%) had fluorescence higher than control DCs, (Fig. 1A) referred to as DCs with high lipid content (DC-HL). To assess the level of lipids in DCs from tumor-bearing mice we tested four different tumor models: CT26 colon carcinoma and DA3 mammary carcinoma in BALB/c mice; EL-4 thymoma and MC38 colon carcinoma in C57BL/6 mice. Tumor-free BALB/c or C57BL/6 mice served as controls. In all these models the fluorescence intensity that reflects the level of lipids in DCs from tumor bearing mice was significantly (p<0.05) higher than in DCs from appropriate control tumor-free mice (Fig. 1B). Increased levels of lipids in spleen DCs from CT-26 tumor-bearing mice was also confirmed using a different lipophilic fluorescent dye – Nile Red (Fig. S1C). Lipid accumulation in DCs increased with tumor progression as measured by total fluorescence intensity of DCs (Fig. 1C) and by the proportion of DCs with high lipid content (Fig. 1D).  Lipid accumulation in DCs from tumor-bearing mice was observed in CD11c+CD8+ DCs and CD11c+CD11b+B220- conventional DCs (cDC) but not in CD11c+CD11b-B220+ plasmacytoid DCs (pDC) (Fig. 1E). We compared the level of lipids in DCs from different organs in CT26 tumor-bearing mice. DCs from blood and lymph nodes showed similar level of fluorescence. It was slightly higher (p>0.05) in bone marrow and significantly (p<0.05) higher in spleens. DCs isolated from tumor sites had two-fold higher (p<0.05) level of lipids than DCs from spleens and almost 6-fold higher (p<0.01) than DCs from lymph nodes or blood (Fig. 1F). When compared with control DCs from bone marrow, peripheral blood, and lymph nodes DCs from tumor-bearing mice demonstrated significantly higher level of lipids (Fig. 1G). 
To confirm these observations and to evaluate the lipid profile, CD11c+ DCs from tumor-bearing mice were isolated from the spleens of naïve tumor-free and CT-26 tumor-bearing mice. Total lipids were extracted and analyzed by high performance thin layer chromatography (HPTLC), and electrospray ionization mass spectroscopy (ESI-MS).  DCs from tumor-bearing mice showed dramatically higher levels  of triglyceride than cells from naïve mice (Fig. 2A). However, no differences were found in the profile of major molecular species of triglycerides between these cells (Fig. 2B and Table S1). 
We next asked whether a similar phenomenon of lipid accumulation was observed in cancer patients. Twelve patients with head and neck cancer were evaluated. Peripheral blood, draining lymph nodes, and tumor tissues were collected during surgery. DCs were identified as Lin-CD4+ cells15. Lipid levels were measured in the population of DCs using Bodipy 493/503  (Fig. 2C). DCs from the peripheral blood of donors was used as control. DCs from peripheral blood of patients showed significantly higher levels of lipids than their control counterparts (p=0.02). The lipid level in DCs from lymph nodes and tumor site was also significantly (p<0.05) higher (Fig. 2D). Thus, these data were remarkably similar to those observed in mouse tumor models. 
Mechanism of lipid accumulation in DCs

We asked whether accumulation of fatty acids in DCs was the result of abnormal lipid metabolism in these cells or increased uptake of extracellular lipids by these cells. We have performed a gene array analysis of CD11c+ DCs isolated from spleens of control and CT-26 tumor-bearing mice and evaluated the pattern of expression of genes associated with lipid metabolism. DCs from tumor-bearing mice had increased expression of a number of lipid transporter genes but no differences were observed in the expression of the genes directly involved in fatty acid synthesis (data not shown). Next, we generated DCs in vitro from mouse bone marrow progenitors (HPC) using GM-CSF and IL-4. On days 4-5 CD11c+ DCs were isolated and cultured with tumor explant conditioned medium (TCM) for 24, 48 hr, or 72hr. Twenty-four hour incubation of DCs with 20% TCM resulted in more than 3-fold increase in the lipid level. Further increase in TCM concentration or longer incubation of DCs with TCM did not increase lipid accumulation (Fig. 3A). To evaluate fatty acid uptake, DCs generated from HPC were cultured with 20% TCM for 24 hr and then incubated with fluorescently labeled hexadecanoic (palmitic) saturated fatty acid for 30 min at 37oC or 4oC (control). TCM dramatically increased the uptake of fatty acid by DCs (Fig. 3B). To evaluate the possible role of fatty acid synthesis in accumulation of lipids, DCs isolated from the spleens of control and tumor-bearing mice were cultured overnight in either complete culture medium containing 10% FCS or serum-free medium, both supplemented with GM-CSF. We hypothesized that if DCs from tumor-bearing mice had increased levels of fatty acid synthesis then they should maintain a relatively higher level of lipids even when the source of external lipids was removed. Culture in serum-free medium did not affect the level of lipids in control DCs, whereas elevated levels of lipids in DCs from tumor-bearing mice was reduced after overnight incubation in serum-free medium (Fig. 3C). Taken together these data strongly suggested that increased uptake of lipids by DCs was the major mechanism of lipid accumulation in these cells. 
Why do DCs from tumor-bearing hosts have higher lipid uptake? Scavenger receptors (SR) play an important role in intracellular transport of lipids. Currently little is known about changes in their expression on DCs from tumor-bearing hosts. Therefore, we evaluated the level of four major SR (CD204 (SRA), CD36 (SRB), CD68, and MARCO) on DCs from spleens of naïve tumor-free and CT26 tumor-bearing mice. In tumor-bearing mice the expression of the receptors was compared between DCs with normal and high lipid content. These two populations were distinguished based on gates set around Bodipy 493/503 fluorescence in control DCs. We found no differences in the expression of all 4 tested SRs between DCs from naïve mice and DCs from tumor-bearing mice with normal lipid level. However, DC-HL expressed significantly (p<0.05) higher levels of all four tested SR than control DCs or DC-NL (Fig. 3D). Similar results were obtained in experiments in vitro when DCs generated from HPC were cultured for 24 hr with TCM (Fig. S2).  Elevated levels of CD204 expression was detected in DCs from bone marrow, peripheral blood, spleen, and lymph nodes of tumor-bearing mice as compared with DCs from naïve tumor-free mice. The level of CD204 in DCs isolated from tumor sites was 20-50 fold higher than in other organs (Fig. S2B). Similar patterns of expression was observed for CD68 (data not shown). Thus, the pattern of SR expression was very similar to that of lipids and suggested that up-regulation of scavenger receptors might be involved in lipid accumulation in DCs. To directly test this hypothesis we used fucoidan, a soluble ligand for scavenger receptors, which prevents binding of natural ligands to various SRs. DCs were generated from bone marrow progenitors of naïve mice using GM-CSF and IL-4 and pre-treated for 24 hr with fucoidan followed by 24 hr incubation with TCM or control medium. Fucoidan at the selected concentrations did not affect cell viability (data not shown) but completely abrogated the effect of TCM on lipid accumulation in DCs (Fig. 3E). To investigate the role of specific SRs we used neutralizing antibodies against CD204 and CD36. DCs were pre-incubated with these antibodies 24 hr prior to addition of TCM. Anti-CD36 antibody had only a partial effect on reducing lipid accumulation by DCs, whereas anti-CD204 antibody completely abrogated the effect of TCM (Fig. 3F) suggesting that SRA may play a major role in tumor-mediated accumulation of lipids in DCs.  
