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Xiaolin Hu 

Function of the TNF Death Receptors in Apoptosis and Cancer Immune Surveillance 

(Under the direction of KEBIN LIU) 

Tumor necrosis factor receptor (TNFR) is a group of death receptors that can 

mediate extrinsic apoptosis in target cells upon specific ligand engagement. Members of 

the TNFR super family play a pivotal role in cytotoxic T cell-mediated immune 

surveillance and immune regulation. However, cancer cells can acquire apoptosis 

resistance through down-regulating surface TNFR level or alteration of key mediators in 

the TNFR signaling pathway so that cancer cells can evade TNFR-mediated and 

immune cell-based cytotoxicity. Therefore, understanding the underlying mechanism of 

cancer resistance to TNFR-mediated apoptosis will provide the basis for identifying 

specific molecular targets and effecient cancer therapy. 

In this study, we discovered that chronic myelogeneous leukemia (CML) cells use 

DNA methylation to down-regulate IRF8, a tumor suppressor gene, to acquire apoptosis 

resistance to Fas-mediated apoptosis. More importantly, we showed that acid 

ceramidase is a transcription target of IRF8. Restoration of IRF8 or inhibition of acid 

ceramidase can re-sensitize CML cells to Fasl-induced apoptosis in vitro. Furthermore, 

such manipulation can prolong mouse survival in vivo. While targeting Fas-mediated 

apoptosis is one strategy to restore immune cell-mediated surveillance, targeting other 

TNFR members sheds light on monoclonal antibody 

(mAb) based therapy. We demonstrated that LTl3R, as a member of the death receptor 

super family, could function in cancer immune surveillance through mediating tumor cell 



apoptosis in sarcoma, colon and mammary carcinoma in a caspase dependent way. 

Because L Tf3R is selectively up-regulated on cancer cells, it could potentially be a good 

target for cancer-selective killing. 

Targeting the TNFR pathway might not only eliminate tumors, but it may also 

emerge as a promising target to eliminate myeloid derived suppressor cells that 

accumulate in the peripheral blood under neoplastic conditions. We demonstrated that 

tumor induced myeloid derived suppressor cells (MDSC) were more resistant to 

apoptosis than the cells with the same phenotype in tumor free mice. We also identified 

that up-regulation of Bcl-xl is one of the mechanisms responsible for apoptosis 

resistance in tumor induced MDSC and that inhibiting Bcl-xl by BH3 mimetics could 

greately sensitize MDSC to Fasl induced apoptosis. 

INDEX WORDS: TNFR, apoptosis, IRFB, L Tf3R, MDSC 
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I. INTRODUCTION 

A. Statement of the problem and specific aims of the overall project. 

Apoptosis, or programmed cell death, plays a critical role in maintaining 

physiological homeostasis. Dysregulation of apoptosis could result in pathological 

changes, such as cancer and autoimmune diseases. Acquisition of resistance to 

apoptosis is a hallmark of malignant cancer cells [1], especially metastatic and recurrent 

cancer cells, and is believed to be the mechanism that cancer cells use to escape host 

immune surveillance [2]. Therefore, understanding the cellular and molecular 

mechanisms underlying apoptosis regulation in cancer cells is of significance for cancer 

therapy. 

The tumor necrosis factor receptor (TNFR) super family is a group of receptors on 

the cell surface that can mediate various biological activities such as cellular 

proliferation, survival, differentiation and apoptosis. A certain type of TNFR, sharing a 

similar cytosolic cysteine-rich domain, termed the Death Receptor, initiates apoptotic 

signaling upon death ligand engagement to mediate cellular apoptosis. Because of the 

specific receptor and ligand interaction and apoptosis induction, targeting TNFRs to 

induce apoptosis in cancer has been appreciated as a novel and likely low toxic 

approach in cancer therapy. 

TNF-a, the prototype of ligands for the TNFR super family, has been approved for 

treatment of locally advanced limb soft tissue sarcoma [3]. Fas (also termed CD95, 
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AP0-1·, TNFRSF6) is a well-characterized death receptor that is considered major 

effector mechanism in cytotoxic T cell mediated tumor elimination. Lymphotoxin 13 

receptor (L Tl3R, al.so termed TNFRSF3) was originally discovered in the context of 

maintaining second lymphoid organ architecture. It has since been increasingly 

appreciated that the L Tj3R signaling pathway is involved in inducing extrinsic apoptotic 

cell death in tumor cells as well. 

Even though .TNFRs have· a bright side of anti-tumor effect, disappointing clinical 

trials also expose their dark side. Due to. the complicated network of TNF and TNFR 

signaling, application of one cytokine could result in many unwanted side effects. For 

example, TNF-a treatment could cause rheumatoid arthritis, hepatic toxicity, bone 

resorption and other syst~mic toxicities [4]. FasL therapy could also induce hepatic 

toxicity [5]. Moreover, tumor cells are often evolved to be highly resistant to Fas 
' ' ' 

medi.ated apoptosis '[6], ·.thus making immune cell based therapy hardly applicable. More 

imptirt~ntly, all TNFRs c6uid activate NF-icB, a trariscriptional factor that cah regulate the . ' . . . . . . . . ' " . . . 

expression of over· 200 genes that are: iriv6tved in inflammation and carcinogenesis. 

TNFRs ihereb}' might .function as two~edged -s~ords [7]:. Therefqre, elucidating .the 
' . .· ' .· . . - ,, . . .. 

mole.cular mechahisrris .· underlying the . apoptot.ic:" a~d '.'nt>n~~POP,totic"' : s_ighaling : 
. . . . ,· . . . . . . . ' 

- .-_- transdUctiori pathways is critically important for development cif therapeutic strategies to 

.. promote the apoptotic .sfgnal and to suppress the "nonaa_poptiltic" signals in cancer 

therapy. 
' ' 

In the tumor micrcien·vircinment, tumor c~lls const~ntly interact with stromal cells, . : ... 
· : and modify immune celis toward an i/n~une suppressive behavior. In the tumor mouse . ' ' . . . ' ' ' . 

modeis as well as iri tiuman cancer ·patients, a large population of heterogeneous 

immature myeloid cells,. termed myeloid-derived suppressive cells (MDSCs), tends to 
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accumulate in periphery blood and function as immune suppressive cells through 

diverse mechanisms. While intense studies have been focused on how MDSCs affect T 

cells, NK cells and tumor cells, the mechanisms underlying MDSC accumulation in the 

tumor-bearing hosts are still elusive. Recent research showed that MDSCs express Fas 

and can be regulated by FasL expressed on cytotoxic T cells. However, the mechanisms 

underlying MDSC evasion of elimination by cytotoxic T cells in the tumor-bearing host 

remains to be elucidated. 

In summary, the death receptors, including Fas and L Ti3R, are potential good 

molecular targets in cancer therapy [8] [9]. More importantly, targeting death receptors 

may not only target tumor cells but also target immune suppressive cells, such as 

MDSCs, to suppress tumor development in cancer therapy. The objectives of our studies 

are to elucidate the molecular mechanisms of tumor cell and MDSC resistance to death 

receptor-mediated apoptosis and to develop molecular mechanism/target-based cancer 

therapy to suppress tumor development in preclinical mouse models. To achieve our 

goals, we pursue the following 3 specific aims: 

Specific Aim 1: To elucidate the molecular mechanisms underlying tumor cell 

resistance to Fas-mediated apoptosis and immune evasion. 

1-1 To determine the methylation status of IRFB in chronic myelogenous leukemia 

(CML) and its role in Fas-mediated cytotoxicity in suppression of CMLs. 

1-2 To identify target genes of IRFB involved in Fas-mediated apoptosis. 

1-3 To elucidate the molecular mechanisms underlying dysregulation of IRFB and its 

target genes that contribute to CML resistance to Fas-mediated apoptosis. 
3 



Specific Aim 2: To determine the functions of the L Ti3R signaling pathways in 

cancer immune surveillance and inflammation-dependent tumor promotion. 

2-1 To determine whether the two ligands of the LTi3R, LTa1LTi32 and LIGHT, 

function synergistically to suppress tumor development in vivo. 

2-2 To determine whether inhibiting NF-KB activation can enhance L Ti3R-mediated 

tumor suppression. 

2-3 To determine whether inhibiting NF-KB activation increases the efficacy of 

combined CTL adoptive transfer and L Ti3R agonist mAb therapy against 

spontaneous colon carcinoma metastasis 

Specific Aim 3: To investigate the role of the Fas-mediated apoptosis pathway in 

the accumulation of myeloid-derived suppressor cells. 

3-1 To determine whether IRFB is involved in MDSC apoptosis resistance. 

3-2 To identify tumor-induced molecular defects in the Fas-mediated apoptosis 

pathways in MDSC in vivo. 

3-3 To determine whether targeting Fas-mediated apoptosis can suppress MDSC 

accumulation and tumor development in vivo. 

4 



B. Review of Related Literature 

The Tumor Necrosis Factor Death Receptor Signaling Pathways 

Death receptors (DRs) are a group of cell surface receptors that belong to the 

Tumor Necrosis Factor Receptor (TNFR) superfamily. They share a cysteine-rich 

extracellular domain, which is relatively conserved in the TNFR superfamily. An 80-

amino-acid long cysteine-rich peptide forms the death domain (DD) in the cytoplamic tail 

[10]. The DRs signaling networks can be initiated by binding to their specific ligands, 

Tumor Necrosis Factor (TNFs), including TNF-u, FasL, TRAIL (TNF-related apoptosis

inducing ligand), LTa/13 and other members. Upon ligand engagement, TNFRs will 

change their conformation and undergo receptor oligomerization [11 ], which often leads 

to recruitment of adaptor proteins through interacting with their DD domains. Adaptor 

proteins such as FADD (Fas-associated death domain) and TRADD (TNFR-associated 

death domain) could further recruit downstream associated proteins to form respective 

complexes to induce apoptosis [12]. 

In the well-characterized Fas signaling pathway, the adaptor protein FADD will 

recruit initiator caspases, such as caspase 8 and caspase 10, through death effector 

domains (DEDs), forming death-inducing signaling complex (DISC), which can be 

antagonized by inhibitory protein called c-Flip (cellular FLICE-inhibitory protein) [13]. c

Flip resembles the caspase 8 structure and can compete with caspase 8 for FADD 

binding. The amount of activated form of caspase 8 determines the downstream 

signaling transduction. In type I cells, Fas trimerization is associated with lipid rafts on 

the cell membrane, which leads to internalization of receptor-associated complex, so 

that caspase 8 can be more accessible to DISC and get activated through auto-cleavage 
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[14]. Abundant activated caspase 8 then directly activates effector caspases, such as 

caspase 3, caspase 6 and caspase 9, regardless of the alteration of mitochondrial 

stability. In type II cells, the apoptotic signaling requires amplification by the 

mitochondrial pathway because only a small amount of activated caspase 8 can be 

generated. In that case, activated caspase 8 first cleaves Bid to produce !Bid. !Bid then 

translocates into the mitochondria, interacts with Bax, and brings Bax to the outer 

mitochondrial membrane to increase permeability of the mitochondria [15]. Eventually, 

cytochrome c and SMAC will be released from the mitochondria and initiate effector 

mechanisms such as Ca2
• influx and caspase activation. In type II cells, anti-apoptotic 

genes, including Bcl-xL and Bcl-2, can antagonize pro-apoptotic genes, such as Bax. 

Therefore, in the mitochondrial pathway, the balance between the proapoptotic proteins 

and the anti-apoptotic proteins (i.e. Bcl2/Bcl-xL) determines the outcomes of the type II 

cell apoptosis. It is a common phenomenon that the anti-apoptotic proteins, such as Bcl-

2 and Bcl-xL, are often up-regulated in cancer cells to confer a survival advantage [16]. 

Acquisition of apoptosis due to mutations of Bcl2 family members, such as Bcl-2, Bcl-xL, 

and Bax, are not only observed in tumor cells, but also in memory lymphocytes [17], 

macrophages [18], and stem cells [19], all of which possess a relatively long life span. 

TNFR1 receptor, different from Fas, represents another type of DR that not only 

mediates death signaling, but also activates survival signaling, such as MAPK/JNK and 

NF-KB. Upon ligand engagement, TNFR1 could trimerize and form two signaling 

complexes: Complex-I is membrane-bound, containing TNFR-1, TNF, receptor 

interacting protein (RIP), TRADD, TRAF-1/2 (TNFR-associated factor), and c-lAP1/2. 

Complex-I mainly activates NF-KB through RIP ubiquitination [20]. Complex-I can be 
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internalized and recruit FADD and caspase 8/10 to form complex-II, which activates the 

apoptotic cascade. Even though TNFR1 can induce apoptosis, it is a potent activator of 

NF-KB that is believed to link inflammation and cancer cell survival [21,22]. 

Fas Mediated Apoptosis Plays a Critical Role in Cancer Immune Surveillance and 

Immune Regulation 

The Fas receptor-ligand system is one of the key players in host immune cell 

homeostasis and cancer immunosurveillance [23]. Fas is a cell surface receptor that is 

expressed on almost all nucleated mammalian cells. Fas was originally identified to play 

a critical role in elimination of autoreactive T lymphocytes or activated T lymphocytes 

after an immune response by the host immune system. FasL is mainly expressed on 

activated cytotoxic T lymphocytes. FasL is a type II transmembrane molecule that is also 

found in a soluble form released from the cell membrane through proteolytic cleavage by 

metalloproteinases [24]. Deficiency of Fas or its physiological ligand FasL leads to 

autoimmune lymphoproliferative syndrome (ALPS) in humans [25,26], suggesting a 

critical role of the Fas-mediated apoptosis pathway in lymphocytes homeostasis and 

suppression of autoimmune diseases. ALPS patients also exhibit increased risk of both 

hematopoietic and non-hematopoietic cancers [26]. These observations thus suggest 

that Fas functions not only in inhibition of autoimmune diseases but also in suppression 

of cancer development. It has since been appreciated that Fas-mediated apoptosis is 

also directly involved in elimination of tumor cells by tumor-specific CTLs and thereby 

plays a key role in immune surveillance to suppress cancer development [27]. CTLs are 

key component of the host cancer immunosurveillance system. To suppress target 

tumors, CTL use two primary effector mechanisms: one is through polarized secretion of 
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perforin and granzymes to lyse tumor cells; the other is through direct binding of surface

expressed FasL to Fas expressed on tumor cells to induce apoptosis. 

L Tj3R Can Mediate Both Pro-apototic and Pro-survival Signaling 

L Tl3R was initially identified to play a critical role in second lymphoid organ 

formation and maintenance. However, accumulating evidence suggested that it could 

also function as a death receptor and mediate extrinsic apoptosis in different types of 

tumor cells [28,29,30,31,32]. Moreover, it has recently been shown that L Tl3R agonistic 

mAb suppresses tumor growth in vitro and in vivo [33]. Therefore, L T!3R also functions 

as a tumor suppressor. The two physiological ligands of L T!3R, heterotrimer L Ta1 L Tl32, 

and homotrimeric LIGHT, are expressed on immune cells, particularly activated T cells, 

whereas L T!3R is expressed constitutively on most cells but absent on T, B, and NK cells 

[28]. This suggests that the L T!3R signaling pathway may be unidirectional and may play 

an important role in immune surveillance. However, further studies showed that the 

death signaling mediated by L T!3R is not the same as that mediated by Fas, due to the 

lack of death domain in its cytoplasmic tail. Studies showed that LIGHT-L T!3R-induced 

cell death can be abrogated by dominant negative mutants of TNF-associated Factor 3 

(TRAF3), and partially inhibited by caspase inhibitors [34,35]. Therefore, L T!3R mediates 

tumor cell apoptosis through a signaling pathway that is different from that of the Fas

mediated apoptosis signaling pathway. 

NF-KB is a master transcription factor that plays an essential role in regulating the 

expression of genes involved in inflammatory responses, immune reactions, and 

tumorigenesis. Engagement of the L T!3R with L T!3R-specific agonist mAbs activated both 

the canonical and alternative NF-KB signaling pathways in tumor cells [36]. Studies 
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showed that sustained L T[3R signaling leads to NF-KB-mediated inflammation, and 

hepatocellular carcinoma (HCC) development [37], and proinflammatory gene 

expression in vascular endothelial cells [38] . Thus, L T[3R could function as a two-edged 

sword. 

Accumulation of Myeloid Derived Suppressor Cells Contribute to Immune 

Suppression and Tumor Escape 

The immune-editing theory has been proposed to describe the dynamic network of 

tumor cell-immune cell interactions. Not only tumor cells are under immune surveillance, 

but also immune compartments can be remodeled by tumor-related factors, resulting in 

a shift of host response towards immune tolerance, a major obstacle in cancer 

immunotherapy [39]. 

Multiple types of immune cell lineages have now emerged to be involved in immune 

tolerance, including regulatory T lymphocytes (Treg), NKT cells, and myeloid derived 

suppressor cells (MDSC) [40,41,42]. MDSCs arise as a group of heterogeneous 

population, all of which expressing both CD11b• and Gr1• on the cell surface [43]. Under 

normal conditions, spleen contains a small number of CD11 b•Gr1• cells, while under 

neoplastic condition, a large number of CD11b.Gr1• cells accumulate in the bone 

marrow, peripheral blood and spleen, causing splenomegaly and leukemoid reaction 

symptom [44]. Accumulation of MDSCs is largely dependent on tumor-related 

inflammatory factors, including growth factors (VEGF, SDF, M-CSF) and 

proinflammatory cytokines (IL 1 [3, IL 6, PGE2) [45]. Multiple mechanisms, such as up

regulation of Reactive Oxygen Species (ROS), NO, and arginase, are involved in 

MDSC-mediated suppression of cytotoxic T cells, NK cells and dendritic cells, which are 
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responsible for both innate and adaptive immunity [46]. A recently published paper from 

Ostrand-Rosenberg's group pointed out that Fas plays an important role in maintaining 

MDSC homeostasis and that a pro-inflammatory environment could lead MDSCs to 

acquire a more apoptosis-resistant phenotype [47]. Although it has been shown that 

tumor-dependent inflammation induces MDSC differentiation, the molecular mechanism 

underlying MDSC accumulation in tumor-bearing hosts is not well-defined. 

