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CELL-SURFACE TUMORICIDAL MOLECULES AND NF-κκκκB IN THE TUMOR-

BURDENED HOST

Michael James McConnell

(ABSTRACT)

Tumor-distal immune suppression promotes tumor growth by preventing the recruitment
of leukocytes to the tumor-proximal microenvironment.  Tumor necrosis factor (TNF)-α is both
secreted by and expressed on the cell-surface (mTNF-α) of macrophages.  When stimulated
with LPS, tumor-burdened host (TBH) macrophages secrete more TNF-α than normal host (NH)
macrophages.  In this study, I showed that mTNF-α is elevated both in freshly isolated and
stimulated TBH macrophages.   Additionally, I analyzed the expression of Fas and FasL on
freshly isolated and LPS-stimulated macrophages and found no differences between TBH and
NH macrophages.  Fas and FasL cell-surface expression was analyzed on NH and TBH T-cells.
While no difference was observed in freshly isolated cells, cell-surface expression of both
proteins remains higher in TBH T-cells than NH T-cells after mitogenic stimulation.  Fas and
FasL analysis was also extended to the MethKDE fibrosarcoma and found that these tumor
cells express high levels of FasL.  These findings demonstrate that tumoricidal mediators were
dysregulated in the tumor-burdened host.  NF-κB is a transcription factor whose activation is
required for TNF-α transcription.  Because past observations show increased TNF-α mRNA
expression in TBH macrophages relative to NH macrophages, I hypothesized that NF-κB
activation may be increased as well.  I observed increased NF-κB activation in both splenic and
peritoneal TBH macrophages.  Interestingly, electrophoretic mobility shift analysis (EMSA)
suggests that different species of NF-κB were found in each distinct population of macrophages.
These findings demonstrate that NF-κB is dysregulated in TBH macrophages.  Together, tumor-
distal macrophages were found to be over activated with regard to mTNF-α and NF-κB.
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INTRODUCTION

Successful anti-tumor immunity is dependent on the cytokine repertoire present at the tumor site

[1-3].  Tumor cells can counteract this repertoire by producing immunosuppressive cytokines

that dysregulate the host�s anti-tumor response [4-6].  Tumor-burdened host (TBH) immune

suppression remains a major obstacle in cancer therapy; thus, by defining the molecular

mechanisms by which tumors dysregulate the immune system existing cancer therapies can

improve.  Herein, I describe two studies that tested different components of a proposed model

of tumor-induced immune suppression.

This laboratory has shown previously that tumor necrosis factor-α (TNF-α) expression is

elevated in TBH macrophage relative to normal host (NH) counterparts [4].  From this, I

predicted increased membrane-bound (m)TNF-α expression on tumor-distal TBH macrophages

relative to NH macrophages.  As well, I nominated nuclear factor (NF)-κB, a critical regulator of

TNF-α transcription [7], as a molecular node where tumor-induced macrophage dysregulation

will be evident.  A role for NF-κB is suggested by the immunosuppressive molecules (i.e. TNF-α

transcription inhibitors) that are known to operate in the MethKDE fibrosarcoma model of tumor-

induced immune dysregulation [4, 5].

In the first study, I asked if cell-surface expression of tumoricidal molecules is altered on

TBH leukocytes.  Elevated cell-surface expression of mTNF-α was expected on TBH

macrophages, while the cell-surface expression of Fas and FasL was unknown. As described in

Section II, I used flow cytometry to analyze the cell-surface expression of the tumoricidal

molecules TNF-α, Fas, and FasL.

In the second study, I asked if NF-κB activation was altered in TBH macrophages.

Because TNF-α expression is increased in TBH macrophages [4], I predicted that NF-κB
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activation was also increased.  As described in Section III, I tested this hypothesis using

electrophoretic mobility shift analysis (EMSA) to compare NF-κB activation in NH and TBH

macrophages.

These studies add cell-surface tumoricidal molecules and a major intracellular signaling

pathway to our understanding of the MethKDE model of tumor-distal immune suppression.

Together, these studies examine details of tumor-induced immune suppression at a functional

molecular level by asking two questions.  First, is cell-surface expression of tumoricidal

mediators altered in leukocytes from a tumor-burdened host?  Second, is activation of the

transcription factor NF-κB altered in macrophages from a tumor-burdened host?  Enjoy!
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SECTION I:  LITERATURE REVIEW

The Literature Review consists of three subsections.  The Tumoricidal Mediators subsection

describes tumoricidal mediators that could be employed by macrophages to kill a tumor cell.