To verify the role of SRA in lipid accumulation in DCs we generated DCs from HPC of naïve C57BL/6 mice (CD45.2+). These DCs (5x106) were transferred i.v. into sub-lethally irradiated (500 Rad) congenic (CD45.1+) tumor-free or EL-4 tumor-bearing recipients. Two days later the level of lipids was evaluated in CD45.2+ donor’s cells isolated from recipient spleens. Donor DCs isolated from tumor-bearing recipient mice demonstrated substantially higher levels of lipids than cells transferred into tumor-free mice (Fig. 3G). Similar experiments were performed with DCs generated from mice deficient for SRA. In striking contrast, DCs generated from these mice failed to accumulate intracellular lipid after transfer to tumor-bearing recipients (Fig. 3G). Taken together these data indicated that up-regulation of scavenger receptors could be responsible for accumulation of lipids in DCs in cancer. 
Lipid laden DCs have defective functional activity  
It could be possible that at pathological conditions CD11c+ cells may include myeloid cells other than DCs (macrophages, myeloid-derived suppressor cells, granulocytes) or represent immature DCs and thus lipid accumulation could be associated with those cells. To test this possibility we compared the phenotype of CD11c+ DCs with normal and high lipid content. The gates discriminating high vs. normal lipid content were set based on the staining of lipid staining of CD11c+ cells from naïve tumor-free mice. Experiments were performed with CT26 and EL-4 tumor-bearing mice. We found no differences in the proportion of DCs expressing markers of macrophages or granulocytes (F4/80 and Gr-1) as well as in the level of expression of these markers between CD11c+ DCs with normal and high lipid content (Fig. S3A). Similar results were obtained with DCs exposed in vitro to TCM (data not shown). Both in vitro and in vivo, no differences between DC-NL and DC-HL in the expression of MHC class I, II, and several tested co-stimulatory molecules (CD40, CD86, and CD80) were found (Fig. S3B,C). Activation of DCs with LPS equally up-regulated the expression of these molecules in DC-NL and DC-HL (Fig. S3C). 
To investigate whether lipid accumulation in DCs has functional consequences, splenocytes from  control and CT26 tumor-bearing mice were stained with anti-CD11c antibody and Bodipy 493/503 . Sorting gates were set around lipid levels in control DCs. CD11c+ DCs from tumor-bearing mice were sorted on two populations: DC-NL and DC-HL (Fig. 4A). Sorted cells were then used for stimulation of allogeneic (C57BL/6) T cells. DCs with normal levels of lipids from control and tumor-bearing mice had similar effects on allogeneic T-cell proliferation, whereas DC-HL from tumor-bearing mice had substantially lower stimulatory activity (Fig. 4B). Similar experiments were performed with in vitro generated DCs. Enriched bone marrow progenitor cells were cultured with GM-CSF and IL-4 for 5 days in the presence of TCM followed by 24 hr incubation with LPS. CD11c+ cells with normal and elevated level of lipids were sorted and then used for stimulation of allogeneic T cells. DCs with normal lipid levels demonstrated strong T-cell stimulatory activity, whereas DCs with high lipid content were not able effectively stimulate T cells (Fig. 4C). The observed effect was not strain or tumor specific. DC-HL isolated from EL-4 tumor-bearing C57BL/6 mice demonstrated the same defective ability to stimulate allogeneic T cells from BALB/c mice as cells from CT-26 tumor-bearing mice (Fig. 4D and data not shown). To evaluate the potential contribution of scavenger receptors to this phenomenon DCs were generated from HPC in the presence of TCM (added during last 2 days of culture). Since CD204 plays a major role in accumulation of lipids in DCs (Fig. 3) we added anti-CD204 antibody together with TCM. Anti-CD204 antibody abrogated the negative effects of TCM on the ability of DCs to stimulate allogeneic T cells (Fig. 4D). 
Next, we evaluated the effects of lipid-laden DCs on apoptosis in T cells. DC-NL and DC-HL sorted from EL-4 tumor-bearing mice were cultured with allogeneic T cells and apoptosis was measured after 24 hr incubation among CD3+ T cells using Annexin-V staining. No difference in the level of apoptosis was detected. In fact, all DC populations slightly decreased apoptosis of T cells (Fig. S4). Lipid laden DCs also did not suppress ongoing T-cell responses. DCs from control or EL-4 TB mice were cultured together with syngeneic naïve T cells stimulated with anti-CD3/CD28 antibodies immobilized on beads. In these experimental conditions DC-HL did not suppress T-cell responses (Fig. 4E). 

To evaluate peptide-specific responses in syngeneic systems we used T cells from transgenic mice, which express TCR specific for OVA-derived peptides: OT-II – CD4+ T cells and OT-I – CD8+ T cells. DCs were isolated from EL-4 tumor-bearing mice and were used for stimulation of T cells in the presence of corresponding peptides. No significant differences between DC-NL and DC-HL in the ability to stimulate T cell response to the specific peptides were found (Fig. 4F, G). Similar results were obtained with DCs generated in vitro and cultured with TCM (Fig. 4H). To test this effect in a different strain of mice and tumor model,  DCs were generated from naïve tumor-bearing BALB/c mice, cultured with CT-26 TCM and then used for stimulation of syngeneic BALB/c CD4+ T cells expressing a TCR specific for HA-derived peptide. No differences between DC-NL and DC-HL in the ability to stimulate peptide-specific T cells were found (Fig. S5). 