IRFB in Myeloid Cell Differentiation 

Interferon regulatory factor 8 (IRF8), or interferon consensus sequence binding 

protein (ICSBP), is a transcription factor that belongs to the IRF family. IRF8 is induced by 

IFN-y to activate or repress downstream gene transcription through binding to IFN

stimulated response element (ISRE), IFN-y activation site (GAS) or Ets/lRF composite 

elements. IRF8 is mainly expressed in hematopoietic originated cells, especially in myeloid 

cells, and governs myeloid cell differentiating towards the monocyte/macrophage lineage 

[79]. In humans, IRF8 expression is high in normal hematopoietic cells but impaired in 

myeloid leukemia [48,49), where it has been observed that 79% of CML patients and 66% 

of acute myeloid leukemia (AML) patients have very low or absent IRF8 expression [48]. 

Mice with a null mutation of IRF8 (IRF8"1
") exhibit a massive accumulation of immature 

myeloid cells in the bone marrow, spleen and peripheral blood, thus resembling the 

chronic phase of human CML. Eventually they will progress to fatal blast crisis phase as in 

human CML [50). Therefore, IRF8 functions as a tumor suppressor in myeloid 

leukemogenesis [51,52,53,54,55,56). The mechanism underlying IRF8 induced 

suppression of CML development has been under intensive study. It has been identified 

that IRF8 can up-regulate the tumor suppressor gene p15 [55], up-regulate IL 12 [57) , and 
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down-regulate Bcl2 [54]. More is needed to fully understand the mechanisms responsible 

for IRFB-mediated suppression of leukemogenesis. 
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I. MATERIALS AND METHODS 

MATERIALS 

Chemicals 

Mouse recombinant IFN-y was purchased from R&D Systems (Minneapolis, MN). 

LCL85, or ( 1 R,2R)-2_N-[16-(1 '-pyridinium )-hexadecanoylamino )-1-(4' -nitrophenyl) -1,3-

propandiol bromide, was synthesized by Lipidomics Shared Resource at Medical 

University of South Carolina. Methylcholanthrene (MCA) is a polycyclic aromatic 

hydrocarbon that is carcinogenic. 3-MCA was from Sigma (St. Louis, MO). ABT-737 was 

kindly provided by Abbott Laboratory. FasL Mega-Fas Ligand® (kindly provided by Drs. 

Steven Butcher and Lars Damstrup, Topotarget A/S, Denmark) is a recombinant fusion 

protein that consists of three human FasL extracellular domains linked to a protein 

backbone comprising the dimer-forming collagen domain of human adiponectin. The 

Mega-Fas Ligand was produced as a glycoprotein in mammalian cells using Good 

Manufacturing Practice compliant process in Topotarget A/S (Copenhagen, Denmark). 

Vectors 

Mouse A-CDase coding region was amplified by RT-PCR from mouse 32D (a 

mouse myeloid progenitor cell line) cDNA library, and cloned into pEGFP-N1 plasmid to 

generate pEGFP-mA-CDase. The insert was verified by DNA sequence. The NF-1<:B 

super suppressor I1<:Ba-AA with S32 and S36 replaced by alanine was 
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kindly provided by Dr. Michael Karin (University of California, San Diego, CA) [58]. The 

dominant negative suppressor cannot be phosphorylated by IKKl3, thus leading to 

decreased NF-KB activity. Transfected cells were validated by NF-KB luciferase reporter 

assay. The mouse IKKJ3 SureSilencing shRNA plasmid kit was purchased from 

SABiosciences (Germantown, MD). Four pre-designed mouse IKKl3-specific shRNA and 

control scramble shRNA (GGAATCTCATTCGATGCATAC) were packed into vector 

backbones under U1 promoter. IKKl3-specific shRNA 

(TCCCTTATGACACGTAATCCTAA) was validated by NF-KB luciferase reporter assay 

for effective suppression of NF-kB activity. 

Antibodies 

For Western blot analysis: Antibodies were purchased from the following vendors: Anti

plKBa (Santa Cruz biotechnology, Santa Cruz, CA) was used at 1:1000 dilution, anti

p100/p52 (Cell Signaling Technology, Danvers, MA) at 1:500 dilution, anti-cleaved 

caspase 8 (R&D Systems, Inc., Minneapolis, MN) at 1 µg/ml, anti-cleaved caspase 3 

(Cell Signaling Technology, Danvers, MA) at 1:500 dilution, anti-cytochrome C (BD 

Biosciences, San Jose, CA) at 1:1000, and anti-J3-actin (Sigma-Aldrich, St. Louis, MO) 

was used at 1:8000. Anti-lRF8 (C-19) used at 1:250 dilution, anti-acid ceramidase used 

at 1 :500 dilution, and anti-Bax (B-20) used at 1 :500 dilution, were obtained from Santa 

Cruz Biotech (Santa Cruz, CA). Bcl-xL used at 1 :500 dilution, was obtained BD 

biosciences (San Diego, CA). The related secondary antibodies were all purchased from 

Sigma-Aldrich (St. Louis, MO) 
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For flow cytometry staining: Antibodies were purchased from the following vendors: 

FITC-conjugated anti-mouse CD8, CD11 b, Fas mAbs, PE-conjugated anti-mouse CD4, 

Gr1 mAb, and APC-conjugated anti-mouse CD11 b mAb were purchased from 

Biolegend (San Diego, CA). Isotope matched control lgG (BD Biosciences, San Jose, 

CA) was used as negative control. 

For chromatin immunoprecipitation: Anti-lRF8x (c-19) was purchased from Santa Cruz 

(Santa Cruz, CA). 

For cell function assay: Anti-mouse L Ti3R mAb (Clone ACH6), was kindly given by Dr. 

Jeffrey L. Browning (Biogen Idec, Cambridge, Massachusetts). Hamster anti-mouse 

L Ti3R mAb (Clone ACH6), purchased from BD Bioscience, was used as capture 

antibody. Bispecific-1 (BS-1) is a tetravalent antibody constructed using humanized 

forms of the anti-human L Ti3R mAbs CBE11 and BHA 1 O as described previously [59]. 

CBE11 formed the basic antibody core, while an scFv version of BHA 1 O was coupled to 

the C terminus of the CBE11 heavy chain via a (G4S)2 linker. CBE11 and BHA10 bind to 

different regions of L Ti3R and therefore BS-1 can create larger oligomeric aggregates of 

the receptor compared to the parent bivalent antibodies. The tetravalent form was 

comparable in activity to the decavalent lgM-like forms described previously and is 

believed to deliver a maximal agonist signal [33]. Using an IL-8 release assay with A375 

melanoma cells, the ED50 for cytokine release was at 3-4 ng/ml. 

Tumor cell lines and specimens 

K562 and LAMA-84 are human immortalized chronic myelogenous leukemia cell 

lines obtained from ATCC. 32D cell is a murine IL-3-dependent myeloid cell line. 32D-BA 
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cell is stably transfected with a vector containing the coding sequence of Bcr-Abl to 

mimic human CML. Peripheral blood was obtained from CMUAML patients in the 

Medical College of Georgia Medical Center. Mouse colon carcinoma cell line CT26 and 

mouse mammary carcinoma 4T1 cell line were also obtained from ATCC. Mouse colon 

carcinoma cell line Colon 26 cells was kindly provided by William E. Carson, Ill (Ohio 

State University) [60]. The mouse CMS4 sarcoma line was kindly provided by A. Deleo 

(University of Pittsburgh, Pittsburgh, PA). Human colon carcinoma cell line HT-29, 

human mammary carcinoma cell line MCF7, human STS cell line PLS-1, MPNST724, 

HT1080, SKCMS1, MES-SA/DX5 were kindly provided by Dr. Shuang Huang (Georgia 

Health Sciences University, Augusta, GA). Leukemia cell lines and carcinoma cell lines 

were cultured in RPMI medium containing 10% fetal bovine serum, and 100 units/ml 

penicillin. STS cell lines were cultured in DMEM medium containing 10% fetal bovine 

serum, and 100 units/ml penicillin. All studies with human specimens were carried out in 

accordance with approved NIH and Georgia Health Sciences University guidelines. 

Mice 

BALB/c mice were obtained from the NCI Frederick Mouse Facility (Frederick, MD). 

IRF8 knockout mice (KO) were kindly given by Dr. Keiko Ozato (National Institutes of 

Health, Bethesda, Maryland). The IRF8 KO mice were designed with the nee cassette 

gene inserted into the second exon of the IRF8 gene to disrupt gene transcription [50]. 

Offspring produced by heterozygous breeding pairs were weaned at day 20 and 

genotyped by PCR. Fasl91d mice, obtained from the Jackson Laboratory, harbor a point 

mutation in the C-terminal region of Fasl gene to cause malfunction of Fasl protein. LTa. 

KO mice on a C57BU6J background were obtained from the Jackson Laboratory. LIGHT 
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KO and L TJ3/LIGHT double knock-out (DKO) mice were maintained in Sanford Burnham 

Medical Research Institute. All mice were housed, maintained and studied in accordance 

with approved NIH and Georgia Health Sciences University guidelines for animal use 

and handling. 
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METHODS 

RNA extraction 

The total RNA extraction was done using TRlzol (lnvitrogen) system according to 

the manufactuer's instructions with modifications. For adherent cells, 1-3x106 cultured 

monolayer cells were trypzinized and washed once with ice-cold PBS. For suspension 

cells, 3x106 cells were collected and washed once with ice-cold PBS. For animal tissue, 

a small piece of tumor or benign tissue was cut and about 10 mg tissue was used. Cell 

pellets or tissues were transferred to 1.5 ml microtubes and 1 ml TRlzol reagent was 

added to each tube. Cell homogenization requires pipeting up and down to mix samples 

well with the solution. Tissue homogenization was prepared by Tissuemiser 

Homogenizer (Fisher) to disperse and emulsify samples in TRlzol reagent. 200 µI 

chloroform (Sigma) was used to separate RNA and 500 µI isopropanol (Fisher) was 

used to precipitate RNA. After centrifugation, the RNA pellet was washed by 75 % 

ethanol and dissolved in T10E0•1 Buffer (10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA pH 8.0). 

The concentration of RNA was measured spectrophotometrically at 260 nm. 

Primer design 

The nucleotide sequences used for primer design were obtained from Genbank 

(NCBI). Mac-vector software was used for sequence analysis and PCR primer design. 

Detailed primer sequences are shown in Table 1. Methylation-specific PCR (MS-PCR) 

17 



Table 1: RT-PCR primer sequence 

Mouse genes 

Genes RT-PCR Primers (forward and reverse) 

ASAH 1 (A-CDase) 5'-CTTTTGGAGGAAA TGAGGGG-3' 

5'-GTCTTGGTCAGTGTGTTCTTGGC-3' 

IKBKB (IKKl3) 5'-ATTGCTGCTGGCTTGGCG -3' 

5'- GCTGTCACCTTCTGTCCTTTGG -3' 

IRF8 5'-CGTGGMGACGAGGTTACGCTG-3' 

5'- GCTGMTGGTGTGTGTCATAGGC-3' 

Bcl-xL 5'- ATGGCAGCAGTGMGCMGC -3' 

5'- GGGAGGTGAGAGGTGAGTGGAC -3' 

Bid 5'- TGCTGGTGTTCGGCTTTCTC-3' 

5'- TGTGGGCTGGATGTTGTGGTC-3' 

BAD 5'- MGGATGAGCGATGAGTTTGAGG-3' 

5'- ACAGGACAGCACCCAGACCC-3' 

BAK 5'- TCTTGGGTCAGGTGGGTCGG-3' 

5'- TTACGGTCAGGATGGGGTCTC-3' 

Bax 5'-GGATGCGTCCACCMGMGC-3' 

5'-GGAGGMGTCCAGTGTCCAGCC-3' 

LTcx 5'- TGCCAGGACAGCCCATCCAC-3' 

5'- TGAGCAGGMCACAGCCCC-3' 

LTl3 5'- TGGATGACAGCAAACCGTCG-3' 

5'- MCGCTTCTTCTTGGCTCGC-3' 

LIGHT 5'-GGCTGGMCAGMCCACCG-3' 

5'-CCMGTCGTGTCTCCCATMCAGAG-3' 

!3-actin 5'-ATTGTT ACCMCTGGGACGACATG-3' 

5'-CTTCATGAGGTAGTCTGTCAGGTC-3' 
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primers were designed by MethPrimer, free software on the internet. The promoter 

region of IRF8 was analyzed, and unmethylated and methylated primer sets were 

designed. Bisulfite PCR primers were designed using MethPrimer program. 

Semi-quantitative RT-PCR 

200 ng to 1 µg RNA was used for cDNA synthesis using lnvitrogen ThermScript RT

PCR kit according to the manufactuer's instructions with modifications. 1 µg cDNA was 

used for one PCR reaction in a final volume of 20 µI. Each PCR reaction was set up in a 

PCR tube using 2 µI 10X PCR buffer (with Mg2
•), 0.4 µI 10 mM dNTP mix, 0.2 µI Taq 

DNA polymerase (5 U/ µI), 0.5 µI 25 µM sense primer, 0.5 µI 25 µM anti-sense primer, 

and DEPC-water up to 20 µI. Mixed samples were run on a predesigned PCR program 

on a thermal cycler: one cycle of 94 °C for 2 min; 20 -40 cycles (depending on the gene 

expression level) of 94 °C for 30 secs, 58 °C-60 °C ( depending on primer sequence) for 

30 secs and 72 °C for 1 min; 4 °C to the end. !3-actin primers were used as internal 

reference. The amplification product was mixed with 4 µI 6X loading buffer 

(bromophenol blue and sucrose) and fractionated on 1.5% to 3% agarose gel in TAE 

buffer (40 mM Tris, 20 mM Acetic acid, 1 mM EDTA) containing ethidium bromide to 

visualize DNA fragments. DNA bands were observed and recorded using Alpha lmager 

(Santa Clara, CA). PCR band intensity was quantified using NIH lmager J program 

(National Institutes of Health, Bethesda, MD). 

MS-PCR analysis 

19 



Genomic DNA of 32D cells was purified using DNeasy Tissue kit (Qiagen) according 

to the manufacturer's instruction. The purity of DNA was determined by A2ao12ao and pure 

DNA is considered to have a 260/280 value of 1.8. Extracted genomic DNA was then 

modified by sodium bisulfite using CpGenome Universal DNA Modification Kit (Chemicon) 

resulting in unmethylated cytosine converted to uracil. Modified DNA was used as a 

template for PCR amplification on a regular PCR program for 40 cycles with unmethylated 

and methylated primers sets. The mouse IRF8 promoter: unmethylated forward primer: 5'

TTTTGGGGTAG I I I I I I I I I I I GTTC:i I I I I 1-J', unmethylated reverse primer: 5'

TCCCACACACAAAACAACAA TCACACA-3', methylated forward primer: 5'

TGGGGTAr.:; I I I I I I I I I I CGTCGTTTTC-3', and methylated reverse primer: 5'

GCGCGCAAAACGACGATCGCGCG-3'. The amplified PCR products were then 

visualized by electrophoresis (as described in semi-quantitative RT-PCR) 

Bisulfite DNA sequencing 

The bisulfite-modified genomic DNA was used as a template for PCR amplification 

using bisulfite PCR primers designed by MethPrimer. The mouse IRF8 bisulfite primer 

sequences are: forward: 5'-GGGATAGAGGI I I I I IAAATTTGAA-3', reverse: 5'

AACAACCAAAACAAACACCTACTAAC-3'. The 503 bp PCR-amplified DNA fragment 

was cloned into pCR2.1 plasmid using TA cloning kit (lnvitrogen). The cloned DNA was 

then sequenced. The methylation status of cytosine was analyzed using Quma Program 

[61]. 

Cytosol and mitochondra fractionation 
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First, cells were harvested and washed once with ice-cold PBS. The pellet was re

suspended in ice-cold cytosol extraction buffer [10 mM Hepes, pH7.4, 250 mM sucrose, 

70 mM KCI, 1.5 mM MgCh, 1 mM EDTA, 1 mM EGTA, and protease and phosphatase 

inhibitor cocktails (Calbiochem)] for 10 min on ice (25 µI buffer for 1 x 106 cells). Then cell 

suspension was centrifuged at 1,000 x g for 5 minutes at 4 °C. The supernatant, as the 

cytosol part, was transferred to a new tube. Next, the pellet from above was rinsed with 

ice-cold PBS once and re-suspended in ice-cold mitochondria lysis buffer [50 mM Tris

HCI, pH7.5, 100 mM NaCl, 10 mM MgCl2, 2 mM EGTA, 2 mM EDTA, 1% NP40, 10% 

Glycerol, and protease and phosphatase inhibitor cocktails (Calbiochem)] for 10 min on 

ice (25 µI buffer for 1 x 106 cells). After spinning at 10,000 x g for 10 min, the supernatant 

was collected as the organelle-enriched mitochondrial fraction. 

Protein extraction and Western blot analysis 

Cells were harvested and washed once with ice-cold PBS. The cell pellet was re

suspended in total lysis buffer [20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% 

Triton X-100, and protease and phosphatase inhibitor cocktails (Calbiochem)] and 

incubated on ice for 30-60 min. The lysate was centrifuged at 12,000 x g for 10 min at 4 °C 

and the supernatant was collected as total protein extract. The protein concentration was 

determined by Bradford Reagent (Bio-Rad). 25-50 µg protein extracts (based on the 

expression level of target protein) were separated on 4-20% SOS-PAGE gels (Bio-Rad) 

and transferred to lmmobilon™-P membrane (Millipore, Bedford, MA) using the Xcell 11™ 

Blot Module (lnvitrogen). The membrane was blocked with 5% nonfat dry milk in 1 X PBST 

buffer (3.2 mM Na2HPO4, 0.5 mM KH2P04, 1.3 mM KCI, 135 mM NaCl, 0.05% Tween 20, 

pH 7.4). After blocking, the membrane was probed with primary antibody at 4°C overnight. 
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The next day, the membrane was washed in 1 X PBST (3 x 10 min) and probed by related 

secondary antibodies (Sigma) at room temperature for 1 h. The membrane then was 

washed in 1 X PBST for another 3 x 10 min, and detected by ECL Plus (Amersham 

Pharmacia Biotech, Piscataway, NJ) Western detection kit. 

Cell surface marker analysis 

To analyze peripheral blood, blood was collected by tail bleeding. To analyze splenic 

cells, spleens were minced to make a single cell suspension through a cell strainer (BD 

Biosciences). To analyze tumor-infiltrated immune cells, tumors were digested by 

collagenase solution [hyaluronidase (0.1 mg/ml), collagenase (1 mg/ml) and DNase I (30 

U/ml)]. RBCs in the specimen above was lysed by ACK lysis buffer (0.15 M NH4CI, 1 mM 

KHCO3• 0.1 mM Na2EDTA). The cells were resuspended in PBS and were stained with 

fluorescence conjugated mAb specific for mouse cell surface protein such as CD4, CDS, 

CD11 b, Gr1 and Fas (all from Biolegend), respectively. lsotype-matched control lgG (BD 

Biosciences) was used as a negative control. The stained cells were analyzed by flow 

cytometry. 

Isolation of immune subsets 

For analysis of immune subsets in the lung metastasis model, CT26 cells (1x105 

cells/mouse) were injected intravenously (i.v.) into the lateral tail vein of BALB/c mice. 

Tumor samples were examined approximately 21 days after tumor transplantation. 

Single cell suspensions were prepared by digesting the tumor-bearing lungs with an 

enzyme mixture containing hyaluronidase (0.1 mg/ml), collagenase (1 mg/ml) and 

DNase I (30 U/ml), with a magnetic stirrer. The enzymes were all obtained from Sigma 
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(St. Louis, MO). Cell digests were treated with ACK lysis buffer to remove RBCs. To 

purify subsets of tumor-infiltrating immune cells, cell digests were incubated with COB

conjugated Dynal beads (lnvitrogen), CD4, CD11b and NK.Dx5 mAbs (Biolegend) 

respectively. The CD4, CD11b and NK.Dx5 mAb cell suspension was then incubated 

with BioMag anti-mouse/rat lgG (Polysciences Inc. Warrington, PA). The bead-bound 

cells were separated by magnetic separation and lysed immediately in Trizol reagent 

(lnvitrogen) for RNA isolation or total lysis buffer for protein extraction. 

To purify splenic CD11 b+ cells, mouse spleens were digested to a single cell 

suspension. RBCs were lysed by ACK lysis buffer. Cells were resuspended in PBS 

and incubated with CD11 b mAbs (Biolegend). The CD11 b mAb cell suspension was 

then incubated with BioMag anti-mouse/rat lgG (Polysciences Inc. Warrington, PA). 

The bead-bound cells were separated by magnetic separation and lysed immediately 

in Trizol buffer (lnvitrogen) for RNA isolation or total lysis (0.1 % Triton x-100) buffer for 

Western blot. 

For analysis of CD11b+Gr1• cells, we used only CD11b• mAb and magnetic 

beads for purification because the FACS staining showed that 90% CD11b+ cells in the 

4T1 tumor bearing mice were also CD11 b•Gr1 + cells. 

Measurement of endogenous ceramide level 

Cellular levels of endogenous ceramides were measured by high-performance liquid 

chromatography/mass spectroscopy (LC/MS) as described [62,63]. Ceramide levels were 

normalized to the total cellular protein content. 

Chromatin immunoprecipitation (ChlP) 
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ChlP assays were carried out according to protocols from Upstate Biotech (Lake 

Placid, NY). For tumor cells, 3X106 cells were used to start the crosslink step by adding 

135 µI 37 % formaldehyde directly to cells cultured in 5 ml medium. For purified CD11b+ 

cells, primary CD11b+ cells were purified by depleting other subsets of cells with the 

respective mAbs and magnetic beads. After crosslinking, cells were pre-cleaned by protein 

A and then split into two tubes. One tube was immunoprecipitated using 3 µg anti-lRF8x 

antibody (C-19; sc-6058x, Santa Cruz), and goat lgG (sc-2028, Santa Cruz) was added to 

the other tube as negative control. Agarose-protein A beads (Santa Cruz) were used to pull 

down antibody-DNA complexes. The eluted DNA was used for PCR to amplify the 

promoter regions of A-CDase and Bcl-x with the respective primer pairs as follows: A

CDase, forward: 5'-TGTCGTCGAAGCAGAAAATG-3', reverse, 5'

GTATTTGTCGCCGCGTTACT-3'; Bcl-x, forward: 5'-AAAGTTCTGGGTTCGGTCGC-3', 

reverse, 5'-ACGGTGAAAACGAGAGTTGCC-3'. 

Gene silencing 

32D-BA cells were transduced with Scramble shRNA (Cat# sc-108080) and A

CDase-specific shRNA-expressing lentiviral particles (Cat# sc-140807-V, Santa Cruz). 

Transducted cells were selected for stable lines with puromycin. CT26 cells were stably 

transfected with scramble shRNA (GGAATCTCATTCGATGCATAC) plasmid and IKK[3-

specific shRNA (TCCCTTATGACACGTAATCCTAA) plasmid (SABiosciences, 

Germantown, MD), respectively. The transfected cells were propagated and maintained in 

culture medium containing Geniticin (lnvitrogen). Cells were validated by analysis for the 

respective mRNA level by RT-PCR. 

Electrophoretic Mobility Shift Assay (EMSA) 
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A rapid method for preparation of cell nuclear extracts was used [64] with 

modifications. 3X106 tumor cells were collected and washed with ice-cold PBS. Cell pellets 

were then lysed by incubating in 200 µI cold lysis buffer A [10 mM HEPES-KOH pH 7.9, 

1.5 mM MgCb, 1 O mM KCI, 0.5 mM dithiothreitol, with protease and phosphatase inhibitor 

cocktails (Calbiochem)] on ice for 10 min. After vortexing and centrifuging briefly at 1000 x 

g, the supernatant was discarded and the pellet was resuspended in lysis buffer C [20 mM 

HEPES-KOH, 25 % Glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA and protease 

and phosphatase inhibitor cocktails (Calbiochem)]. The lysate was incubated on ice for at 

least 30 min and centrifuged at 12,000 x g for 1 O min at 4 °C. The supernatant was 

collected as nuclear extracts. The concentration of protein was determined by Bradford 

Assay (Bio-Rad). First, NF-KB consensus oligonucleotides were purchased from Santa 

Cruz (sc-2505). The wild-type DNA probes were provided as double-strands 

oligonucleotides containing the binding site for NF-KB/c-Rel homodimeric and 

heterodimeric complexes. The mutant DNA probes had the same sequence as the wild

type probe except for a substitution of "G" to "C" in the binding site of NF-Kj3/c-Rel. The 

DNA probes are as follows: wild-type forward: 5'- AGTTGAGGGGACTTTCCCAGGC-3', 

reverse: 5'- GCCTGGGAAAGTCCCCTCMCT-3'; mutant forward: · 5'-

AGTTGAGGCGACTTTCCCAGGC-3', reverse: 5'- GCCTGGGAAAGTCGCCTCMCT-3'. 

Second, the A-Cdase promoter sequence was analyzed and wild-type DNA probes were 

designed by Mac-Vector containing the IRFB binding consensus sequence IECS. The 

mutant probes were also generated containing a mutated IECS. The DNA probes are as 

follows: wt forward: 5'-GCCAGAGGMMCTGGMGTCCCGCCC-3', reverse, 5'-

GGGCGGGACTTCCAGTTTTCCTCTGGC-3'; 

GCCAGAGTCGTACTCTATGTCCCGCCC-3', 

mutant forward; 5'-

reverse: 5'-

GGGCGGGACATAGAGTACGACTCTGGC-3'. The DNA oligonucleotides were annealed 
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to form dsDNA probes and the DNA probes were then radiolabeled with [y-32P] ATP in the 

presence of T4 polynucleotide kinase (lnvitrogen). 10 µg nuclear extracts were pre

incubated in 5X binding buffer (50 mM Tris-HCI Ph 7.5, 5 mM MgCl2, 2.5 mM EDTA, 2.5 

OTT, 250 mM NaCl, 20 % Glycerol, 0.25 mg/ml polydeoxyinosinic-deoxycytidylic acid). 

Competitor oligonucleotides or mAb were used as specific controls. The nuclear extract 

mixture was mixed with hot probe in a final volume of 15 µI and subjected to 6% PAGE gel 

(polyacrylamide gel electrophoresis) in 0.5 x TBE buffer (89 mmol/L Tris base, 89 mmol/L 

boric acid, and 5 mmol/L EDTA). The gel was dried and exposed to a Phospholmage 

screen (Molecular Dynamics) and the screen was autoradiographed by STORM lmager 

(GMI Inc.) 

Reporter Assay 

The assay is based on the luciferase assay system (Promega) with modifications. 

2.5x105 tumor cells were seeded in a 24-well plate with 0.25 ml regular medium 

(RPMl+10%FBS) and 0.25 ml OPTI-MEM medium in each well. To transfect cells in 

each well, 2 µg NF-KB reporter plasmid DNA in 50 µI OPTI-MEM medium was mixed 

with 2 µI LipofectantAmine2000 (lnvitrogen) in 50 µI OPTI-MEM medium. The mixture 

was then incubated at room temperature for 30 min. 100 µI of the above DNA mixture 

was added to each well for incubation at 37 °c overnight. Transfections were performed 

in triplicate and repeated at least thrice in separate experiments. The next day, 0.5 ml 

regular medium was added to each well and further incubated for another 6 h. After the 

above treatment, cells were rinsed once with cold PBS, and lysed with total lysis buffer 

[20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease 

and phosphatase inhibitor cocktails (Calbiochem)]. The lysate was subjected to 12,000 x 
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g centrifugation at 4 °C for 1 0 min. 50 µI supernatant was added into a 96-well plate to 

react with 50 µI luciferin substrate, and the plate was analyzed on a plate reader. 

NF-KB activity assay 

Human colon carcinoma HT29, mammary carcinoma MCF7, and STS MPNST724, 

cells were cultured in the presence of BS-1 and analyzed for NF-KB activation. Western 

blotting analysis of IKBa. activation (plKBa.) at the indicated times revealed the kinetics of 

classic pathway of NF-KB. Western blotting analysis of p1 00/p52 at the indicated times 

revealed the kinetics of the alternative NF-KB pathway . [3-actin was used as a loading 

control. NF-KB activation was also analyzed using EMSA as previously described. 10 µg 

nuclear extracts were prepared from BS-1-treated tumor cells at certain times and 

incubated with 32P-labelled NF-KB probe. For specific controls, unlabled nuclear extracts, 

lgG, p52, p65, p50, 1:100 molar excess cold wild-type NF-KB probe, and excess cold 

mutant NF-KB probe were used. The DNA-protein complexes were analyzed by 6% 

PAGE. NF-KB luciferase reporter assay was also included as previously described, 

mainly for validating the blocking effect of NF-KB super suppressor and IKKl3 shRNA. 

Generation of L Tf3R ligand-deficient chimera mice 

Bone marrow (BM) was prepared from wild type, L Ta, LIGHT and L Tf3/LIGHT KO 

mice respectively. Femur and tibiae were removed from KO and wild type mice and 

sterilized by soaking in 70% ethanol for 5 min. The bone marrow was flushed out by 

PBS using 0 0.45 mm syringe. Meanwhile, wild-type C57BU6J mice were radiated with 

a dose of 950 Rad to eliminate recipient immune cells. BM cells (5x106 cells/mouse) 
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were injected i.v. to the radiated recipient mice 4 h later. Eighteen days later, 

methylcholanthrene (MCA) was injected to the chimera mice (100 µg/mouse in peanut 

oil) at the right flank to induce spontaneous sarcoma. Tumor growth was observed twice 

a week by measuring with a caliper and tumor volume was calculated by formula: 

volume = (width)2 x length/2. 

Tumor growth measurement 

Tumor cells were seeded in a 96-well plate at 5x103 per well in 100 µI cultural 

medium. To assess the cytotoxic effect of LTf3R mAb, human tumor cells were treated 

with recombinant IFN-y (100 units/ml) and humanized tetravalent anti-LTf3R mAb (BS-1, 

100 ng/ml or as indicated) for 5 days. Mouse tumor cells were seeded in 96-well plates 

pre-coated with capture mAb (BD Bioscience) the day before. Anti-mouse L Tf3R agonist 

mAb (clone ACH6, 100 ng/ml) was added and cells were incubated for 5 days [33]. To 

assess the synergestic effect of ABT 737 and Fasl, ABT 737 and Fasl were added to 

cells at various concentrations and cultured for 24 h. Tumor cell growth was measured 

using MTT cell proliferation assay kit (ATCC, Manassas, VA). 

Apoptosis Assay 

For measurement leukemia cell apoptosis, 32D-BA cells were treated with LCL85 

overnight, or C16 ceramide (Santa Cruz) for 1 h. Recombinant Fasl (100 ng/ml, 

PeproTech; Rocky Hill, NJ) was added and incubated for approximately 24 h. Cells were 

then collected and incubated with propidium iodide (Pl) solution (R&D Systems) and 

analyzed by flow cytometry. For measurement of apoptosis in CD11b• primary cells, total 
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spleen cells were treated with LCL85 (2 µM) for 4 h, followed by incubation with FasL (25 

ng/ml) for approximately 16 h. The cells were then collected and stained with anti-CD11 b 

mAb (BD Biosciences) and Pl. The CD11b• cells were gated to determine the percentage 

of p1• CD11 b• cells. The percentage of cell death was calculated by the formula: % cell 

death=% p1• cells after FasL treatment - % p1• cells without FasL treatment. To measure 

CD11 b+Gr1 + cell apoptosis, total spleen cells were stained with FITC-conjugated CD11 b

specific mAb and PE-conjugated Gr1-specific mAb in PBS. Cells were washed with 

Annexin V binding buffer and stained with Annexin V-Alex Fluor 647 (Biolegend) based on 

manufacturer's instruction. The CD11 b+Gr1 + cells were gated out to determine the 

percentage of Annexin V positive cells. For measurement of ABT 737 and FasL combinant 

cytotoxic effect on CD11 b+Gr1 + cells, 3x106 total spleen cells per well were cultured in a 

6-well plate. Cells were pretreated with ABT737 ( 5 µM) dissolved in DMSO for 1 h, 

followed by mega-FasL at the indicated concentration, and cultured for approximately 16 

h. Cell apoptosis was determined by Annexin V staining as described. 

Transient transfection 

The mouse A-CDase coding region was amplified by RT-PCR and cloned into 

pEGFP-N1 plasmid to generate pEGFP.mA-CDase. The insert was verified by DNA 

sequencing. 32D-BA.IRFB cells were transiently transfected with pEGFP-N1 and 

pEGFP.mA-CDase respectively, using lipofectamine 2000 system (lnvitrogen), and 

analyzed for A-CDase expression by RT-PCR and sensitivity to Fas-mediated apoptosis 

as described. 
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Stable transfection 

CT26 cells were stably transfected with pcDNA and pcDNA containing the NF-KB 

supersuppressor IKBa.-AA (kindly provided by Dr. Michael Karin) [58) using the 

lipofectamine 2000 system (lnvitrogen). 2x105 cells per well were seeded in a 24-well 

plate. To transfect each well, 2 µg plasmid DNA in 50 µI OPTI-MEM medium was mixed 

with 2 µI LipofectantAmine2000 (lnvitrogen) in 50 µI OPTI-MEM medium. The mixture 

then was incubated at room temperature for 30 min. 100 µI of the above DNA mixture 

was added to each well and incubated at 37 °c overnight. Transfections were performed 

in sextuplicate. The transfected cells were harvested the next day and propagated in a 

culture flask with culture medium containing Geniticin (lnvitrogen) for drug selection. The 

survived clones were then used for NF-kB luciferase reporter assay for validation. IKKj3-

specific shRNA and scrambed shRNA ( SABiosciences, Germantown, MD) were 

packaged into plasmids and CT26 cells were transfected by plasmid DNA by the 

lipofectamine 2000 system (lnvitrogen). Transfections were performed in sextuplicate. 

The transfected cells were harvested the next day and propagated and selected by 

Geniticin as described above. 