However, different results were obtained when DCs isolated from spleens of EL-4 tumor-bearing mice were loaded overnight with 1 mg/ml OVA and then used to stimulate T cells from OT-I or OT-II mice. DCs from control mice and DC-NL from tumor-bearing mice stimulated OVA-specific CD4+ (Fig. 4I) and CD8+ T cells (Fig. 4J) equally well. However, DC-HL induced substantially lower response of both CD4+ and CD8+ T cells (Fig. 4I,J). Thus it appears that DC-HL had dramatically reduced capacity to stimulate T cells when it requires processing of antigen. We then assessed the ability of DCs directly isolated from tumor-bearing mice to present antigens associated with OVA. CD11c+ DCs were isolated from spleens of control and EL-4 tumor-bearing mice, cultured overnight with 1mg/ml OVA, and then used for stimulation of OT-II T cells. DCs from tumor-bearing mice had significantly lower ability to stimulate proliferation of OVA-specific CD4+ T cells (Fig. 4K). 
Lipid-laden DCs have reduced capacity to process and present antigen
One possible explanation of the described above results could be a decreased uptake of soluble proteins by DC-HL. To test this possibility DCs were generated from HPC in the presence of TCM and then incubated for 2 hr with OVA conjugated with APC. Uptake of OVA-APC was measured within the populations of DC-NL and DC-HL. DC-NL had the same OVA uptake as control DCs, whereas DC-HL showed significantly higher level of OVA-APC (Fig. 5A). To verify these results in vivo EL-4 tumor bearing mice were injected i.p. with OVA-APC. Two hours later splenocytes were collected and stained with anti-CD11c antibody and Bodipy 493/503 . The level of OVA-APC in DC-HL was substantially higher than in DC-NL (Fig. 5B).  Binding of OVA to DCs was measured after DC pre-treatment with cytochalasin D (to prevent protein uptake) and incubation with different concentrations of OVA-APC. DC-HL had substantially higher level of OVA binding that DC-NL or control DCs (Fig. 5C). This effect was not specific for OVA. The same results were obtained with dextran-APC (data not shown). Thus, DCs with high lipid content were able to bind and internalize much more soluble protein than DC-NL and control DCs. 

To evaluate the ability of DCs to process antigen we used antibody that recognize OVA derived peptide SIINFEKL bound to MHC class I (H2Kb). DCs generated from HPC in the presence of TCM were loaded with OVA overnight and then stained with Bodipy 493/503  and anti-OVA-H2Kb antibody. DC-HL had significantly lower binding than DC-NL (Fig. 5D). Several experiments were performed in vivo to assess the ability of DCs to process OVA and present OVA-derived antigens. First, control and EL-4 tumor-bearing mice were injected with 100 µg OVA and 24 hr later splenocytes were collected and the SIINFEKL-H2Kb complex was evaluated in CD11c+ DCs. DC-NL had the same level of complex expression as control DCs. In contrast DC-HL had significantly lower binding of anti-SIINFEKL-H2Kb antibody (Fig. 5E). Next we investigated processing of antigens in mice bearing tumors expressing OVA. Splenocytes were isolated 3 weeks after inoculation of C57BL/6 mice with EG-7 tumors (EL-4 cells expressing OVA). DC-HL had significantly lower expression of SIINFEKL complex than DC-NL from the same mice (Fig. 5F). DC-NL stimulated proliferation of OT-II CD4+ T cells specific for OVA, whereas DC-HL were not able to activate these cells (Fig. 5G). Taken together these data indicate that DC-HL had defects in the ability to process proteins associated with tumors and stimulate tumor-specific T cells.  
Effects of pharmacological regulation of lipid levels on DC function in cancer
To identify the potential role of lipid accumulation in abnormal DC function in cancer we tried to pharmacologically regulate fatty acid levels in DCs using an inhibitor of acetyl-CoA carboxylase (ACC), 5-(tetradecycloxy)-2-furoic acid (TOFA)16 and inhibitor of fatty acid synthase (FAS) C75. We wanted to evaluate the effects of lowering endogenous lipid production within the cell under circumstances where there was increased uptake of exogenous lipid.  FAS inhibitor C75 was toxic for HPCs (data not shown) therefore all experiments were performed with TOFA. When HPCs were cultured with GM-CSF and TCM in the presence of TOFA, it prevented accumulation of lipids in DCs (Fig. 6A) without affecting viability of DCs (data not shown) or causing up-regulation of co-stimulatory molecules or MHC class II (Fig. S6A). Treatment with TOFA significantly improved the ability of DCs generated in the presence of TCM to stimulate allogeneic T cells (Fig. 6B). To test the effect of TOFA in vivo, EL-4 tumor-bearing mice were treated for 2 weeks with TOFA using osmotic pumps with rate of release 1 µg/hr. At this dose TOFA did not affect the number of DCs and did not cause changes in the expression of co-stimulatory molecules CD40, CD80, CD86, as well as MHC class II (Fig. S6B) but substantially reduced the presence of lipid-laden DCs (Fig. 6C).  DCs isolated from tumor-bearing mice treated with control pumps had reduced ability to stimulate allogeneic T cells, whereas this function was completely restored when mice were treated with TOFA (Fig. 6D). Since inhibition of ACC resulted in improved DC function it suggested that TOFA might improve immune response in tumor-bearing mice. To test this hypothesis EL-4 tumor-bearing mice were immunized with DCs transduced with Ad-survivin (Ad-surv)
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. Vaccine alone substantially slowed down tumor growth. However, it resumed within a week after last immunization (Fig. 6E). TOFA alone did not affect the rate of tumor growth. However, combination of 2-week treatment of mice with TOFA and DC-Ad-surv vaccine resulted in much more prominent and prolonged decrease in tumor progression than is caused by vaccine alone (Fig. 6E).  By day 37 after tumor inoculation mice treated with vaccine alone showed very weak response to survivin-derived peptide, whereas mice treated with combination of TOFA and vaccine demonstrated potent specific responses (Fig. 6F). These data suggest that normalization of lipid level in DCs from tumor-bearing mice improved their functional activity and immune response to vaccination.
Discussion
This study for the first time has demonstrated that a substantial proportion of DCs in tumor-bearing hosts had increased levels of lipids, mainly fatty acids. Although it needs to be determined further how broadly this phenomenon is associated with different types of cancer our data indicate that accumulation of lipid laden DCs is observed in all four tested tumor models and in patients with head and neck cancer. These results were consistent and obtained using different methods of lipid detection. Moreover they could be reproduced by using conditioned medium from tumor explants indicating that tumor-derived factors were mostly responsible for the observed phenomenon. DCs directly isolated from tumor sites in mice and cancer patients had the highest level of lipid accumulation compared to cells from spleens or peripheral blood, underscoring the critical role of the tumor-microenvironment in this process. In this study we have tried to address two main questions: what is the mechanism of lipid accumulation in DCs and whether it has any functional consequences for DCs. 

Accumulation of lipids could be due to increased synthesis of fatty acids, for instance through up-regulation of ACC or other enzymes involved in fatty acid synthesis or because of increased lipid uptake from plasma. The fact that DCs from control and tumor-bearing mice had similar lipid profiles suggested that the second explanation is likely. This conclusion was further supported by the results of several experiments. Incubation of DCs with TCM resulted in increased uptake of labeled fatty acid by these cells, overnight culture of DCs with lipid-free medium normalized the level of lipids in DCs from tumor-bearing mice, and blockade of scavenger receptors prevented lipid accumulation caused by TCM. 
Scavenger receptors represent a major route in acquiring fatty acids by DCs and macrophages. They are linked to lipid metabolism and innate immune responses
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. There are several cell surface receptors grouped under the general classification of scavenger receptors. Class A scavenger receptors (CD204, MARCO) are expressed on DCs as well as macrophages and bind acetylated and oxidized low-density lipids (LDL)21. SRA was shown to be expressed in a subset of macrophages and DCs that infiltrated prostatic tissues. The number of SRA-positive cells was significantly increased in prostatic intraepithelial neoplasia as compared with normal prostatic tissue. It then decreased during tumor progression
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. Class B scavenger receptors (CD36) are also implicated in atherosclerosis and are expressed on both macrophages and DCs
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.  CD68 (macrosialin) is a class D scavenger receptor, which is expressed on macrophages and DCs
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.  Our results indicate that DCs from tumor-bearing mice had increased expression of several scavenger receptors. This was consistent with the data demonstrating increased expression of SRA on macrophages during co-culture with ovarian tumor cells
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. Interestingly, in our study this expression was not uniform. Only DCs with high lipid content had increased level of SR whereas cells with normal lipid content had levels similar to that in control DCs. DCs isolated directly from tumor tissues had substantially higher levels of SRA than cells isolated from spleens or lymph nodes, which was associated with higher levels of lipids in these cells. Association between the expression of SR and lipid levels in DCs was further evident in the analysis of DC subsets. In our study accumulation of lipids was observed in cDC and CD8+ DCs but not in pDCs. Becker et al. previously showed that in contrast to cDCs, expression of SRA was not detectable in mouse and human pDCs25. Our experiments with blocking of SRA with the soluble SR ligand fucoidan26 and specific antibodies (as well as experiments with SRA knockout mice) have demonstrated that up-regulation of SR was responsible for increased uptake of exogenous lipids by DCs. 
What could cause increased expression of SR in DCs in cancer? One possible mechanism could involve M-CSF and GM-CSF. These two cytokines were previously shown to up-regulate the expression of SRA in macrophages
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. It is known that many tumors including those used in our study produce high levels of M-CSF and GM-CSF
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. Moreover, M-CSF was previously directly implicated in abnormal DC differentiation and function32,33. It is conceivable that up-regulation of SR on DCs was the result of production of these cytokines by tumor cells.  
Lipid-laden DCs were more effective in binding and taking up soluble protein (OVA) than control DCs or DCs with normal lipid level. This is consistent with higher levels of SR expression of DC-HL. However, despite the increased uptake these cells were not able to effectively present antigens derived from soluble proteins (OVA). More importantly DC-HL in contrast to DC-NL were not able to present antigens associated with tumors. There could be several mechanisms by which accumulation of lipids could affect antigen presentation. It is known that dietary PUFA causes down-regulation of MHC class I, II, and co-stimulatory molecules5. However, we found no differences in the expression of any of these molecules between DC-HL and DC-NL. Even more importantly DC-HL had the same potency in stimulation of peptide-specific T-cell responses as DC-NL when they were loaded with peptide. Thus, it is likely that this defect involves antigen processing. One of the possible explanations of these findings could be that lipid-laden DCs represent immature cells. Immature DCs are more effective than mature cells in picking up soluble proteins but have poor ability to present antigens, which would be consistent with our observations. We carefully evaluated the phenotype of DC-HL and DC-NL and found no indications that these cells have different levels of expression of MHC class II, I, or co-stimulatory molecules indicative of DC maturation. The possible mechanisms by which fatty acids could affect antigen processing are currently not clear. However, it is known that PUFAs are able to sequester cholesterol in cell membranes. PUFA incorporation into membrane phospholipids causes the formation of microdomains with low and high PUFA content. This results in re-distribution of proteins between these microdomains and affects the function of different proteins
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34,35
. It is also possible that accumulation of fatty acids in DCs may affect the permeability of exosomes and the activity of enzymes involved in antigen processing. In addition to antigen processing another possible mechanism might involve activation of peroxisome proliferator-activated receptors (PPAR).  PPAR are ligand-activated transcription factors present in myeloid cells and are activated by fatty acids and their derivatives. Via negative regulation of NF-κB and AP-1 signaling pathways, PPARα was shown to inhibit the expression of inflammatory genes, such as IL-6, cyclooxygenase-2, and endothelin-136. Sustained PPARγ activation in murine DCs reduced maturation-induced expression of co-stimulatory molecules and IL-12, and profoundly inhibited their capacity to prime naive CD4+ T cells in vitro. Absence of PPARγ increased DC immunogenicity37. More studies are needed to clarify the molecular mechanisms of the effect of lipid accumulation on antigen processing. 
Defective function of host DCs in cancer has been implicated in tumor escape as well as the ineffectiveness of cancer vaccines1,2. Our study demonstrates the existence of two groups of DCs with high and normal lipid content. These cells express similar level of co-stimulatory molecules and MHC class I and II but profoundly differ in their ability to process tumor-associated antigens and stimulate antigen-specific responses.  The proportion of lipid-laden DCs is increased with tumor progression and accumulation of lipids is much higher in DCs at the tumor site than in peripheral blood or lymphoid organs. These data are consistent with known features of DC dysfunction in cancer. Our results are also consistent with several reports describing the possible role of SR in DC function. The lack of SRA on DCs significantly enhanced vaccine activities against poorly immunogenic tumors. The improved antitumor response in SRA knockout mice correlated with an increased antigen-specific T-cell response. Moreover, SRA–deficient DCs were more responsive to inflammatory stimuli and display a more effective antigen-presenting capability compared with wild-type cells38. It has been shown that SRA–deficient DCs exhibited a more mature phenotype after LPS stimulation,
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 which suggested that SRA acted as an inhibitory receptor that limits proinflammatory responses. 