Experimental lung metastasis model 

CT26.pcDNA and CT26.IKBa.-AA cell lines, generated as previously described, 

were suspended in Hank's Balanced Salt Solution (HBSS) (lnvitrogen), and injected i.v. 

into the lateral tail vein (100 µI) at the indicated concentrations. Mice received CTL 

adoptive transfer and were sacrificed at the indicated time points. Injection of India ink 

through the trachea visualized tumor nodules as white and unaffected lung tissue as 
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black. The lung was resected and fixed in Fekete's solution (60% ethanol, 10% 

formaldehyde and 5% glacial acetic acid). The number of tumor nodules appearing in all 

4 lobes was counted in a single-blinded fashion. Values exceeding 250 nodules were 

considered too numerous to count accurately and, therefore, were reported as .:250. 

lmmunohistochemistry 

The human colorectal cancer tissue microarray (TMA) slides were obtained from 

the NCI-sponsored Cooperative Human Tissue Network. The TMA slides were stained 

with the anti-LTJ3R mAb (clone BDAB) [33] by Ms. Kimberly K. Smith in Dept. of 

Pathology of Georgia Health Sciences University. 

CTL adoptive transfer immunotherapy 

Tumor-specific CTL PKO3 was generated from perforin-deficient BALB/c mice as 

previously described [65]. The tumor-specific CTLs were restimulated in vitro every 

seven days to maintain the quality and quantity of CTLs. 2x105 CT26 tumor cells were 

injected i.v. into mouse tail vein. Five days later, 1x 106 tumor-specific CTLs were 

injected into the tumor-bearing mice. Mice were sacrificed 14 days after tumor 

transplantation. Lung metastasis was analyzed as previously described [66]. 

Restimulation of tumor-specific CTL 

The following procedures for CTL stimulation in vitro were carried out every seven days. 

The tumor specific CTL PKO3 was purified from the last stimulation cycle by Ficoll 
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gradient and restimulated in 24-well plates co-cultured with irradiated (200 Gy) CMS4 

tumor cells (1x105 per well) as antigen source, irradiated (20 Gy) splenocytes (5x106 per 

well) from BALB/c mice as antigen presenting cells, and IL-2 (60 IU/ml. Tecin, Hoffman

LaRoche, Nutley, NJ). 

4T1 mammary carcinoma mouse model 

1x104 4T1 cells were suspended in 100 µI Hank's Balanced Salt Solution (HBSS) 

(lnvitrogen) and injected into NO.3 mammary fat pads on the right side of BALB/c mice. 

Primary tumors grew out in 7-12 days. Tumor bearing mice were sacrificed on day 21 for 

MDSC analysis. 

Colon26 colorectal carcinoma mouse model 

BALB/c mice were anaesthetized for surgical procedures. A small incision was 

made through the left lower part of the mouse abdomen. The cecal wall was exposed 

carefully, and 5x105 colon 26 cells were transplanted into the cecum wall in 20 µI Hank's 

solution, between the serosa and muscular layer. The cecum was then put back into the 

cavity. The abodominal wall and skin were closed by staples. All procedures were 

perfomred in a sterile environment. 

Data analysis 
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All statistical analyses were performed using SAS 9.2. Statistical significance was 

assessed using an alpha level of 0.05. Descriptive statistics were calculated on all 

variables. To examine relationships with stain intensity (Bright or Dim), chi-square tests or 

I-tests were used where appropriate. 
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RESULTS 

Mechanism underlying CML resistance to Fas mediated apoptosis 

Promoter DNA methylation of IRFB and consequent silencing of IRFB play a key 

role in CML resistance to Fas-mediated apoptosis 

CML cells acquire apoptosis resistance not only through expression of bcr/abl fusion 

protein, which enhances the survival signal, but also through down-regulation of tumor 

suppressor genes such as IRF8. The expression level of IRF8 is dramatically down

regulated in human AML and CML [48,49). We have previously demonstrated that down

regulation of IRF8 expression is mediated by the DNA methylation of IRF8 promoter in 

colon carcinoma cells [67) and other reports also showed the same phenomenon in many 

other types of tumors [68,69,70,71). We therefore hypothesized that CML cells might also 

use DNA methylation of the IRF8 promoter to down-regulate IRF8. MS-PCR analysis 

revealed that the IRF8 promoter is not methylated in normal human PBMCs but 

methylated in PBMCs derived from human myeloid leukemia patients (Figure 1 ). 

To elucidate the molecular mechanisms underlying the IRF8 promoter DNA 

methylation in myeloid leukemia pathogenesis, we used the myeloid 32Dcl (32D) 

progenitor cell model for in vitro and in vivo studies. To mimic human myeloid leukemia, 

32D cells were stably transfected with a vector containing the coding sequence of Bcr-Abl 

(32D-BA). MS-PCR 
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Figure 1 
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Figure 1. IRF8 promoter is methylated in human myeloid leukemia cells. 

MS-PCR analysis of the human IRF8 promoter methylation. U:unmethylation, M: 

methylation. The specimen from CML patient 3 was analyzed in a different gel. 
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analysis revealed that the IRF8 promoter is methylated in 32D and 32D-BA cells (Fig. 2A). 

Consistent with the IRF8 promoter methylation status, IRFB protein is undetectable in 32D 

and 32D-BA cells, and inhibition of DNA methylation by azacytidine restored IRFB 

expression (Fig. 2B & C). 

Then we analyzed the IRF8 promoter region, and cloned a 503 bp long IRF8 

promoter fragment (-350 to + 153 relative to the IRFB transcription initiation site) of 32D 

cells and sequenced the entire region. There are 51 CpG dinucleotides in this 503 bp 

region. Overall, an average of 73% of the cytosines of the 51 CpGs was methylated (Fig. 

2D). The GAS element is the binding site of IFN-y-activated STAT1 [72]. There is a GAS 

consensus sequence in the IRF8 promoter region (-162 to -172 relative to the IRF8 

transcription initiation site). This GAS element contains a CpG (Fig. 2D). Only 3 of the 5 

clones sequenced contain a methylated cytosine inside this GAS element (Fig. 2D). An 

almost 100% methylated region was identified in all 5 clones analyzed in the region -59 to 

-106 relative to the IRF8 transcription initiation site. 

IRFB transcriptionally represses A-CDase in myeloid cells in vitro and in vivo 

To identify target genes of IRF8, we next restored IRFB expression by ectopic 

expression of IRF8 in 32D-BA cells and analyzed the expression levels of key apoptosis 

mediators in the Fas-mediated apoptosis signaling pathway. Among the multiple apoptosis 

mediators examined, the protein level of A-CDase was found to be repressed by 

ectopically expressed IRF8. A-CDase is present in the organelle-enriched mitochondrial 

fraction of 32D-BA and 32D-BA.Vector cells, but dramatically decreased in 32D.BA.IRF8 

cells (Fig. 3A). Consistent with the observation that inhibition of DNA methylation restored 
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Figure 2. Methylation status of the IRFS promoter in mouse CML cells. 

A. Genomic DNA was isolated from 32D and 32D-BA cells and analyzed by MS-PCR for 

the IRFB promoter methylation. U: unmethylation, M: methylation. B. Total lysate was 

prepared from myeloid cells differentiated in vitro from bone marrow of wt mice (IRFa•1•), 

IRFB KO mice (IRFS-1"), 32D and 32D-BA cells and analyzed for IRF8 protein level by 

Western blotting analysis. f3-actin was used as normalization control. C. 32D-BA cells 

were treated with various concentrations of azacytidine for 3 days and analyzed for IRFB 

expression by RT-PCR (top panel) and A-CDase protein level by Western blotting 

(bottom panel). D. Genomic DNA was isolated from 32D cells and modified with bisulfite 

sodium. The IRFB promoter region as indicated was cloned and sequenced. The CpG 

islands are indicated by blue color. The transcription initiation site is marked by +1. Each 

circle represents a CpG dinucleotide. Open circle: unmethylated CpG; closed circle, 

methylated CpG. Results from 5 independent clones are shown. 
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IRFB expression (Fig. 2C), inhibition of DNA methylation repressed A-CDase expression 

(Fig. 2C). 

To determine whether IRFB directly regulates A-CDase transcription, we carried out 

ChlP assay to determine whether IRFB directly binds to the A-CDase promoter region in 

vivo. Six PCR primer pairs were designed to cover the A-CDase promoter region ranging 

from -5000 to +1000 relative to the A-CDase transcription initiation site. Analysis of 

interactions between IRFB protein and an approximately 6000 bp region of the A-CDase 

promoter revealed that IRFB binds to the A-CDase promoter near the transcription start 

site in 32D-BA.IRF8 cells (Fig. 3B). To locate the IRFB binding site at the A-CDase 

promoter region, we analyzed the A-CDase promoter and identified a potential IRFB 

binding site [IRF-Ets composite sequence (IECS)] [73] (Fig. 3C). To further confirm that 

IRFB can bind to the IECS sequence in vitro, DNA-protein binding assay revealed that 

IRFB specifically binds to this DNA sequence (Fig. 3C). Therefore, we concluded that IRFB 

is a transcriptional repressor of A-CDase and IRFB binds directly to the A-CDase promoter 

region to regulate'A-CDase transcription in CML cells. 

Ectopic expression of IRFB results in C16 ceramide accumulation in myeloid cells 

A-CDase functions as a key enzyme of the sphingosine signaling pathway [74,75] 

that can convert ceramide to sphingosine, which can be further phosphorylated into 

sphingosine-1-phosphate. We compared the ceramide content among 32D-BA, 32D

BA.Vector and 32D-BA.IRF8 cell lines. All C14- C16-, C18-, C20-, C22-, C24-, C26- and 

dhC16-ceramide contents are very low to undetectable in 32D-BA and 32D-BA.Vector 

cells. Over-expression of IRFB significantly increased C16- and dhC16-ceramide levels 

(Fig. 4). Because accumulation of ceramide often increases cell sensitivity to apoptosis 
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Figure 3. IRFB binds to the A-CDase promoter region to repress IRFB expression in 

CML cells. 

A. Cytosol: cytosol fraction. Mita: mitochondrial enriched organelle fraction. Fractions were 

prepared from 32D-BA, 32D-BA.Vector and 32D.BA-IRF8 cells and analyzed for IRF8 and 

A-CDase protein level by Western blotting analysis. CytC was used as normalization 

control. B. ChlP analysis of IRF8 and A-CDase promoter interaction. Top panel: mouse A

CDase promoter structure. The ChlP PCR regions are indicated at the bottom. Bottom 

panel: ChlP PCR results. 1: input genomic DNA; 2. lgG control; 3. anti-lRF8 antibody. 

Shown is representative image of one of two independent experiments. C. IRF8 binds to 

the A-CDase promoter DNA in vitro. Top panel: The A-CDase promoter structure. Bottom 

panel: EMSA of IRF8 association with the IECS sequence-containing DNA probe. Nuclear 

extracts (NE) prepared from 32D-BA and 32D-BA.IRF8 cells were incubated with mutant 

probe (lanes 4 and 5), wt probe (lanes 1-3, 6-9) in the presence of isotype control lgG 

(lane 6) or anti-lRF8 Ab (lane 7), and analyzed for the DNA-protein interactions. Lanes 1-

7: 5 µg nuclear extract/reaction. Lanes 8-9: 20 µg nuclear extract/reaction. The potential 

probe-lRF8 complex is indicated at the right. 
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Figure 4 
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Figure 4. C16-ceramide and dhC16-ceramide contents in CML cells. 

Ceramide contents were determined by LC/MS. Shown are representative results of two 

independent measurements. 
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[62,76,77], we reasoned that 32D-BA.IRFB cells should exhibit increased sensitivity to 

Fas-mediated apoptosis. Indeed, consistent with the increased ceramide level, 32D

BA:IRFB cells became more sensitive to Fas-mediated apoptosis (Fig. 5A). 

A-CDase mediates rriyeloid cell sensitivity to Fas-mediated apoptosis 

LCL85, a chemically s~nthesized ceramide analogue, was modified from B13, the 

first discovered inhibitor of A-CDase. LCL85 was designed to act as. a mitochondriotropic 

inhibitor of this enzyme [78,79]. To further define the role of A-CDase in Fas-mediated 

apoptosis, we treated 32D-BA cells with the A-CDase inhibitor LCL85. Pre-treatment with 

LCL85 significantly increased 32D-BA cell sensitivity to Fas-mediated apoptosis (Fig. 5B). 

Since repressing A-CDase in 32D-BA.IRFB cells could cause increased C16 and 

dhC16 ceraniide level (Figure 4) and tlius increa.sed sensitivity to Fasl-induced apoptosis, 

we also incubated 3?D-BA cells with exogenous C16 cerainide. and analyzed their 

sensitivity to F~s-mediated apoptosis: C16 ceramide i>re~treatme_nt significantly increased . . . . . 

3?D-BAcell sensitivity to Fas-mediate_d apoptosis (Fig .. 5¢): In iidd_ition, silencing AsCDase. 

also significantiy increased 32D-BA cell serisitivity to Fas-mediated ap6ptosis (Fig.5D). 
. _, . . -· . '. - .· -

Conversely, overexpression of A-CDase significantly. det:rea_sed 32D-'3A.IRF8· cells to Fass. . . . . ' . ' . . 

mediated· apoptosis _(Fig. 5D)." Taken. together, we demonstrated, by. four different 

approaches, that A-CDase plays an impbrtant role in antagonizing.32D-BA tell sensitivity . .. . ' . . 

to :Fas-mediated apoptosis. 

iRFB functions as an A-CDa"se transcription repressor to regulate primaty myeloid 

: cell lineage differentiation in vivo· 
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Figure 5. A-CDase mediates CML cell sensitivity to Fas-mediated apoptosis. 

A. Restoration of IRF8 expression sensitizes CML cells to Fas-mediated apoptosis. 

32D.Vector and 32D.IRF8 cells were cultured in the absence and presence of recombinant 

Fasl for approximately 24 h and analyzed for apoptosis. Column, mean; Bar, SD. 

**p<0.01. Shown are representative results of one of three independent experiments. B. 

Inhibition of A-CDase activity increased CML cell sensitivity to Fas-mediated apoptosis. 

32D-BA cells were either untreated (control) or treated with A-CDase inhibitor LCL85 

overnight, followed by incubation with Fasl for approximately 24 h and then analyzed for 

apoptosis. Shown are representative images of three separate experiments. Column, 

mean; Bar, SD.•• p<0.01. C. Exogenous C16 ceramide increases CML cell sensitivity to 

Fas-mediated apoptosis. 32D-BA cells were cultured in the presence of C16 ceramide for 

1 h, followed by incubation with Fasl for approximately 16 h. Cell death was measured as 

in A. D. Silencing A-CDase or overexpressing A-CDase alters CML cells sensitivity to Fas

mediated apoptosis. Top panel: 32D-BA cells were transduced with lentivirus containing 

either scramble shRNA or A-CDase-specific shRNA. The cells were then analyzed for A

CDase silencing efficiency by RT-PCR (left panel) and sensitivity to Fas-mediated 

apoptosis as described above in A. Shown are representative results of two independent 

experiments. Bottom panel: 32D-BA.IRF8 cells were transiently transfected with pEGFP 

vector or pEGFP-A-CDase and analyzed for A-CDase expression by RT-PCR (left panel) 

and sensitivity to Fas-mediated apoptosis (right panel) as described above in A. Shown 

are representative results of three independent experiments. 
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To determine whether IRF8 regulates A-CDase expression under physiological 

conditions, we examined the A-CDase protein level in IRF8 KO mice. First, we showed the 

immune profiles (CD4• T cells, coa• T cells, CD11b• macrophage and NK cells) of spleen 

cells from IRF8 KO and age-matched wt control littermate mice. 

As compared to the wt mice; the percentage of co4• T cells, coa• T cells and NK cells 

were decreased in spleens from IRF8 KO mice. However, the total number of T and NK 

cells per spleen is similar between IRF8 KO and wild-type mice. As noted before, the size 

of the spleen of the IRF8 KO mice was larger than that of wt mice (Fig. 68). 

CD11 b• cells, which likely include macrophages and granulocytes, were largely 

increased in the IRF8 KO mice (Fig. 6A), thus confirming the role of IRF8 as a key 

transcription factor in lineage-specific differentiation of myeloid cells [50,80]. Analysis of A

CDase level revealed that A-CDase protein level is weak to undetectable in co4• T cells, 

coa• T cells and NK cells and knocking out IRF8 did not alter the A-CDase protein level in 

these 3 subsets of primary cells. However, A-CDase protein level is dramatically higher in 

CD11b• cells in IRF8 KO mice than that in control mice (Fig. 6C). 

Next, we sought to determine whether inhibiting A-CDase increases the sensitivity of 

the IRF8 KO CD11 b• cells to Fas-mediated apoptosis. Spleen cells were pretreated with 

LCL85 and then incubated with FasL. The primary IRF8 KO CD11b• cells were sensitive 

to Fas-mediated apoptosis (Fig. 6D). However, LCL85 significantly increased the IRF8 KO 

CD11 b• cell sensitivity to Fas-mediated apoptosis (Fig. 6D). Taken together, our data 

suggest that IRF8 regulates myeloid cell lineage differentiation at least partially through 

regulating apoptosis sensitivity in an A-CDase-dependent manner. 
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Figure 6. Myeloid cells of IRFB-deficient mice exhibited increased A-CDase protein 

level. 

A. Single cell suspensions were prepared from spleens of IRFB knock out and age

matched wt littermate control mice, and analyzed for co4• T cells, coa• T cells, CD11 b• 

myeloid cells and NK cells. The number in the box indicates the percentage of that 

particular cell subset. Shown are representative data from one of 3 pairs of mice. B. 