The role of lipid accumulation in the regulation of DC function in cancer was tested in experiments with pharmacological regulation of lipid metabolism. Blockade of SR receptors with fucoidan could not address this question since the trigger of SR results in activation of DCs26 that may be independent on its effect on lipid metabolism. Instead we used a classic ACC inhibitor 5-(tetradecycloxy)-2-furoic acid (TOFA)16. ACC is the rate limiting enzyme in the synthesis of fatty acids. Although accumulation of lipids in DCs is most likely caused by their increased uptake, the production of fatty acids in the cells depends on the activity of ACC. Our experiments showed that if DCs from tumor-bearing mice were cultured in serum-free medium the level of lipids quickly normalized probably because of their transport out of the cells. We hypothesized that blockade of ACC would decrease overall intracellular lipid levels even in the situation when their uptake is increased. Indeed we observed down-regulation of lipid levels in DCs from tumor-bearing mice in vitro and in vivo. TOFA did not activate DCs but substantially improved DC ability to stimulate allogeneic T cells. It also substantially enhanced the effect of a cancer vaccine suggesting that this approach could be useful in improving immune responses in cancer. 
Materials and Methods

Patients. Twelve patients (47-78 years old) with resectable T3 or T4 and N2b stage of head and neck cancer were enrolled in the study after signing IRB approved consent. Patients did not receive radiation or chemotherapy for at least 3 months prior to sample collection. Peripheral blood, tumor tissues and draining lymph nodes were collected. Peripheral blood from 5 healthy donors served as controls. All cell samples were analyzed within 3 hr following collection. In order to obtain single cell suspensions from tumors and lymph nodes, solid tissue was subjected to 1 hr enzymatic digestion using hyaluronidase (0.1 mg/ml; Sigma) collagenase (2 mg/ml; Sigma), DNase (600 U/ml; Sigma) and protease (0.2 mg/ml; Sigma) in RPMI 1640. The digested tissue was then passed through a 70 µm mesh, erythrocytes removed by hypotonic lyis, and washed thoroughly to remove debris. Mononuclear cell suspensions were obtained from whole blood using a density gradient centrifugation. Cells were labeled with a cocktail of PE-conjugated lineage-specific antibodies (CD3, CD14, CD16, and CD19), as well APC conjugated anti-CD4 antibody (all from BD Pharmingen, San Jose, CA) and stained with Bodipy 493/503 (500 µL of Bodipy 493/503   at 0.5(g/mL in PBS for 15 min at RT). Cells were then washed once with PBS and re-suspended with DAPI for viability staining and the phenotype of the cells was evaluated by multi-color flow cytometry using a LSRII flow cytometer (BD Biosciences, Mountain View, CA). At least 100,000 live cells (DAPI negative) were analyzed for each sample in order to obtain reliable data.  
Mice and tumor models. Female Balb/c or C57BL/6 mice were obtained from the National Cancer Institute.  Tumor cell lines included CT26 and MC38 colon carcinomas, EL4 lymphoma, and DA3 breast carcinoma described elsewhere39. All cells were maintained in Dulbecco’s modified eagle’s medium (DMEM, Gibco BRL, Invitrogen Corp., Carlsbad, CA) plus 10% fetal bovine serum ( FBS, Sigma-Aldrich, St. Louis, MO) at 37(C, 5% CO2.  Tumors were injected subcutaneously (s.c.) at 5x105 cells per mouse and allowed to grow 3-5 weeks or until tumors reached 2 cm in diameter.  
OT-I TCR-transgenic mice (C57Bl/6-Tg(TCRaTCRb)1100mjb) have a T cell receptor that recognizes ovalbumin residues 257-264 in the context of H2Kb. OT-II transgenic mice (C57BL/6-Tg(TcraTcrb)425Cbn/J) express the mouse alpha-chain and beta-chain T cell receptor that pairs with CD4 and is specific for chicken ovalbumin 323-339 in the context of I-Ab. These mice, as well as scavenger receptor A knockout mice (B6.Cg-Msr1tm1Csk/J), were obtained from Jackson Laboratories (Bar Harbor, ME). TCR-transgenic mice expressing a TCR specific for aa 110–120 from influenza hemagglutinin (HA) presented by I-Ed  are described elsewhere40 and were provided by Dr. E. Sotomayor. Mice were housed and euthanized according to IACUC guidelines. 
The following peptides were used in the studies: HA-specific peptide – SFERFEIFPKE, OT-I specific peptide – SIINFEKL, OT-II specific peptide – ISQAVHAAHAEINEAGR, control non-specific peptide – RAHYNIVTF. All peptides were obtained from the American Peptide Company (Vista, CA).  

Generation and isolation of dendritic cells. DCs were generated from bone marrow progenitor cells using culture with 10 ng/mL recombinant mouse GM-CSF (Invitrogen Corp., Carlsbad, CA), and 10 ng/mL interleukin 4 IL-4 (R&D Systems, Minneapolis, MN) as described previously
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. After 5-day incubation cells were labeled with biotinylated CD11c antibody (BD Biosciences, San Jose, CA) followed by incubation with magnetic beads coupled to streptavidin and positive selection on a magnetic column according to the manufacturer’s protocol (Miltenyi Biotec, Bergisch Gladbach, Germany).  The isolated DCs were greater than 85% pure. DCs were also directly isolated from mouse spleen using the same method.  
Preparation of tumor conditioned medium (TCM).  Tumor explants were prepared from freshly isolated subcutaneous tumors.  EL-4 or CT26 tumors, without ulceration, approximately 2 cm in diameter were removed under sterile conditions after euthanizing the mouse.  Tumors were bathed in 70% isopropanol for 30 seconds and then transferred to a Petri dish.  Tumors were minced into pieces <3mm in diameter and digested in 2mg/mL collagenase Type D/IV at 37(C for one hour.  Similarly, spleens from naïve mice were collected for generation of control supernatant, but were only digested for 30 min.  The digested tissue pieces were then pressed through a 70(m mesh screen to create a single cell suspension.  Cells were washed with PBS and resuspended in RPMI 1640 supplemented with 20 mM N-2-hydroxyl piperazine-N’-2-ethanesulfonic acid, 2 mM L-glutamine, 200 U/mL penicillin plus 50 (g/mL streptomycin, and 10% FBS.  Cells were cultured overnight at 107cells/mL and the cell free supernatant collected and kept at -80oC. 