Spleens of IRFa•1• and IRFB.,_mice. C. CD11b+ cells were isolated from spleens of 3 age

matched pairs of IRFa•1
• and IRFB_,_ mice and used for total lysate preparation. The total 

lysates were analyzed by Western blotting for A-CDase protein level. D. Inhibition of A

CDase activity increases myeloid cell sensitivity to Fas-mediated apoptosis. Single cell 

suspension was prepared from spleens of IRFB knock out mice. Cells were incubated with 

LCL85 for 4 h, followed by incubation with Fasl for approximately 16 h. The cells were 

then stained with APC-conjugated anti-CD11 b mAb and Pl and analyzed by flow 

cytometry. CD11b+ cells were gated to determine the p1• cells. Shown are representative 

results of one of 3 independent experiments. Column, mean; Bar, SD. 
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IRFB suppresses CML development in vivo 

Based on the observation that ectopic expression of IRFB in CML cells can sensitize 

CML cells to Fasl induced apoptosis in vitro partially through repressing A-CDase, (Fig. 

5), we next tested whether restoration of IRFB expression would suppress myeloid 

leukemia development in vivo. 32D-BA.Vector and 32D-BA.IRFB cells were injected into 

na"ive mice, and mouse survival was recorded. Mice that received 32D-BA.Vector cells 

started to die on day 24 after tumor transplant, and all mice were dead 50 days after tumor 

transplant. In contrast, mice that received 32D-BA.IRFB cells had a much better survival 

rate; only one of the 11 mice was dead 52 days after tumor transplant and 9 of the 11 mice 

were still alive 65 days after tumor transplant (Fig. 7 A). 

Our observations above that restoration of IRFB expression confers the tumor cell 

sensitivity to Fas-mediated apoptosis (Fig. 5A) and that immune-competent na"ive mice 

can survive 32D-BA.IRFB tumor cell challenge (Fig. 7A) suggest that the host immune 

cells might have played a significant role in suppressing apoptosis-sensitive myeloid 

leukemia development through the Fas-mediated effector mechanism. In that case, we 

expected that 32D-BA.IRFB cells should cause increased mortality in the Fasl-deficient 

mice. Indeed, Fasl-deficient mice exhibited significantly lower survival rate than the wt 

control mice after 32D-BA.IRFB tumor cell challenge (Fig. 78). To determine whether the 

surviving mice would develop immunological memory against myeloid leukemia, we re

challenged these surviving mice with 32D-BA cells 90 days after the first tumor challenge. 

Na"ive mice were used as control. While all na"ive mice receiving this first 32D-BA cell 

injection died within 43 days after transplantation, all of the 32D-BA.IRFB cell pre

challenged mice remained alive at the end of the experiment (56 days after the tumor 

challenge) (Fig. 7C). 
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Figure 7. The Fas-mediated effector mechanism of the host immune system plays 

an important role in suppression of myeloid leukemia development. 

A. Restoration of IRFB expression increased the survival of tumor-bearing mice. 32D

BA.Vector and 32D-BA.IRFB cells (1x106/mouse) were injected to na"ive mice (n=10 for 

' " 

32D-BA.Vector cells, n=11 for 32D~BA.IRFB cells) i.v. and mouse survival was recorded 

over time. The survival rate was plotted against days after tumor cell transplant. B. Fasl

deficient mice exhibited significantly lower survival rate after tumor challenge. 32D

BA. IRFB cells (1x106/mouse) were injected to wt (n=5) and Fasl-deficient (Fasfl1d) mice 

(n=5) i.v. and mouse survival was recorded over time. The survival rate was plotted 

against days after tumor cell transplant. C. Immunologic memory against myeloid 

leukemia. Na"ive mice and mice thatwere injected with 32D0 BA.IRF8 cells and survived as 

shown in A were re-challenged with 32D-BA cells 90 days after the first tumor injection, 

and observed for surviv~I. The survival rate was plotted against days after tumor cell 

transplant. 
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Study of the role of L TPR in apoptosis and immune surveillance 

L Tl3R ligands can be induced in tumor-infiltrating immune cells 

The L Tl3R, also known as TNF RIii or TNFRS3, is a member of the TNF 

superfamily. L Tl3R is mainly expressed on parenchymal and stromal cells, whereas the 

ligands, L Ta1132 and LIGHT are exclusively-expressed on immune cells, particularly on 

activated T cells. To determine whether the LTl3R ligands, LTa1LTl32 and LIGHT, are 

expressed in immune cells in the tumor microenvironrrient, we transplanted CT26 tumor 

cells into BALB/c mice through i.v injection. Two weeks after tumor transplantation, 

tumor-bearing lungs were digested with collagenase solution to make a single cell 

suspension. CD4•, cos•, CD11 b+ and NK cells weie• purified from the tunior" cells and 

used for RT-PCR an_alysis of LTa, LTl3 and LIGHT mRNA levels. The LTa mRNA level 

was weak to moderate in all 4 subsets of immune cells, whereas L Tl3 mRNA'was h!gh in 
' . . . 

all 4 subsets of imm~~e cells analyzed (Fig. 8). Althc;iug~ it was reported -th_at LIGHT is . . . ' . 

only expressed in activated T cells [81], it l:leems that the_ Ll5'HT mRNA level is relatively 

high not only in T cells but also iri CD11b• and NK cells in the.tumor microenviroiiment 

(Fig. 8). Based .on these observaiions, we conclude tti'~t the ligands for L Tl3R are 

activated in both innate and adoptive immune cells-in the _tumor microenvircinment under •. 

physiological condi!ioris. -

L Ta1 L Tl32 a~d LIGHT play critical rol_es In sup~ression of.~pontan~ous ~arc~ina i11 

vivo 

Based on the above observations that tumor infiltrated .immune cells express thl:l 
. ' 

ligands L Ta1 L Tl32 arid LIGHT, we reasoned that tumor0irifiltrating immune cells might 
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Figure 8. L Tf3R ligand expression level in immune cells of tumor-bearing mice. 

RT-PCR analysis of LTa, LTl3 and LIGHT in tumor-infiltrating immune cells. Single cell 

suspensions were prepared from tumor-bearing lungs as described above. CD4\ 

CD8\ CD11 b+ and NK.Dx5+ cells were isolated from the tumor mixtures using mAb

conjugated magnetic beads that are specific for each of the 4 subsets of cells. The 

cells were lysed to isolate total RNA for the RT-PCR analysis. Shown are results from 

3 mice. 
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target tumor cells through L Tl3R-mediated cytotoxicity in vivo. To test this hypothesis, 

we made use of LTl3R ligand-deficient mice, The rationale is that if ligands-expressing 

immune cells do bind to the L Tl3R on tumor cells to suppress tumor development, then 

L Tl3R ligand-deficient mice should be more susceptible to tumor genesis. 

Because L Tl3R ligand-deficient mice are severely immune-deficient [82] and the 

L Tl3R ligands are only expressed in haematopoietic cells under physiologic;al conditions 

[81,83,84,85,86], we generated chimeric mice with L Tl3R ligand deficiency only in the 

immune cells. BM cells were prepared from wt, L Ta KO, LIGHT KO and L Tl3fLIGHT 

DKO mice and transplanted into irradiated wt recipient mice. The chimeric mice were 

!lien injected with MCA to induce sarcomas. Both the tumor incidence and tumor size 

were significantly greater in L Ta KO, LIGHT KO and LTl3/LIGHT DKO chimeric mice as . . . 

compared to that in. wt chimera mice (Fig. 9). Our data thus suggest that both L Tl3R 

lig~ncis, L Ta1 L Tl32 and UGHT, play critical roles in suppressing spontaneous sarcoma 

development in vivo . 

. • Ligat,ion of the LTl3R resulted in human tu1T1or cell growth inhibition in viti-o . .. 

There_ are contrasting observations regl,!rding. the role. of L T~R sign(lli_ng pathways 

in tumor cell apoptosis and growth promotion. • Compelling experimenial data ha~e 

demonsir~ted tha·t ~gonist L Tl3R mAb or re.combinarit ligand proteins induce apoptosis in 
. . ' . . - . 

. . tumor cells [31,59,83,85,87,88,89,90,91,92]; however, it was also . observed that 

recombinant LT a1 L Tl32. and LIGHT. _protein. promote tLiIT1or. cell growth [93]. Our above .. · 

· observations clearly indicate that immune cell-tumor cell inieractioris through. the L Tl3R 

suppress spontaneous tumor development under physiological conditions (Fig. 9). To 
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Figure 9. L T(3R ligands play a criti~I role in cancer iiiunune surveillance; 

Bone marrow cells from L Tix KO, LIGHT KO imd l Tf3/LIGHT bKO mice were transferred 

to, radiaiedwt C57EjlJ6J ~ice. The chi~~i~ mic;ewere the~ inj~cte1d with M.CA 18 days 

later (wt: n=19; LTa. KO: n=20, LIGHT: n=19, l Tf3/LIGHT .bKp: -n=19). Tumor incidence 
" ' ' . 

(A) and size (B) were analyzed 96 days after MCA injection." Column: mean; Bar. SD. C. 

Survival curve of the wi and L Tf3R ligandsdeficie~t chimera mice after rv,CA inj~ction .. . . . . . ' . . ' . . '. ' . 
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define whether L Tl3R mediates tumor cell apoptosis or growth promotion, we cultured 

human colon carcinoma cells in the presence of recombinant LTa1LTl32 and LIGHT 

protein and observed that both LTa1 LTl32 and LIGHT significantly inhibit human colon 

carcinoma cell growth in vitro. To determine whether L Ta1LTl32 and LIGHT specifically 

interact with the L Tl3R, an excess amount of recombinant L Tl3R-Fc chimera protein was 

added to the cell culture. It is clear that L Tl3R-Fc chimera protein blocked LT a 1 L Tl32 and 

LIGHT-mediated human colon carcinoma cell growth in~ibition (Fig. 1 OA), suggesting 

that L Ta1 L Tl32 and LIGHT specifically bind to the L Tl3R in tumor cells to induce 

apoptosis. Next, we expanded our study to 7 human cancer cell lines ( one colon · 

carcinoma, 5 soft tissue carcinomas (STS) and one mammary carcinoma). Incubation of 

these human tumor cells with a humanized LTl3R agonist mAb (clone 8S-1) significantly 

inhibited the growth of 5 of the 7 human tumor cell lines (Fig. 1 OA). 

L Tl3R .ag,;mist mAb suppresses Doxorubicin-resistant STS growth 

· Doxorubicin is the ."s\andard treatment drug for hunian STS. However;° STS cells 

often develop resistance to Doxorubicin, which is currently a major prol:Jlem. in human 

STS chemotherapy [94j .. To determine whether L Tl3R-based ther~py is eff~ctive in 

suppressing Doxorubi~i~sresistant STS, we niad1;1 ~se of. an exi~ting Doxorubicin

resistant STS cell line, MES-SA/DX5. We confirmed that MESsSA/DX5 is indeed 

: resistant to Doxorubicin as compared to the parent cell line (Fig. 1 OB). Treatment of · 
. . ' ' 

MES-SA!DX5 cells with 8S-1 significantly inhibite~ tumor cell growth in vitro (Fi~, 1_08).' · 

Therefore, our data suggest that LTl3R mAb therapy might be ~ffective in cancEir therapy 

against Doxorubici~-resistant human STS. 
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L Tl3R agonist mAb suppresses radiationsresistant .STS cell growth 

Adjuvant radiotherapy after surgical resection of tumor is another standard 

treatment for STS patients. However, resistance to radiation qften occurs and results in 

recurrence and metastasis [94]. To determine whether LTl3R agonist mAb is effective in 

suppressing radiation-resistant STS cells, we first tested the sensitivity of 4 STS cell 

lihes to ionizing radiation. PLS-1 is a STS cell line that exhibits significant resistance to 

radiation (Fig. 1 0C). SKCMS1, a primary STS cell line, is also resistant to radiation. Two 

other primary STS cell lines are relatively sensitive to radiation (Fig. 1 0C). We treated 

the radiation-resistant PLS-1 cells with. BS-1 and measured tumor growth rate. BS-1 

significantly inhibited PLS-1 cell growth (Fig. 10C), suggesting that LT(3R-based therapy 

is potentially an effective approach to treat radiation-resistant human STS. 

Ligation of the L T(3R induces c;:ispas,e .activation and _mitochondria-dependent ' 
. . . ' . . 

• a·l)optosis 

· • MES-SA/DX5 cells were then treated with BS~1 and analyzed ·for_ caspase 

activation and cytochrome C release. Analy~is of the cytosolic fractions of the tul)lor cells 
' " 

revealed that BS-1 induces caspase 8 .activation that peaked at 12 h, (Fig. 100). 

• Caspase 8 activation :was followed by cytochrome C reieas!;) al)cl caspase 3. activaiipn · · .· ' . . . . . . . . . ' 

(Fig. 10D). Thus, our data suggest that BS-1 suppresses STS cell growth at least 

partially through i~du~ing ~itochondria-depen,dent apoptosi~. 
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Figure 10. LTl3R agonist mAb suppresses human-'cancer cell growth in vitro 

through inducing apoptosis. 

A. Left panel: human colon carcinoma cell line HT29 were incubated with recombinant 

LTcx1 L Tl32 (100 ng/ml) and LIGHT (50 ng/ml) protein in the. absence or presence of 

excess LTl3R-Fc chimera protein (1 µg/ml) fo~ 5 days, Cell growth was measured by MTT 

assay. Right panel: Human .colon carcinoma (HT29), STS (PLS-1, MPNST724, MES-SA, 

HT1080, SKCMS1) ari9 · mammary carcinoma (MCF-7) cells were cultured in the 

presence of L Tl3R agonist mAb (BSs 1) fof 5 days and analyzed for growth by MTT 

assay. B. BS-Hnhibits Doxorubicin-resistant STS cell growth. Left panel: MES-SA and 

MES-SA/DX5 cells were incubated in the presence · of various concentrations of 

Doxdrubicih for 5 dayi; and analyzed by MTT assay. Right panel: Doxorubicin-resistant 

MES-SAIDX5 _cells were incubated with varying concent.rations of BS-1 mAb fo~ _5 days 

anq analyzed forcell growth by MTT assay. ·c. BSs1 inhi.bits radiation°resistahi·STS cell 
' . .. . . . . ·. -· . . . 

grC1wth: ·Left panel:·. i=ciur STS cell lines weir~ irradiated by .with the indicateq doses. and_. 

analyzed for cell growth b; MTT assays.: Rig lit panel~ the radiatfon,i~sistani PLS~1 •·cells .. 
. . . ' . . ' . . ' ' ' ' . . . ' . . . : . . . 

were incubated _with ss~·1: inAb for 5 d~ys ~nd analyzed for' eel.I gr~wth by MTT ~ssy: 
' . . . . . . ' . -· .. .• . . .· . ,· ' 

Column: mean; Bar.: SD, ·~ p<0,01. D. 'ss-1 ·_induced caspase activation. and c~6chrome 
. ' . . ' ' 

. C relea~e_: MES--SA/DX5 cells. were ihcubated 'with. BS01 fot the• indic~te~ tini~i and 

arialy~ed f~r cle~ve~. ca~p~ses 8. and 3, as well as cytos~lic cytoc~rome C by vyestern · 
" . . . . . ' . . . . ' ' 
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Ligation of the L Tl3R also induces NF-icB activation iri human tumor cells in vitro. 

It is known that ligation of the L Tj3R also leads to NF-KB activation[82]. To 

determine whether L Tj3R agonist mAb simultaneously induces a:poptosis and NF-KB 

activation in human cancer cells, we measured two signatures 9f the canonical NF-KB 

activaUon pathway: IKBu phosphorylation (plKBu) and NF-KB electrophoresis mobility 

shift in human colon carcinoma, mammary .. carcinoma and STS cells. Western blotting 

analysis indicated that a low level of plKBu is constitutively present in tumor cells; 
' . 

however, lkBu phosphorylation was quickly increased after BS-1 treatment (Figs. 11Aa, 

11 Ba & 11 Ca). EMSA also revealed thai the canonical NF°KB (p65/p5,0) is quickly 

activated (Figs. 11Ab, 1 fBb & 11Gb). Therefore, the canonical NF-KB is constitutively 

active, albeit at a low level, and L Tj3R agonist mAb induces rapid canonical NF-KB 

activation in human colon carcinoma, mammary carcinoma and STS cells. 

' . - . ,. ,. . '. ' 

. · · We also ~nalyzed alter~ate NF-icB activation with one ·of the signature markers ofthe 
' . . .. . . . . . . - . . - . . ' 

alternate ,NF-KB path.;.;ay: :,NF°KB2 (p100) .pi-cicess!ng to p52. ·western blotting: ,ar:ialysis 
' ' ' . ' . 

revealed that p52 ~a.si 'N~~kiy detectabl~ in :the, untre'ated· ceils; suggesting a: l_ow l~vel of ' ' 
' ' '" . ',· ' . '.• . .. . . . . . ' . 

constitutive $1ternat~ ,NF~1d3, activatiqn in . the tumor CEJils, ' A significarit p52 increase 

oc;:curred at ~pproxim\ltely A~a h after BS-1: sti~ulati611. ari_d was sustained beyorid 24 ti ' . . . ' . ". . . '.. . . ' '. . ' . . . . . . . . . . . 

(Figs ... 1:1Ac,.11 Be:& 11C~)'. Therefo~e.· it, seems that•ligatidn 9f the l.Tf3R ~lsq actiyates . 
. . . ' . ' . " . . ' . . 

alternate :NF~KB, and this' NF-KB ~u::tiv~ti6n' occurs afte~ ca~~nicai NF-KB activatio'n. In - . . . . . . .. . '' . . . . ' ' . . " . 

summary, our data ihdic~i~:ihat li~atiori of the 'L Tl3R
0 

iriducei; iumoi- cen growthjnhibition, 

as well as both canonical and alternatei l'iF-icB activaUori in hJman colon cai-cirioma, .. . . . . . . . . ' . . . ' 

mamn1ary carcinoma arid STS cells 
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Figure 11. LTJ3R agonist mAb induces both canonical and non-canonical NF-KB 

activation in human cancer cells. 