Analysis of cell phenotype by flow cytometry. Cells were incubated with fluorescently labeled antibodies directed against cell surface markers such as CD11c, MHCII, CD40, CD80, CD86, CD204, CD68, and others as described herein. All antibodies were purchased from either BD Pharmingen or Serotec.  Cell surface labeling was performed on ice for 30 min.  Cells were then washed once with PBS.  The supernatant was completely removed and cells were re-suspended in 500uL of Bodipy 493/503 at 0.5 (g/mL in PBS.  Cells were stained for 15 min at room temperature, then washed once with PBS and re-suspended in PBS with DAPI (0.1 µg/ml) for flow cytometry analysis.  Bodipy 493/503 is detected in FL1 on the BD FacsScan and FacsCalibur instrumentation.  The dye causes significant spectral overlap in FL2 and therefore cannot be used with conjugates such as PE on these instruments.  However, FL3 and FL4 channels are suitable for concurrent evaluation of other markers such as PerCP, PerCP5.5 or APC.  In contrast, the BD LSRII and FACSAria laser and detector configurations allow for Bodipy 493/503 detection off the blue laser, and concurrent analysis of conjugates such as PE, PerCP, PeCy7, APC, DAPI, etc. It is not possible to use conjugates such as FITC or GFP in conjunction with Bodipy 493/503 on any instrumentation due to spectral overlap.  At least 1000 cells of phenotypic interest were collected for subsequent analysis, with 10,000 cells of interest typically collected. All experiments using Bodipy 493/503  staining were performed on LSRII or FACSAria.  For cell sorts,  lipid levels were determined by Bodipy 493/503  mean fluorescence intensity in viable (DAPI negative) DCs.  The gates defining normal lipid level for discrimination of DC-NL vs. DC-HL in tumor-bearing hosts were set using the fluorescence of control DCs as a background control. A low pressure sort was performed using the BD FacsAria cell sorter with a 100um nozzle. 
Loading of DCs with fatty acid. DCs were incubated with fluorescently labeled (Bodipy FL) C12 or C16 fatty acids (Molecular Probes, Eugene, OR).  Controls consisted of unloaded DCs or DCs loaded on ice.  Test samples were loaded at 37(C for 15-30 min.  5x106 DCs were re-suspended in 500(L of 10 (g/mL fatty acid.  Bodipy FL is a different fluorophore than Bodipy493/503.  Bodipy FL is detected in all channels on a FacsCalibur due to the broad spectral characteristics of the dye.  The best differentiation of fatty acid loading was detected in FL4 (red laser).

Functional assays. T cell proliferation was measured using a mixed leukocyte reaction or antigen specific proliferation.  DCs were isolated as described above.  T cells were isolated using R&D Systems Mouse T cell Enrichment columns, according to the manufacturer’s protocol.  T cells were plated at 105 T cells per well. DCs and T cells were mixed at different ratios. Antigen specific T cell proliferation was assessed with either HA transgenic T cells for BALB/c models or OT-I and OT-II transgenic T cells for C57BL/6 models.  Isolated DCs (5x106 cells/mL) were incubated with 10 µg/mL of specific or control peptides for 90 minutes. Peptide loaded DCs were then washed and mixed with appropriate transgenic T cells at different ratios. Cells were incubated for 72 hr. 3[H]-thymidine was then added at 1(Ci per 200uL of cells per well for an additional 18 hours of incubation followed by cell harvesting and radioactivity count using a  liquid scintillation counter. 
Lipid profiling by thin layer chromatography. Total lipids were extracted from DCs obtained from naïve or tumor bearing mice by the Folch procedure42. Neutral lipid classes were separated by 1D-HPTLC on silica G plates. The plates were developed with a solvent system consisting of hexane:diethyl ether:glacial acetic acid (65:35:2 v/v), then dried to remove the solvent. Neutral lipids were visualized by exposure to iodine vapors and identified by comparison with authentic lipid standards. The spot on the plate corresponding to triglyceride molecular species (TG), was recognized by comparison to a TG (T18:1) standard spotted on the same plate. For ESI-MS analysis, TG spots on the silica plates were visualized by spraying the plates with deionized water. After this, the spots were scraped from the silica plates and TG were extracted by choloroform:methanol:water (20:10:2 v/v) and dried under N2. The TG mixtures were re-suspended in 250 μL of 1:2 chloroform/ methanol, containing 4 mM NH4OAc. ESI-MS was performed by direct infusion into linear ion-trap mass spectrometer Thermo-Finnigan LXQ, using a syringe pump at a flow rate of 5 μL/min. TG molecular species were directly ionized in the positive-ion mode by ESI and detected as ammonium adduct ions. Typically, a 0.2-min period of signal averaging in the profile mode was employed for each spectrum of a TG sample. Experimental conditions were as follows: 4.97 kV - source voltage, 150 °C - capillary temperature, 12.0 V - capillary voltage, 1.0 m/z - ion isolation window. TG molecular species were quantitated by comparing the peak intensities with that of an internal standard (T12:0). Triglycerides including trimyristin (T14:0), tripalmitin (T16:0), tristearin (T18:0), and triolein (T18:1) were purchased from Supelco (Bellefonte, PA) and used as reference standards. The chemical structure of TG was confirmed by using Lipid Map Data Base and ChemDraw formats (www.lipidmaps.org).
Statistical Analysis. The results are expressed as the mean and standard error of the mean (SEM).  The geometric mean is reported for all fluorescence results.  Statistical analysis was performed using 2-tailed Mann-Whitney non-parametric test or unpaired 2-tailed Student t-test where appropriate with significance determined at p<0.05.

Figure Legends
Figure 1. Lipid level in DCs from tumor-bearing mice
A. Splenocytes from naïve control (red) or EL-4 tumor bearing (TB) mice (blue) were labeled with APC anti-CD11c and stained with Bodipy 493/503 . The level of lipids was evaluated within gated CD11c+ cells.  Typical example of staining is shown. B. Cumulative results of lipid staining of splenocytes from different tumor models. Mean fluorescence intensity (MFI) of Bodipy 493/503  in CD11c+ DCs was measured. Each group includes 4-8 mice. Control and tumor-bearing mice were evaluated in parallel in each experiment.  * - statistically significant differences (p<0.05) between values in DCs from control and tumor-bearing mice. C, D. Lipid levels in spleen DCs during progression of CT-26 tumors. Each time point included 3 mice. C – MFI of Bodipy 493/503  staining in CD11c+ DCs. D – proportion of DCs with high lipid content. Gates for normal lipid content were set using DCs from control mice. Mean ± SD are shown. E. Lipid levels were analyzed in different populations of DCs from the spleens of control or EL-4 tumor-bearing mice. pDCs were defined as CD11c+CD11b-B220+ cells and cDC as CD11c+CD11b+B220- cells. Each group had 3 mice. * - statistically significant differences (p<0.05) between values in DCs from control and tumor-bearing mice. F.  Lipid levels in CD11c+ DCs from different organs of CT-26 tumor-bearing mice collected on week 3 after tumor inoculation when tumor reached 1.5 cm in diameter.  Mean ±SD from 4 mice are shown. G. Lipid levels were evaluated in CD11c+ DCs from naïve tumor-free or CT-26 tumor-bearing mice collected on week 3 after tumor inoculation.  Mean ±SD from 3 mice per group are shown. * - statistically significant differences (p<0.05) between values in DCs from control and tumor-bearing mice.
Figure 2. Lipid level in DCs from tumor-bearing mice and cancer patients

A. CD11c+ DCs were isolated from spleens of naïve BALB/c mice and CT-26 tumor-bearing mice using magnetic beads. Total lipid was extracted as described in Methods and the presence of triglycerides (TG) was evaluated and calculated per 106 cells.  B.  Triglycerides (TG) separated by 1D-HPTLC were subjected to MS analysis by direct infusion into mass spectrometer. Typical MS/MS fragmentation experiments for the molecular species of TG ion at m/z 794.7 (46:1) and 904.7 (54:2) are shown. C. Typical example of staining of DCs from cancer patient. D. Cumulative results of lipid level in DCs from peripheral blood, lymph nodes and tumors of cancer patient. P values between the levels of lipids in blood DCs from control donors are shown n – the number of samples analyzed. 
Figure 3. The mechanism of lipid accumulation in DCs 
A. HPC isolated from the bone marrow of naïve mice were cultured for 5 days with GM-CSF and IL-4 to generate DCs. CD11c+ cells were isolated with magnetic beads and incubated for 24 hr with control medium or different concentrations of TCM. Cells were evaluated for total lipid content by flow cytometry using staining with Bodipy 493/503. B. DCs were generated from HPC and cultured for 24 hr with control medium or TCM. After that time DCs were loaded for 15 minutes with fluorescently labeled C16 fatty acid and evaluated by flow cytometry. The left panel – typical example of staining. The right panel – cumulative results of 3 performed experiments (Mean±SD). C- control medium, T – TCM. UNST – no C26 fatty acid added; ice – cells incubated with fatty acid at 4oC; 37 – cells incubate with fatty acid at 37oC.  C. CD11c+ DCs were isolated from spleens of control (naïve) or CT-26 tumor-bearing (TB) mice and incubated overnight in complete (CM) or serum-free medium (SFM). Lipid levels were evaluated using staining with Bodipy 493/503. D. Expression of indicated scavenger receptors was evaluated in spleen DCs from control C57BL/6 mice and EL-4 tumor-bearing mice. In tumor-bearing mice, CD11c+ DCs with normal lipid content (TB-NL) and high lipid content (TB-HL) were analyzed separately based on the gates set around lipid content in control mice. Mean±SD of 4 performed experiments are shown. * - statistically significant differences (p<0.05) from values in control DCs. Fluorescence of cells labeled with isotype control IgG was less than 20 in all samples. E. DCs were generated from bone marrow HPCs and then were pre-treated for 24 hr with indicated concentrations of fucoidan followed by an additional 24 hr incubation with TCM or control medium. Lipid content was evaluated using Bodipy 493/503 . Mean±SD of three individual experiments are shown. * - statistically significant differences (p<0.05) from values of DCs cultured with control medium. F. DCs were generated from bone marrow HPC as described above and cultured for 3 days with EL-4 TCM in the presence of control IgG, or indicated antibodies against scavenger receptors. Lipid levels were measured by flow cytometry. Mean±SD from three experiments is shown. * - statistically significant differences (p<0.05) from values in control DCs. G.  DCs were generated from bone marrow HPC of naïve C57BL/6 mice (CD45.2+). These CD45.2+ DCs (5x106) were transferred i.v. into sub-lethally irradiated (500 Rad) congenic (CD45.1+) tumor-free (control) or EL-4 tumor-bearing (TB) recipients. Two days later the level of lipids was evaluated for CD45.2+ donor DCs isolatd from recipient spleens. These experiments were performed with donor DCs generated from wild-type mice (WT) and CD204 (SRA) deficient mice. Mean±SD from two performed experiments are shown. * - statistically significant differences (p<0.05) from values in control DCs.