Human colon carcinoma (HT29, A), mammary carcinoma (MCF7, B), and STS 

(MPNST724, C) cells were cultured in the presence of BS-1 and analyzed for NF-KB 

activation. a: Western blotting analysis of -IKBa activation (phcBa). Tumor cells were 

incubated with BS-1 for the indicated times and analyzed with plKBa-specific antibody. 

!3-actin was used as loading controls. b: EMSA of canonical NF-KB activation kinetics. 

Tumor cells were treated with BS-1 for the indicated times and nuclear extracts were 

prepared from the cells. Nuclear extracts were incubated with NF-KB DNA probe and 

analyzed with 6% PAGE. Right panel: specificity control of EMSA. Nuclear extracts were 

prepared from BS-1-treated cells [30 min for HT29 cells (A), 60 min for MCF-7 cells (B), 

and 4 h for MPNST724 cells (C), respectively] arid: inctiba_ted with 32P-labeled. NF°KB 

probe in the presence of lgG, p52,-p65; p50, excess cold NF-'KB probe, and excess cold 

mut~iit NF-KB probe. The DNA-protei11.complexes_were analyzeg by6% polya<;:rylamide 
,- ' . ' . . 

gel electrophoresis. The canonical NF~i<:B (NF-icB1) co'mplex is _indicated: c: Western 

blotting analysis of alt~rnate NF°KB ~ctiv~tion._Tu~or cells were.i~cubated with BSc1 for.· 

the indicated times and ~rialyzed with p1 OO/p5,2-specifi·c .anti:~ody. l3°actin was u_sed as 

loading controls, · 
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L TJ3R is highly expressed in human cancer cells 

A previous study has shown that L TJ3R is expressed in human cancer cells [33]. To 

determine the relative L TJ3R levels in various stages of .colorectal carcinoma, we made 

use of a colorectal progression TMA and used immunohistochemical methods to analyze 

the L TJ3R protein level. This TMA contains 14 .normal col9n tissues, 14 colorectal 

adenocarcinomas, 7 lymph node metastases of colorectal a_denocarcinoma, and. 7 distal 

site metastases ( 4 liver and 3 lung metastases) of colorectal adenocarcinoma. L TJ3R 

protein level is undetectable to weak in 13 of the 14 normal colonic mucosa specimeris 

and in 10 of the 14 adenoma specimens. Only one adenoma specimen exhibited high 

L TJ3R level. In contrast, the majority of adenocarcinomas (86% ), lymph node metastases 

( 100%) and distal metastases (86%) expressed high levels of L TJ3R protein (Fig. 12 & 

Table 2) .. Flow cytometry analysis revealed that L TJ3R is highly expressed on human 

STS cellsorfaces {Fig.16). . ,' . ' ' 

L TJ3R agonist mAb decreased col.on carcinciina metastatic ~oteiitial in vivo. 
' . ' . . ' . . . -

L TJ3R ligatior:i can induce apoptosis and' NFcKB activation, in humari tumor cells . . ' ' . . - '. . . . 

(Fig~'.9c11 j; We r~asoh~d that L TJ3R-mediated NF-KB ~ctiy~tion ~igtit int~rfer~ with the . ' . . . . - .·. . . - - ' '. . . ' . . . . 

L TJ3R~mediated apbptbsis, .resulting in .decre~sed tumor cell .death. Therefo'rei, blocking . . . . - - . . . ' . ' ' 

' . NFcKB ~ctili~tiori should increase the effica~y ofL TJ3R~niedi~ted tumor growth inhibition~ ·. . . '' . . . . . . . 

To 'test this hypottiisis _in a. mo.use tur:no,r mod~I, · we· first _ari~lyzeci the rqle. of ~TJ3R i_ri · . 

inhibition of tumor .'cefr grciwth and ·in induciion of NF-ii::B activation in nious·~. ~arccima · 
' .. . . ' ' .. '' . . . ' ' " 

(CMS4-met), mela~~ma. (B16F1),: nia~m~ry carcinoma (4T1) arid colon car~inoma 

(MC38 and CT26) cells. Tumor cells were cultured in ihe absence cir presence of LTJ3,R 
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Figure 12 

A 

Figure 12. L T~R protein level in normal colon tissue and colorectal tumor 

specimens. 

Human colorectal carcinoma progression TMA slides were stained with anti-human 

L TPR mAb. Shown are representative images. a: normal colonic mucosa tissues; b-c, 

adenomas; d, adenocarcinoma; e, lymph node metastases of colorectal 

adenocarcinoma; and f, liver metastases of colorectal adenocarcinoma. 1, image of 

entire TMA spot; 2, high magnification of 1. L TPR-specific staining is indicated by brown 

color. Areas that were unreactive with the mAb are indicated by the blue (hematoxylin) 

counterstain. 
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Table 2. L Tf3R protein level in human. normal, primary and metastatic tumor c;ells 

·+ ++ +++ 

Normal colonic mucosa 93% (13/14) . 0 (0/14} 7% (1/14) 

Adenoma 57% (8/14} 36% (3/14} 7% (1/14} 

Adenocarcinoma · 14% (1/14) 29% (4/14) 57% (8/14} 

· lymph node metastases 0 (0/7) . O (0/7) 100% (7/7) 

Distal metastases 14% {1/7) 57% (4/7) 29% (2/7) 
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agonist mAb (clone ACH6). It is clear that ACH6 significantly inhibits the proliferation of 

all 5 cell lines in vitro (p<0.01) (Fig. 13A). NF-KB reporter assay of CMS4-met and CT26 

cells revealed that, like in human tumor cells, L Tj3R agonist mAb also induced NF-KB 

activation in mouse tumor cells (Fig 138). 

It has been previously shown that ACH6 induces tumor necrosis and T cell infiltration 

in established CT26 tumor cells in vivo [33]. We stably transfected CT26 cells with an 

vector containing the NF-KB suppressor IKBa-AA [58]. The NF-KB reporter assay 

indicated that IKBa-AA effectively suppresses both constitutive _and ACH6-induced NF

KB activation in CT26 cells in vitro (Fig. 13A). However, blocking NF-KB activity did not 

enhance ACH6-mediated growth inhibition of CT26 cells in vitro. Also, we injected 

CT26.Vector and CT26.IKBa-AA tumor cell intravenously to BALB/c mice to determine if 

blocking NF-KEi .activation increases tumor suppression· in vivo; Surprisingly, blocking· . . . . . . 

NF~KB activation with IKBei-AA significantly and repfodLicibly (in 5 • independe~t • - . 

experi~ents) incre~se_d ·cT26 cell metastatic potential: in. this experimental metastasis :· · 
. . . . . . ' . . . 

mouse'inodel (Fig. 14).:We then sought to• determine whether blocking NF-KB enhances· 
. . . ' ' . . . . : . ' ' ... :. . . ' ' . - . : 

the efficacy of CTL adoptive transfer. ifnmimotherapy. · To better evaluate the LTj3R~_ 
' . ' -

mediated cytotoxicity, a perforin-deficient CTL was used: 'CT26. tumor cells are resistant . . . -
' . ' ' 

· to Fas-mediated apopt6sis. Therefcire, , the perforin ,- and Fas-mediated effector 

mechanisms are impaired in this system. Consistent with the above observation that NF0 

KB actually functions .to suppress colon carcinoma metastas'is in vivo, blockfrig NF-KB 

did. not increase the .efficacy of CTL adoptive tran_sfer immu·notherapy · against colon. 

carcinoma metastasis in 
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in mouse tumor cell!!! ;,i vitro. 

A. ACH6 inhibit~d the: gr~wth .of multiple types of.mouse .iumor cells in vitro, :Tumor cells . . ' ., . . . . . . . . . 

werl:l cultured in the: pres~nce of hamster lgG1 isotype·cont~ol mAb (lgG) ~r-ACH6 (100 . . .. 

ngiml) for s days. Cell growth was measu~ed by MIT a~~a·y. Column: mean'; ,Bar: SD. B'. · . · .. . . ' . . . . . . . ' .... 

AC.H6 induced NF-icB actiV~tion. ,CT26 (left panel) a_nd CMS+met (right panel) cells 
' ' . . . : . . . ' . . . .' . ' . . . . 

were-transiently transfected with a NF~KB-Lucife~se reporter overnight and them treated 

'-'-'.ith lgG isotype control mAb (lgG) o'r for 8 h for luciferase reporter assay. Column: 

mean; Bar: SD. **: p<0.01. 
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Figure 14. Blocking NF-icB activation increases colon carcinoma metastatic 

potential in vivo. 

A. Blocking NF-icB did not significantly alter CT26 cell growth in vitro. Left panel: 

CT26.pcDNA and CT26.IKBu-AA cells were cultured in the presence of lgG control mAb. 

and ACH6, respectively, arid NF-KB activation was analyzed by NF-icB reporter assay. 

Right panel: CT26.pcDNA and CT26.IKBu-AA cells were cultured as in A for 5 days and 

analyzed by MTT assay. B. Blocking NF-KB activation significantly increased the 

metastatic potential of colon carcinoma cells in vivo. CT26.pcDNA and CT26.IKBu-AA 

cells (0.5x105 cells/mbuse) were injected i.v. into syngeneic mice. Lung metastasis was 

analyzed 21 days after tumor injection. Left panel: images of tumor-bearing lungs. Right 

panel: the number of lung tumor nodules in each mouse was enumerated. Shown are 

the results. of on·e r~presentative experiment of 9. independent. experiments. C. Blocking 

NF-KB did not · increase the efficacy of· en:.. ·adoptil(e iransfer immunotherapy, 
' . . . 

CT26.p6DNA and C::T~6JkBet~AA celli;i (2x1:os cells/mbuse) were tr~nspla~ted into mice .. 
. .· . ' .- . '' . ' 

to establish lung . meiasiases. Perforin-deficient CTls (pfpCTL) ,jJere . iheri adoptively . . . . . . . .. . 

transf~rred into ihe ti,imor-bearing mice (n=5 each grci~p). Left panei: r~presentative 
' . . . . . . ' 

images of !~mar-bearing lungs, Right ·panel: tt,e riurriber oilung tumor nodules in each - . . ' . . .. . 

niouse was enumera.tecJ an.cl• ccimpa.red, Shown · ?re . rl:lsults of cine representati11e 

experiment of 2 independeni experiments. · 



this experimental metastasis mouse model (Fig. -14C). Taken together, our data suggest 

that the L T(3R-mediated apoptosis signaling pathway and NF-KB signaling pathway 

might act in concert to suppress tumor development in vivo. 

A complementary approach was then used to validate the finding that blocking NF

KB promotes tumor development (Fig. 14). CT26 cells were stably transfected with either 

a scramble shRNA or IKK(3°specific sh RNA. It has been shown that the canonical NF-KB 

. " 

is activated through IKK(3 and blocking IKK(3 inhibits the canonical NF-KB activation [37]. 

Indeed, silencing IKK(3 diminished NFaKB activity in CT26'cells (Fig. 15A&B). Consistent 

with what was observed in CT26.IKBa-M cells, silencing IKK(3 significantly enhanced 

the metastatic potential of CT26 cells in vivo (Fig. 15C). Taken together, our data 

suggest that NF-KB · acts as a tumor' suppressor in this CT26 experimental lung 

metastasis model. 

10 



A 

C 

lkkp 

P-actin 

CT26.Scramble 

B 
;:;, 
:~ 15000 
(..) 

<( 

g 10000 
....J 
Q) 

i 5000 

a CT26.Scramble 
■ CT26.IKKp.shRNA 

ro 
Q) 0:: o,...__._ __ _ 

20 
Cl) 

_ a, 15 
0:::::, 
,_ "C 

i ~ 10 
E ,_ 
:::::, 0 
z E 50 
~ 

• • • 
T 0 ..._ ____ _ 

Figure 15 

Figure 15. Inhibition of NF-x:B activation increases colon carcinoma metastatic 

potential in vivo. 

A. RT-PCR analysis of IKKl3 expression. CT26 cells were stably transfected with 

scramble shRNA (CT26.Scramble) or IKKl3-specific shRNA (CT26.IKKl3.shRNA) plasmid 

and analyzed for IKKl3 mRNA expression. 13-action was used as normalization control. B. 

Silencing IKKl3 diminished NF-KB activation in CT26 cells. C. Analysis of lung metastasis 

potential in CT26.Scramble and CT26. IKKb.shRNA cell lines. 
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Figure 16. L Tl3R protein level in human STS cells . . 

. A. STS specimens from three patient~ were stained with anti-hunian LTl3R mAb. L Tl3R0 

specific staining i_s shown in brown color. Areas that were unreactive with the mAb are 

indicated by the blue coLinterstain. a.' LTPR protein· level 
0

ilJ 4 human STS celi lines. Celis 

. were· stained with LTl3Rsspecific mAb and analyzed qy flow cytbrrietry for cell s4rface 

L Ti3R level. Grey ·area: isotype control lgG staining, solid _line: LTi3R-specific staining'. 
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Study of the role of the Fas signaling pathway in immune regulation 

of myeloid derived suppressor cells 

MDSC accumulation.is a hallmark of tumor development 

MDSCs are a group- of heterogeneous immature myeloid cells with the surface 

markers CD11 b+Gr1 +. The accumulation of MOS Cs is largely tumor-dependent [95,96]. 

Because of their heterogeneity and tumor dependence, we used two tumor models, the 

well-established 4T1 mammary carcinoma [95,96] and the colon26 carcinoma [60].in this 

study. In the mammary carcinoma tumor model, analysis of subsets of immune. c_ells 

validated that the percentage of CD11b.Gr1• cells dramatica.lly ·increased in both blood · 

and spleens of tumor-bearing mice (Fig. 17 A & C) whereas the percentages of co4• 
. . 

and cos• T cells were significantly decreased (Fig. 178 & C). A generally similar pattern 

of immune cell profile was also observed in the Colon26 tumor model (Fig. 18). 

Hc;>wever, the percentage of MDSCs in the spleens of Co_lon26 tumor-bearing mice was 

significantly lower·t_hail that in the 4T1 tumor-bearing mice (Fig. 18 A & C). The changes 
' . '. ' " ' ' ' ' '" 

in T cell subsets a:re simi_lar between the two tumor models (Fig. 18 B &C). 

Complete blood counts with differential analysis indicated that althou_gh the. RBC 

component is not significantly altered (Table 3), the numbers. of white blood cell (WBC) 
' . 

subsets iii the peripheral blood were dramatically' changed (Tabl~ 4): Totai ni.11titier~. of 

CD11 b:+Gr1+ cells were 5-fO times higher in the tumo'r•bearing mice than 'tha_i ih the 

tumor-free n:tice (Tabi~ 4). This dramatic inbi-ease is apparently ~u~ to the.incr~a'se of . . . . . . ' ' ' . . . . . 

the MDSCs. The number of lymphocy!EJs varied greatly between mice in ihe 4T1 model, 

but is decreasel:l in the Colon26 tumor rriociel.. 
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Figure 17 Mammary-ciarcinoma mt>use model of MDSC ~ccu~ulation. . . . . . . . " ' 

A. MyEiloid cell profile~. 4T1 cells werl3 injected _into_ m~rnmary fat pads of BALE!ic mice. . . . 

Spleens and blood lll!ere collected from tumor-free control mice and tumo_r-b13aring mice 

21 days after tumor inj_ection, _and were· analyzed_ for_ ~D11_b• and Gr1:+ c:ells. Numbers_ in. 

the plot indicate % of the respective cell subsets. B. :T cell profiles·. T cell subsets .were · 

analyzed as in A. · Shown are one representative . experiment of . three . independent · 
. . . . . 

experiments. C. Quantification of % of subsets of inyeloid cells and T cells _in tuinor-free · 

and tumor0bearing mice. Column: mear:i; bar: SD. 
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Figure 18 
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Figure 1_8 Color:i 26. carc,inoma mo~se model_ of MDSC 11ccumul~tion 

A. · Myeloid cell profiles. BALB/c mice were anaesthetized to perform . following 

procedures. 5x105 ccil_oh'26 cells were transplanted into the.cecum .wall in 20ul Hank's . ' ' . . . . 

solution .. Spleens· and· blood were collected from. tum~r-free c_ontrol ·mice' and -tumor-. . . . . ' '. ' . . ' . . . . 

bearing mice 30 clays, after tumor.injection: and were analyz~d -f~r CD11b~ and Gr1~ . . ' ' . . . 

. cells; Numbers in the plot indicate % of the respective cell subsets. B. T cell profiles. T 

cell subsets were analyzed as in A. Shown are one representative experiment of three· 

independent experiments. _C. Quantification of %.of_subsets of myeloid cells:and T cells . . . ' . ' . 

in turilor0free and tumcir~beariilg .mice. Column: mean; bar: .SD. 
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Table 3. Red blood cell (RBC) counts and differential in tumor-free and tumor

bearing mice 

HCT* RBC HGB MCV MCH 
MCH Platelets PMP 

Mice C V 

(%) (x106/µ1) (g/dl) (fl) (pg) 
(g/dl) 

(x103/µI) 
(fl) 

Tumor-free 
54.8± 10.1±0. 16.5±0 54.5±1 16.4±0 30.1± 

754±113 
7.7±0 

1 4 .4 .6 .2 0.6 .2 

4T1 tumor 
46.4± 

8.5±1 
14.1±1 54.8±1 16.8±0 30.6± 

438±168 
9.0±2 

6.3 .3 .2 .4 1.3 .1 

Colon26 53.2± 
9.7±1.1 

15.5±1 54.7±1 15.9±0 29.2± 
804±338 

7.4±0 
tumor 4.9 .3 .1 .4 0.2 .8 

*HCT: Hematocrit, RBC: Red blood cells, HGB: Hemoglobin, MCV: mean corpuscular 

volume, MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin 

concentration, PMPV: mean platelet volume. 
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Table 4. White blood cell (WBC) counts and differential in tumor-free and tumor

bearing mice 

Total 
Neutrophils Lymphocytes Monocytes Eosinophils WBC 

Mice 
(x103/µI) (x103/µI) % (x103/µI) % x103/µI % x103/µI % 

0.43±0. 18.8 78.0 0.05±0. 1.8± 0.08±0. 
1.5 

Tumor-free 2.4±0.8 
1 ±5.5 

1.9±0.7 
±4.2 03 1.0 06 

±1. 
3 

4T1 tumor 26.3±27 
22.5±22 87± 

2.8±3.1 
9.5± 

1.0±1.1 
3.5± 

0 0 
.8 2.8 2.1 0.7 

Colon26 13.5±11 12.1±10 89± 
1.1±0.8 

9±1. 
0.3±0.2 2±0 0 0 

tumor .2 .1 1.4 4 
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MDSCs exhibit decreased apoptosis in tumor-bearing mice in vivo 

It is well-known that the Fas-FasL system functions to maintain immune 

homeostasis. Mutation of the Fas-FasL system leads to accumulation of T cells and 

ALPS [47]. Recent studies demonstrate that host T cells use the Fas-FasL system to 

mediate MDSC homeostasis [47] suggesting that MDSCs might alter the Fas signaling 

pathway to decrease their sensitivity to apoptosis induction and their accumulation in 

peripheral blood. To test this hypothesis, we analyzed MDSC spontaneous apoptosis ex 

vivo. Total WBCs in spleen were collected from tumor-free and tumor-bearing mice and 

immediately stained with CD11b-, Gr1-specific mAbs and Annexin V. CD11b+Gr1+ cells 

were gated and analyzed for Annexin V level. CD11 b+Gr1 + cells in both spleen and 

blood from tumor-bearing mice exhibited significantly less spontaneous apoptosis as 

shown by the lower percentage of Annexin v+ cells as compared to the double positive 

cells from tumor-free mice (Fig. 19 A & B). 

MDSCs express lower level of cell surface Fas receptor 

Fas-mediated apoptosis initiates from the death receptor Fas. To examine the Fas 

mediated signaling pathway in MDSC, we analyzed Fas level in CD11b./Gr1• cells from 

tumor-free and tumor-bearing mice. CD11 b• cells were purified from spleens of both 

tumor-free and tumor-bearing mice and analyzed for Fas mRNA level. Real-time RT

PCR analysis indicated that Fas mRNA level was significantly higher in CD11 b • cells 

from tumor-bearing mice as compared to those from tumor-free (Fig. 20 A). However, 

cell surface Fas protein level is lower in MDSCs from tumor-bearing mice than those 

from tumor-free mice (Fig. 20 B). 
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Figure 19. Tum'or-h·1duced MDSCs exhibifciecreased spontaneo,us apoptosis 

A. 4T1 cells were injected into mice as in ,F_ig. 18. Spleen cells frcim tumorsfr~e ·control 

mice and tumorabearirig mice _w~re stained with- cpt 1 b-; <3r1-specific mAbs ,and Arinexin 

V. ~D11 b cells ~ere g~ted a~d analyz~d for Anrie~in: V :~ell~. Shown are ~e~r~sentative 
. . . ' 

results of orie of three pairs of mice. _B. Quantification 'cif apoptosis. The GP11 ti• and 

AntiexinV' cells.as shown (n panel A were qu:antified: 
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Figure 20 

A. ·Fas mRNA levels .in MDSCs. CD11ti• cells were purified from spleen cells of both . ' . . . 

tumor-free (n=4)-and t\imcir-bearing (n=4) mice. Fas mRNA leyels were analyzed by_ 

real-time RT-PCR. B. Cell surface Fas protefn level. Spleen cells were collected from· 

{1"1. 'tumor-bearing (right ·panel) and Colon26 tumor-bearing .(right panel)· mice and . . . . . . . . 

·. stained with .fas-specific mAb. The stained cells. were analyzed· by flow cytometry. Data . . ' ' . . . ' 

shown are from · in 4 tumor free mice and 4. tumor bearing .mice. Experiments were 

repeated at least 3 :times. 
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Bcl-xL is up-regulated in tumor-induced MDSCs 

Since the Fas protein level is only slightly lower in Mos·cs in tumor-bearing mice, it 

is unlikely that alteration in Fas level plays a dominant role in the decreased 

spontaneous apoptosis of MDSCs in tumor-bearing mice (Fig. 19). We thus screened 

key mediators of the Fas-mediated apoptosis pathways in ·co11b• cells isolated from 

tumor-free and tumor-bearing mice and observed that IRFB and Bax are •down

regulated, whereas Bcl-xL expression is up-regulated in MDSCs from tumor-bearing 

mice (Fig. 21 A & B). Western blotting analysis indicated that IRFB and Bax protein 

levels are also decreased and Bcl-xL protein level is increased (Fig. 21 C). In the 

Colon26 tumor model, initial analysis indicated that IRf8 and Bax were not significantly 

changed in MDSCs (Fig. 22). Nevertheless, Bcl-xL expression was significantly elevated 

in MDSCs in Colon26.tumor-bearing mice (Fig. 22). 

IRFB represses Bel-xi,: expression 

It has been shown thaf IRFB regulates Bax and Bcl~?<L expression in rriyeloid: celis 

' ' ' 

[97,98], and a previous study has shown that IRFB directly regulates Bax transcription. 

· To detem1ine wheth~r IRF8 directly regulates Bcl-xL expresi;ion, we a~aly;!:ed the mouse 

$cl~xL promoter DNA sequence and identified 2 ISRE co~Sensus sequencer elements 
. .. . ' ' . ' " 

(Fig. 23 A). Ch IP arialyi;is of purified myeloid cells showed that IRFB is associated with . . . . . ' 

. the chromatin iri the iSRE region (Fig. 23 A). We then purified CD11 b~ cells fr~m ·wt and 
. ' . . . . . . . . . . 

IRF8 KO cells and conducted RT-PCRanalysis of Eici-xL expression, The Bcl~xl.~RNA 

level was higher in CD11 b+Gr1+ ceils isolated frciin '7 fRFB KO mouse spleen!i than that 

isolated from 5 of the 6wt.mice (Fig. 23. B). These otiserv~tions th.us indi,cate that:IRF8 

functions as a transcriptional repressor'of Bcl-xl in 
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Figure 21 . Alteration of expression level of apoptosis-related genes in MDSCs 

CD11 b+ cells were purified from tumor-free (n=3) and tumor-bearing (n=3) mice. A. The 

expression levels of the indicated genes were analyzed by semi-quantitative RT-PCR. B. 

Quantitative analysis of gene expression. The mRNA levels of IRF8, Bcl-xl and Bax 

were measured by real-time RT-PCR. C. Protein levels of IRF8, Bcl-xl and Bax in 

MDSCs. Purified splenic CD11 b + cells were analyzed by Western blotting to determine 

the levels of the indicated proteins in tumor-free control mice and 4T1 tumor-bearing 

mice. 
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BALB/c mice were surgically ana~sthetizd to perform following procedures. 5x105 colon 
'.· ·, . . . ' . _.. . . . ' . •'. . ' 

26 eel.ls were transplanted into ·the· cecum wall in ?Dul ·Hank's soiution. After 30 days, 

mice were sacrificed and CD11 b+ cells were purified from ·tumor free·spleeri (n=2) and 
' . . ' . 

tumor bearing i;pleen (n=4). n=1 iri tumor free CD11 b+ cells represents 3 tumor free 
. . 

. splee~s pooled tcigether .. Pata shown is analysis of inRNA expre~sion level of mouse . . . . . . . . . 
. . . 

IRF8; B~x. and Bcl~xl .•. 
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Figure 23. IRF8 is a transcriptional repressor of Bcl-xl 

A. IRF8 binds to the Bcl-xl promoter in myeloid cells. Top panel: the mouse Bcl-x gene 

promoter structure. Locations of the two ISRE elements are indicated. Bottom panel: 

Ch IP analysis of IRF8 binding to the Bcl-x promoter in CD11 b+ myeloid cells. Genomic 

DNA (gDNA) was used as a positive control. B. Analysis of mouse Bcl-xl mRNA level in 

CD11b+ myeloid cells from wild-type (n=6) and IRF8 KO mice (n=7) by real-time RT

PCR. The relative Bcl-xl mRNA level in wt and IRF8 KO mice were averaged and are 

presented in the bottom panel. 
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myeloid cells, and up-regulation of Bcl-xL is caused by down-regulation of IRF8 in 

MDSCs in tumor-bearing host. 

Targeting Bcl,xL increases MDSC sensitivity to Fas-mediated apoptosis in vitro 

Our above data suggested that up-regulation of Bcl-xL is responsible, at least in 

part, for the decreased apoptosis (Fig. 19) and accumulation (Fig. 17 and Fig. 18) of 

MDSCs in tumor-bearing hosts. Therefore, inhibition of Bcl~xL activity should increase 

MDSC sensitivity to apoptosis induction and ultimately fy1DSC accumulation in vivo. To 

test this hypothesis, we used ABT-737, a specific inhibitor of Bcl.2 and Bcl-xL [99], and 

analyzed MDSC sensitivity to FasL-induced apoptosis in vitro. ABT-737 alone showed 

_ significant cytotoxicity toward MDSCs in a dose-dependent manner in vitro (Fig. 24 A). 

We theri us·ed a suboptimal dose of ABT-737 (5 µM) that alone ·does ncit induce 

significant apoptosis of MDSCs and tested its· sensitizatiqr:i effects. Bec_ause MDSCs 
. . . ' ' . . '. . .. 

• express a high level \,'f ~~s r~ceptor, •-~s· expei::tea, •- M.0$Cs were. s~~sitilie tci . F~sL- . 

• . in~uced ap6ptosis' (Fig:. 24Br Howevef, a subopUm~I -~~~~ of .AB:(-737: significantly 
' .... :· ·,. . '.- ' . . . : ..... ' ',' ..... -· ......... '' ' . 

· iribreased MDSC sensiti~ity tci FasL-induced\apopiosis; in yiiro (Fig. 24 B_& cj. our data 
. . . . . . ' ' . . - .. - '.' . ' - . . . 

th!Js · sugge~t th11t _targeti~g l;lcl-xL is effective _ in ¢~~aric;:ing MDSC ser:isitiviiy -to Fass 

mediateid apoptosis. 

Targeting Bel-xi:. increases tumor cell sensitivity to:F~s~.:r;~diated apoptosis. · 

--,· ~~~use MOS~~, are i11d~ced by :t~~~rs, targeting MDSCs alo~~ is ~pparently 

. unlikely sufficient to supp~ess MDSCs if tumo_rs are n~t -~erniived or suppresse~: We next 
. ' . . ' . ' 

tested the hypothesis. tha.t Bcl~xL is a dual target in boi.h MDSCs and tumors. 
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Figure 24. Inhibition of Bcl-~L activity increa~ed MDSC sensitivity to Fas-mediated 

apoptosis. 

A. ABT-737 cytotoxicity to MDSCs. Total spleen cells were.cultured in the presence of 

different doses of ABT737 for approximately 16 h. Cells were then stained with anti

CD11 b, .and anti-Gr1 mAbs, followed by staining with Annexin V. CD11b•Gr1• cells were 

gated and analyzed for Annexin v+ cells. % !c!POptosis was calculated by the formula: % 

CD11b.Gr1• and Annexin v+ cells inthe·presence of ABT-737 -·% CD11b.Gr1• and 

Annexin v+ cells in the absence of ABT-737. B. ABT-737 i.ncreases MDSC sensitivity to 

Fas-mediated apopfosht Total spleen cells were cultured in the .preserice or absence of 

ABT-737 (5 µM) and Fa·~i;_ at the indicated ~oncentrations fc;>r approximately 16 h and 

analyzed for apoptosis as in A. Shown are representative plots of one of two 

independent experiments. C. Quantification of apoptosis in MOSCs. 
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Analy~is of Bcl-xL expression level indicated that Bcl-xL expression is undetectable in 

normal mammary tissue and is high in dissected 4T1 tumors from mice (Fig. 25A). As in 

MDSCs, ABT-737 exhibited significantly cytotoxicity to 4T1 tumor cells in a- dose

dependent manner in vitro (Fig. 258). We then used a suboptimal dose of ABT737 (5 

µM) and tested its sensitization effects, and observed that ABT-737 significantly 

increased FasL-mediated suppression of 4T1 tumor cell growth in vitro (Fig. 25C). Our 

data thus suggest that targeting ABT737 is effective in increasing 4T1 tumor cell 

sensitivity to Fas-mediated apoptosis. 
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Figure 25 ABT-737 also sensitized mammary carcinoma cells to Fas-mediated 

apoptosis. 

A. Bcl-xL expression level in normal mammary tissue and mammary carcinoma cells. 

4T1 cells were injected into the mammary fat pads of BALB/c mice. Normal mammary 

tissues (n=2) and tumors (n=3) were excised from the tumor-bearing mice and analyzed 

by RT-PCR. B. Cytotoxicity of ABT-737 to 4T1 cells. 4T1 cells were cultured in the 

presence of ABT-737 at the indicated concentrations for approximately 24h. Cell viability 

was determined by MTT assay. C. ABT-737 increases tumor cell sensitivity to Fas

mediated apoptosis. 4T1 cells were cultured in the absence or presence of ABT-737 

(5µM) and FasL at the indicated concentrations for 24h and analyzed for viability by MTT 

assays. Shown are representative results from one of two independent experiments. 
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IV. DISCUSSION 

Acquisition of resistance to apoptosis is a hallmark of human cancer, especially 

metastatic human cancer [1]. It is believed that tumor cells acquire apoptosis resistance 

through multiple mechanisms to evade both immune and non-immune surveillance to 

advance the disease. For example, mutations of apoptosis mediators, such as p53, c

myc, and Bcl2, lead to an impaired intrinsic apoptosis signaling pathways and resultant 

tumor outgrowth [100,101]. Alteration in the TNFR-mediated extrinsic apoptosis pathway 

also contributes to tumor evasion from cytotoxic immune cell-mediated immune 

surveillance [102,103]. The above mentioned intrinsic and extrinsic apoptosis pathways 

often converge in tumor cells, and tumor cells often impair both pathways to acquire an 

apoptosis-resistant phenotype. In terms of cancer therapy, cytotoxicity-based 

conventional chemotherapy often targets the intrinsic pathway to induce apoptosis in 

tumor cells. The intrinsic apoptosis pathway largely depends on p53. It is estimated that 

more than half of all human advanced tumors have p53 mutations, thereby exhibiting 

\ drug resistance [104]. On the other hand, targeting TN FR-mediated extrinsic apoptosis 

~lhways in cancer therapy can bypass the p53-dependent apoptosis pathways through 
\ 

\ 
direct,1J( ___ activating the caspase machinery to induce apoptosis [12]. Moreover, certain 

types of TN,~Rs, such as TRAIL receptor and L Tf3R, can be up-regulated in transformed -, 
cells, which potentially increases the efficacy of selective cancer cell killing, making ii 

attractive target for either mAb based therapy or adoptive immune cell transfer therapy. 

[105]. In this study, we demonstrated that both Fas and L Tf3R are potential molecular 
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targets in cancer therapy. Our studies provided mechanisms underlying Fas- and L Tj3R

mediated apoptosis in cancer cells, which provide significant insight to guiding TNFR

based cancer therapy. 

The Fas-FasL apoptosis signaling pathway is one of two cell contact-dependent 

main effector mechanisms of cytotoxic T cells in elimination of tumor cells through 

induction of apoptosis. Advanced tumor cells often down-regulate Fas or alter the 

expression levels of key mediators in the Fas signaling pathway to disrupt CTL killing 

[106,107]. There are two types of Fas signaling pathways and which pathway mediates 

apoptosis in the cells depends on the amount of activated caspase 8. In type I cells, Fas 

receptor will interact with lipid rafts and cause internalization so that more pro-caspase 8 

can get access to the DISC and be cleaved [76]. Abundant cleaved capase 8 will directly 

activate downstream effector caspase cascades. However, in type II cells, Fas receptor is 

not necessarily capped by lipid rafts, so Fas-FasL engagement will not generate sufficient 

caspase 8, and the apoptotic signaling require amplification by the mitochondrial pathway. 

Tumor cells can acquire apoptosis resistance to Fas signaling through hampering either 

pathway. 

In our study of CML, we identified that acid ceramidase, an enzyme involved in 

ceramide metabolism, contributes to hampering the type I Fas-mediated apoptosis 

signaling and contributes to tumorogenesis of leukemia. It has been appreciated that 

acquisition of apoptosis resistance is a key mechanism for the tumor genesis and 

progression of CML. Strikingly, IRF8, a tumor suppressor in CML development that acts by 

targeting apoptosis regulators, has been reported to be repressed in human CML patients. 