Figure 4. Functional activity of DCs with high lipid content 
A,B. Splenocytes were isolated from naïve and CT-26 tumor-bearing mice, labeled with APC conjugated anti-CD11c antibody and stained with Bodipy 493/503 . A. Gates for sort were set up within the population of CD11c+ DCs. Blue- naïve mouse, red –tumor-bearing mouse. B. DCs with high and low lipid content were sorted and used for activation of allogeneic T cells from C57BL/6 mice. T cells (105 cells)  were cultured in triplicate together with sorted DCs at indicated ratios. T cell proliferation was measured by 3[H]-thymidine uptake on day 4. Typical results are shown. T cells alone had 3[H]-thymidine uptake of less than 500 CPM. Similar results were obtained in four independent experiments. C. DCs generated from bone marrow HPC of naïve BALB/c mice and exposed for 2 days to CT-26 TCM and sorted for lipid high populations (red) or normal lipid (green) and compared to DCs cultured in control medium (blue). 105 T cells were cultured in triplicate together with sorted DCs at indicated ratios. T cell proliferation was measured by 3[H]-thymidine uptake on day 4. Three experiments with similar results were performed. T cells alone had 3[H]-thymidine uptake of less than 200 CPM.  D. DCs were generated from HPC of C57BL/6 mice and cultured for 3 days with EL-4 TCM in the presence of control IgG or anti-CD204 antibody. After that time cells were cultured in triplicate with 105 T cells from allogeneic BALB/c mice at indicated ratios and cell proliferation was evaluated by  3[H]-thymidine uptake. T cells alone had 3[H]-thymidine uptake of less than 500 CPM. E. DCs with normal and high lipid content were sorted from spleens of EL-4 tumor-bearing mice and added at indicated ratios to 105 T cells isolated from syngeneic C57BL/6 mice stimulated with beads coated with anti-CD3/CD28 antibodies. T-cell proliferation was measured in triplicate by 3[H]-thymidine uptake. T cells alone had 3[H]-thymidine uptake of less than 500 CPM. F,G. DCs with high and normal lipid content were sorted from spleens of naïve and EL-4 tumor-bearing mice and incubated at indicated ratios with 105 T cells from OT-II (F) or OT-I (G) transgenic mice in the presence of 10 µg/ml of specific peptides. T cell proliferation was measured in triplicate by 3[H]-thymidine uptake. Without presence of peptides 3[H]-thymidine uptake in all samples was less than 5x103 CPM. Three experiments with the same results were performed. H. DCs were generated from HPC of naïve C57BL/6 mice and cultured for 3 days with EL-4 TCM. DC with high and normal lipid content were sorted and incubated at indicated ratio with 105 T cells from OT-I transgenic mice in the presence of 10µg/ml of specific peptide. T cell proliferation was evaluated in triplicate as described above. Three experiments with the same results were performed. I,J. DCs with high and normal lipid content were sorted from spleens of EL-4 tumor-bearing mice and incubated overnight with 1 mg/ml OVA. Cells were washed and used to stimulate 105 T cells from OT-II (I) and OT-I (J) transgenic mice. T-cell proliferation was measured in triplicate using 3[H]-thymidine uptake. Two experiments with similar results were performed. T-cell proliferation in the presence of DC cultured with medium alone was less than 2x104 CPM in all samples. K. DCs were isolated from spleens of naïve and EL-4 tumor-bearing mice using anti-CD11c antibody and magnetic beads. Cells were cultured overnight with 1 mg/ml OVA or in medium alone and then used to stimulate 105 T cells from OT-II transgenic mice. T cell proliferation was measured in triplicate by 3[H]-thymidine uptake. 
Figure 5. Antigen processing in lipid-laden DCs 
A. DCs were generated from HPC in the presence of TCM as described above and incubated for 1 hr with APC-conjugated OVA. Cells were stained with anti-CD11c+ antibody and Bodipy 493/503. The level of APC fluorescence was evaluated within populations of DCs with normal (DC-NL) and high (DC-HL) lipid content. Mean±SD of three performed experiments are shown.  * - statistically significant differences (p<0.05) from control DCs. B. EL-4 tumor-bearing mice were injected with 100 µg of OVA-APC and the level of APC fluorescence was evaluated within population of DCs with high and normal lipids. Mean±SD of two performed experiments is shown. C. DCs were generated from HPC and cultured with TCM as described above. CD11c+ DCs were treated with cytochalasin D (10 mkg/ml) for 30 min at 37oC, then washed and incubated with different concentrations of OVA-APC for 1 hr at 37oC. Cells were stained with Bodipy 493/503  and evaluated by flow cytometry. Two experiments with the same results were performed. D-F. Staining of DCs with APC conjugated antibody recognizing OVA-derived peptide SIINFEKL presented by MHC class I H2Kb. DCs were generated from progenitors in the presence of EL-4 TCM (D) or isolated from spleens of EL-4 tumor-bearing mice (E) and then loaded overnight with 1 mg/ml OVA. DCs were stained with Bodipy 493/503 and labeled with anti-SIINFEKL-H2Kb antibody. DCs with high and normal lipid content were analyzed. Mean fluorescence of cells stained with isotype control Ig was less than 20. * - statistically significant differences (p<0.05) between DC-NL and DC-HL. F. Splenocytes from EG-7 tumor-bearing mice were stained with Bodipy 493/503  and labeled with PE-Cy7-conjugated anti-CD11c antibody and APC conjugated anti-SIINFEKL/H2Kb antibody. DCs with high (DC-HL) and normal (DC-NL) lipid content were analyzed. Fluorescence of cells stained with isotype control Ig was less than 20.  G. DCs with high and normal lipid content were sorted from spleens of EG-7 tumor-bearing mice and incubated with T cells isolated from OT-II transgenic mice. T cell proliferation was measured in triplicate by 3[H]-thymidine uptake. Left panel – controls used for this experiment. Negative controls: proliferation of DC-NL, DC-HL, and OT-II T cells alone. Positive control: proliferation of OT-II T cells stimulated with control DCs loaded with specific peptide. Two experiments with the same results were performed.        
Figure 6. Effect of pharmacological regulation of lipid level on DC function in cancer

A. Lipid levels in DCs generated in vitro from HPC and cultured for 3 days with EL-4 TCM in the presence of 5 µg/mL TOFA. B. Proliferation of allogeneic (BALB/c) T cells cultured with DCs generated from HPC in the presence of TCM and TOFA. Proliferation was measured in triplicate by 3[H]-thymidine uptake. T cells alone had 3[H]-thymidine uptake of less than 103 CPM. C. Tumor-free (control) and EL-4 tumor-bearing (TB) mice were treated for 2 weeks with TOFA using osmotic pumps (rate of release 1 µg/hr). Pumps filled with water were used as control. The proportion of DCs with high lipid content was calculated. For each experiment we used 2 mice per group. Experiments were performed twice and the mean±SD of the cumulative results is shown.  D. CD11c+ DCs isolated from the spleen of mice as described above were incubated with allogeneic T cells and cell proliferation measured in triplicate by 3[H]-thymidine uptake. T cells alone had 3[H]-thymidine uptake of less than 103 CPM. E. C57BL/6 mice were injected s.c. with 5x105 EL-4 tumor cells. Three days later mice were split into 4 groups as indicated and were immunized s.c. with 5x105 DCs transduced Ad-surv. Vaccination was repeated twice at weekly intervals. Fourteen day osmotic pumps (1µg/hr rate release) containing water or TOFA were implanted on day 10 after tumor cell injection. Tumor size was monitored and is presented for each mouse. Each group includes 6 mice. F. Splenocytes from mice treated as described above were collected on day 35 after tumor inoculation. T cells were isolated and stimulated with DCs generated from tumor-free mice in the presence of control or surviving-derived peptides. T-cell response was evaluated in IFN-γ ELISPOT assay. Each experiment was performed in quadruplicate and included 2 mice. Mean±SD are shown.   
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