Several apoptosis regulators, including Bcl-xL, Bcl-2 and FAP-1, have been shown to link 

to IRF8 mediated regulation of apoptosis in myeloid leukemia cells in vitro [54,97,108]. 
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Here we identified a novel target of IRF8. A-CDase is also a target of IRF8 in myeloid 

leukemia cells in vitro and in primary myeloid cells in vivo. We demonstrated here, by four 

complementary approaches, that IRF8 suppresses A-CDase to regulate Fas-mediated 

apoptosis in CML cells. Our data revealed that 1) IRF8 directly binds to the A-CDase 

promoter to repress IRF8 expression (Figs. 3 B&C); 2) Restoration of IRF8 expression in 

myeloid leukemia cells decreased A-CDase protein level (Fig. 3A) and consequently led to 

accumulation of C16 ceramide (Fig. 4); 3) More importantly, we demonstrated that IRF8 

also represses A-CDase expression in primary myeloid cells in vivo. IRF8 deficient splenic 

CD11b+ cells had a significantly higher A-CDase level (Fig. 6); 4) On the functional level, 

inhibition of A-CDase activity by the inhibitor LCL85, or silencing A-CDase expression by 

shRNA or by application of exogenous C16 ceramide sensitized CML cells to 

FasL-induced apoptosis ex vivo, whereas, overexpression of A-CDase decreased CML 

sensitivity to FasL-induced apoptosis (Fig. 5). 

A-CDase, a key enzyme in sphingolipid metabolism that acts to convert ceramide to 

sphingosine, plays an important role in Fas mediated apoptosis [74,75]. Increased A

CDase will result in decreased ceramide level, and diminished pro-apoptotic signaling. 

Decreased ceramide level, might also cause deficiency in formation of lipid raft and thus 

weaken Fas receptor oligomerization and internalization. Moreover, accumulated 

sphingosine can be phosphorylated to sphingosine-1-phosphate, enhancing pro-survival 

signaling [109]. Therefore, A-CDase shifts the ceramide signal towards a pro-survival 

phenotype. When targeting A-CDase by restoration of IRF8 or applying inhibitor LCL85, 

we observed ceramide content changes, especially increased C16 ceramide level. C16 

ceramide has also been shown to increase the sensitivity of Jurkat T cells and 

hepatocytes to Fas-mediated apoptosis [76]. Our data suggest that a higher dose of C16 

ceramide could induce apoptosis in CML cells directly whereas a lower dose of C16 could 
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sensitize CML cells to Fasl-induced apoptosis (Fig. 5), probably due to the theory that 

ceramide could facilitate lipid raft formation and help cap Fas receptors to initiate a much 

stronger death signal. Thus, our data strongly suggests that IRF8 functions as an 

apoptosis mediator at least partially through repressing A-CDase transcription in myeloid 

cells. 

Furthermore, we also identified that IRF8 is silenced in CML cells by DNA 

methylation (Fig. 1) So, taken together, we have identified a novel mechanism underlying 

CML cells resistance to Fas-mediated apoptosis in CML: CML cells could use DNA 

methylation to down-regulate IRF8 and consequently result in increased A-CDase level 

and decreased ceramide level, and eventually diminish Fas signaling initiation. To confirm 

our finding in vivo, we used a leukemia transplantation mouse model. 32D.BA-Vector cells 

and 32D-BA.IRF8 cells were transplanted into BALB/c mice via intravenous injection. 

Strikingly, over-expression of IRF8 in CMLs can greatly prolong the mouse survival rate 

compared to wild type CML cells in our transplant mouse model (Fig. 7). However, 32D

BA.IRF8 cells failed to survive in Fasl-deficient mice, suggesting that IRF8 suppressing 

CML development is largely dependent on the Fas-Fasl system. Impairment of the host 

CTL effector mechanism could also contribute to CML pathogenesis whether CML cells 

are resistance to apoptosis or not. Interesting, mice survived from 32D.BA.IRF8 challenge, 

could develop immunological memory, and could survive 32D.BA tumor challenge, 

suggesting that the immune response is specific to leukemia cells. Therapeutically, 

targeting A-CDase by small molecule inhibitor LCL85 can at least partially restore tumor 

susceptibility to Fas-mediated apoptosis, thus enhancing the efficacy of CTL mediated 

cytotoxicity against tumor. 
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While targeting key mediators in the Fas signaling pathway can sensitize tumor to 

Fasl induced apoptosis in vitro, it is important to know that application of Fasl mAb can 

be lethal due to its high toxicity to hepatocytes [11 OJ. This leads us to continue to looking 

for alternative TNFR would that have a more selective effect on the tumor. L Ti3R was 

initially identified in the context of lymphoid organ development and maintenance of 

lymphoid architecture [111]. However, later studies have indicated that L Ti3R also plays 

a key role in apoptosis induction and immune surveillance [88,112]. We observed that 

L Ti3R is selectively expressed at a higher level in human tumor tissues as compared to 

normal tissue (Fig. 12). In the mouse tumor model, we also found that L Ti3R is highly 

expressed on tumor cell lines (Fig. 16), whereas the two physiological ligands for L Ti3R, 

heterotrimer l Ta1 l Ti32 and homotrimer LIGHT, were activated in tumor infiltrated 

immune cells, especially in CD4, CD8 and NK cells (Fig. 8), suggesting a possible 

interaction between immune cells and tumor cells. Interestingly, some studies have 

shown that L Ti3R plays a critical role in NF-KB-dependent promotion of HCC and 

prostate cancer [37,113], indicating the complexity of the LTi3R signaling pathway. To 

determine whether L Ti3R functions as a tumor promoter or tumor suppressor in 

spontaneous tumor development, we used MCA to induce tumor on L Ti3R ligand

deficient chimera mice in which the L Ti3R ligand deficiencies are only in the immune 

cells of the tumor-bearing mice. In vivo studies showed that L Ti3R ligand KO chimera 

mice exhibit significantly increased susceptibility to spontaneous tumor induction by the 

carcinogen MCA (Fig. 9). Nevertheless, from studies with multiple types of tumor cell 

lines, we found that the L Ti3R agonist mAb inhibits certain types of colon carcinoma, 

breast cancer and soft tissue sarcoma cell lines. Even if not all of the tumor cell lines 

were sensitive to L Ti3R mAb, none of them exhibited more growth upon L Ti3R mAb 
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treatment (Fig. 1 OA). More importantly, the L Ti3R mAb can suppress tumor cell 

linegrowth in vitro, including those that are highly resistant to Doxorubicin and ionizing 

radiotherapy (Fig. 1 OB&C). 

The molecular mechanism of L Ti3R-mediated tumor cell growth inhibition is largely 

unknown. Previous studies have revealed that TNFR-associated factor (TRAF) 2 and 

TRAF3 [35, 114, 115], caspase-independent mechanisms [116, 117], superoxide radical 

formation [118], kinase activation [89,116], survivin, IAP1 and Smac [92,114] and down

regulation of Bcl-2 [119], are consequences of L Ti3R signaling. In this study, we 

observed that ligation of L Ti3R in human sarcoma cells induces caspases 8 and 3 

activation and cytochrome C release. Therefore, our data demonstrated, for the first 

time, that L Ti3R signaling activates the caspases to induce the intrinsic mitochondrion

mediated apoptosis. 

It is a common phenomenon that TNFRs can also activate the pro-survival NF-KB 

signaling pathway. We demonstrated clearly the kinetics of both classical and alternative 

NF-KB activation by EMSA and Western blotting analysis (Fig. 11 ). In an attempt to test 

the hypothesis that blocking NF-KB could enhance L Ti3R agonist mAb-induced tumor 

suppression, we used the dominant negative super suppressor IKBa-AA with mutations 

at Ser 32 and Ser 36 to block NF-KB and examined its effects on tumor growth. Ectopic 

expression of this mutant blocked L Ti3R-mediated NF-kB activation in vitro. However, 

blocking NF-KB activation in colon carcinoma cells did not alter the tumor cell response 

to L Ti3R agonist mAb-induced growth inhibition in vitro but, strikingly, increased colon 

carcinoma cell metastatic potential in vivo (Fig. 13 & 14). Although the pro-survival 

function of the canonical NF-KB pathway is well established, recently emerged studies 
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have shown that the proapoptotic function of NF-KB in the death receptor-mediated 

apoptosis pathway [120] [121]. Another possible explanation is that tumor cells can 

secret mediators to induce an immune suppressive tumor microenvironment to suppress 

the anti-tumor immune response. Therefore, it is possible that tumor cell NF-KB signaling 

pathway might mediate the expression of tumor microenvironment mediators to 

modulate immune suppression in the tumor microenvironment, which remains to be 

determined. To sum up, our data thus suggest that L Tl3R can selectively express on 

tumor cells. L Tl3R functions as a death receptor to mediate apoptosis in tumor cells 

partially through the caspase cascade. L Tl3R mediated NF-KB functions cooperatively 

with the pro-apoptotic branch to suppress colon carcinoma in vivo. 

Tumor cells and immune cells constantly interact with each other. One major 

obstacle in cancer therapy is that tumor cells induce immune suppressive cells to 

suppress host anti-tumor immunity. MDSCs arise as a heterogeneous population of 

immature myeloid cells, characterized by expression of CD11 b+ and Gr1 + on their 

surface. This group of immune suppressive cells is considered to be the central regulator 

of immune suppression, and the level of MDSCs is positively correlated with tumor 

progression, angiogenesis and metastasis in human cancer patients [40]. Therefore, 

targeting MDSCs seems to be an attractive therapeutic strategy in cancer therapy. In 

normal conditions, the spleen contains a small amount of CD11 b•Gr1• cells, but under 

neoplastic conditions, a large number of CD11 b •Gr1 • cells accumulate in the bone 

marrow, peripheral blood and spleen, causing splenomegaly and leukemoid symptoms. 

Although it is known that tumor-related factors can induce MDSC proliferation and 

expansion, the mechanisms underlying MDSC turnover are not clear. A recent study 

showed that MDSCs express Fas receptor, and the Fas-Fasl system of the host 
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immune system plays a key role in MDSC apoptosis and myeloid cell homeostasis [47]. 

We demonstrated in our study that tumor-induced splenic MDSCs have significantly less 

spontaneous apoptosis as compared to CD11 b•Gr1• cells in spleens in normal mice 

(Fig. 19), which leads us to hypothesize that accumulation of MDSCs in tumor-bearing 

hosts is not only due to the high proliferative rate of MDSCs caused by growth factors, 

cytokines and inflammation, but could also be due to the potential alteration in the 

termination mechanism, especially the sensitivity of MDSCs to Fas-mediated apoptosis. 

It is known that tumor cells can down-regulate Fas to evade CTL-mediated killing [122]. 

In our study, we found that MDSCs express a higher level of Fas mRNA, but the cell 

surface protein level is slightly decreased in tumor-induced MDSCs as compared to 

CD11 b•Gr1• cells in tumor-free mice (Fig. 20). In human cancer cells, Fas transcripts are 

alternatively spliced, and one variant form of Fas, the soluble Fas, actually binds to FasL 

to neutralize FasL function to promote tumor progression [123]. We speculate that Fas 

mRNA might also include the alternate splicing variant for soluble Fas, and MDSCs 

might use soluble Fas to neutralize FasL function to evade apoptosis induction. This 

remains to be determined. 

The apparent dissociation between Fas expression level and spontaneous 

apoptosis suggests that the signaling pathways downstream of Fas might be altered in 

MDSCs. To test this possibility, we screened downstream mediators of the Fas 

apoptosis pathway and identified Bcl-xL, an anti-apoptotic gene that belongs to the Bcl2 

family, that is highly up-regulated in MDSCs in both 4T1 and colon 26 tumor-bearing 

mice (Fig. 21 & 22). To determine whether Bcl-xL overexpression is responsible for 

decreased apoptosis in MDSCs, we used ABT 737, a BH3 mimetic that inhibits Bcl-xL 

activity, to test MDSC apoptosis sensitivity and observed that inhibiting Bcl-xL 

dramatically sensitizes MDSCs to FasL-induced apoptosis in vitro (Fig. 24). In clinical 
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studies, ABT 737 is used as a mono-toxic drug or a sensitizer to other chemotherapy 

[124]. Most studies focus on the effect of ABT 737 on tumors. Although ABT-737 alone 

can effectively induce MDSC apoptosis (Fig. 24), high doses of chemotherapy are often 

toxic. Our data indicate that a suboptimal dose of ABT-737 that alone exhibits minimal 

cytotoxicity. is effective as a sensitizer to increase MDSCs to Fasl-induced apoptosis 

(Fig. 24). Therefore, ABT-737 might be used at a suboptimal dose to effectively sensitize 

MDSCs to host T cell-induced apoptosis without apparent toxicity. 

Previous studies have shown that surgical removal of tumors rapidly decrease 

MDSC accumulation and thus indicate that MDSC accumulation depends on tumor cells 

[125]. Therefore, targeting MDSCs alone might not be sufficient to suppress MDSC 

accumulation since tumors will continue to induce MDSC differentiation. It is known that 

tumors often up-regulate Bcl-xl to acquire apoptosis resistance; our data suggest that 

targeting Bcl-xl in cancer cells with suboptimal doses of ABT-737 increases tumor cell 

sensitivity to Fasl-induced apoptosis (Fig. 25). Thus, our findings suggest that targeting 

Bcl-xl has dual consequences: a direct cytotoxic effect to both tumor cells and to 

MDSCs (Fig. 24&25). The mechanisms underlying Bcl-xl up-regulation in MDSCs is 

unknown, but could possibly result from pro-inflammatory cytokine-mediated gene 

transcription. 

We also found that IRFB, a key transcription factor that is actively involved in 

regulating apoptosis, is silenced in 4T1-induced MDSCs. Furthermore, we demonstrated 

that IRFB binds to the Bcl-xl promoter in normal splenic CD11b• cells by ChlP assay 

(Fig. 23). Increased Bcl-xL expression can be seen in splenic CD11b+ cells in IRFB KO 

mice (Fig. 23). Therefore, we conclude that IRFB functions as a transcriptional 

suppressor of Bcl-xl. MDSCs might use silencing IRFB expression to up-regulate Bcl-xl 
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expression to decrease MDSC sensitivity to host T cell-induced and Fas-mediated 

apoptosis (Fig. 19) to evade apoptosis, resulting in accumulation of that in the tumor

bearing hosts. 

We believe that targeting TNFR-mediated extrinsic apoptosis pathways holds great 

promises for future studies in cancer therapy. Deciphering the detailed mechanisms 

underlying Fas resistance in tumors could be effort-consuming, yet is a valuable 

approach in the aspect that targeting key mediators in the Fas signaling pathway can 

restore apoptosis sensitivity not only in tumor cells but also in MDSCs, thus showing 

dual effects that may maximally enhance CTL-mediated cytotoxicity. Another important 

approach is to identify tumor selective death receptors, such as TRAIL receptor and 

L Tl3R, because they provide the option for developing tumor selective killing. TRAIL 

recombinant protein and agonist mAbs have shown promising effects when combined 

with chemotherapy and radiotherapy, indicating crosstalk between the intrinsic and 

extrinsic apoptosis pathways. It will be interesting to know whether L Tl3R mAb could 

have this synergistic effect as well. Although quite a lot pre-clinical studies highlight the 

potency of TNFR-based cancer therapy, there is still a long way to go to translate them 

into cancer treatment in the clinic. One major problem is that human patients have 

different genetic backgrounds. Thus humans do not respond uniformly to one kind of 

therapy. Therefore, defining therapeutic effect of TNFR on different tumor types, stage 

and possible combination with chemotherapy, radiotherapy or immune adoptive transfer 

therapy will help identify the patient who will most likely benefit from these therapies. 
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V. SUMMARY 

Under physiological conditions, tumor necrosis factor death receptors play a crucial 

role in initiating extrinsic apoptosis for the elimination of diseased cells or unwanted cells 

to maintain homeostasis. Under neoplastic conditions, tumor cells often acquire 

resistance to apoptosis to escape host immune surveillance. Moreover, tumor cells have 

the ability to modulate the tumor microenvironment to convert immune compartment 

from anti-tumor response to pro-tumor activity. In our studies, we identified a novel 

mechanism that chronic myelogenous leukemia cells use to acquire apoptosis 

resistance. We observed that tumor cells upregulate acid ceramidase to decrease 

ceramide level to confer tumor cell resistance to Fas-mediated apoptosis. Furthermore, 

we demonstrated that targeting acid ceramidase with a ceramide analogue sensitizes 

tumor cells to Fas-mediated apoptosis. Interestingly, we also observed that apoptosis 

resistance also contributes to myeloid derived suppressor cells (MDSCs) accumulation 

and persistence in tumor-bearing host. At the molecular level, we demonstrated that 

MDSCs acquire apoptosis resistance through altering expression levels of genes 

involved in the intrinsic apoptosis pathways, including up-regulation of Bcl-xL and down

regulation of Bax. Importantly, Bcl-xL inhibitor ABT-737 exhibited dual targeting effects 

on both tumor cells and MDSCs. In addition, we also demonstrated that L Tl3R, another 

member of TNF death receptors, mediates apoptosis in vitro and tumor suppression in 

vivo. Despite the fact that L Tl3R lacks the cytoplastic death domain, we demonstrated, 

for the first time, that L Tl3R induces apoptosis through activating caspase 8 and 
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releasing cytochrome c. Strikingly, our initial attempt to block NF-KB activity to increase 

tumor cell sensitivity to L T!3R-mediated apoptosis and tumor suppression turned out to 

be the opposite to our hypothesis. We demonstrated that blocking NF-KB instead 

enhances tumor metastatic potential. Our data thus indicates that TNFR-mediated NF

kB activation is not a "non-apoptotic" signal as suggested in the literature, but rather a 

pro-apoptotic signal, and that L T!3R and NF-KB corporately function as tumor suppressor 

in vivo. 
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