The second subsection, Model of Tumor-distal Immune Suppression, describes my ideas as to

how the MethKDE fibrosarcoma may actively dysregulate macrophages to avoid host anti-tumor

immunity.  In the third subsection, Signal Transduction, I describe the signaling molecule NF-κB

and implicate excessive NF-κB activation in dysregulation of tumor-distal macrophages.

TUMORICIDAL MEDIATORS

Macrophages are phagocytic leukocytes that figure prominently in activation and

modulation of diverse immune responsibilities.  In response to a tumor, macrophages can ingest

cellular debris, present it in the context of MHCII, and promote cell-mediated immunity against

the tumor [1-3].  Further, infiltrating macrophages can respond directly against the tumor and

initiate its destruction through the production of tumoricidal molecules such as TNF-α, nitric

oxide (NO), and Fas ligand (FasL) [8-15].  In tumor-distal host environments, activated

macrophages can be subverted from their normal role and affect tumor-distal immune

suppression exacerbating the host�s condition by promoting tumor growth (reviewed in Elgert, et

al [1]).

Tumor-proximal immune avoidance or suppression must occur for tumor growth because

leukocytes, such as macrophages and cytotoxic T-cells, would otherwise destroy cancerous

cells.  Prevailing hypotheses predict scenarios wherein infiltrating T-cells, natural killer cells and

macrophages either cannot identify tumor cells due to down-regulated tumor-surface molecule

expression  (e.g. major histocompatibility complex class I molecules (MHCI)) or destroy tumor

cells due to tumor-derived immunosuppressive molecules [e.g. interleuken (IL)-10,
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prostaglandin E2 (PGE2), transforming growth factor-β1 (TGF-β1)] [1-3].  Additional immune

suppression can be achieved distally and further impede the host immune system�s ability to

destroy cancerous cells [1].

The MethKDE fibrosarcoma is studied in this laboratory because its nonmetastatic

nature facilitates the study of tumor-distal immune cell populations [1].  In particular, we have

studied peritoneal and splenic macrophages and their in vitro effects on splenic T-cells.   To

develop hypotheses concerning the tumor-proximal microenvironment, in vitro experiments

utilizing NH leukocytes treated with supernatants from MethKDEs maintained in tissue culture

are designed.  Compilation of past data led to a general model whereby tumor-distal

macrophages are activated by circulating molecules that originate from the tumor

microenvironment.  These tumor-activated macrophages secrete molecules that would be

tumoricidal if secreted in the tumor microenvironment; however, in tumor-distal compartments,

such as the spleen, these molecules can suppress T-cell activity.  In addition to the pro-tumor

environment created by distal immune suppression, proximal immune suppression of

macrophage-derived tumoricidal molecules can be achieved by tumor cell-derived IL-10, PGE2,

and TGF-β1[4].

Do macrophages kill through apoptosis [16]?  The answer to this question is a definitive

yes.  Activated macrophages induce apoptotic death of allografted cells [17], and syngeneic

tumor cells [2, 6, 18].  Two molecules are implicated repeatedly as mediators of macrophage

tumoricidal activity:  TNF-α and NO [3, 16].  In addition to being secreted, TNF-α is expressed

on the surface of activated macrophages (mTNF-α) [8, 9, 19]. TNF-α activates the apoptotic

pathway through interactions on target cells with either the p55 or p75 receptor (TNFRI or

TNFRII, respectively) [16, 20].  While TNFRI may transduce the more potent apoptotic signal

[21], cells resistant to TNFRI-mediated apoptosis are susceptible to apoptosis through ligation of

TNFRII [22].  NO is also secreted by activated macrophages and effectively induces apoptosis
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in both syngeneic and allogeneic tumor cells [10, 12, 23].  NO can trigger apoptotic cell death by

causing DNA damage [24, 25] or mitochondrial permeability transition [26].

Interestingly, macrophage-mediated apoptosis of tumor cells may not exploit one of the

predominant mediators of apoptosis.  The Fas/FasL interaction [27] between target and effector

cells is known to play a key role in T-cell development [28, 29], T-cell mediated apoptosis of

allografts, tumor cells, and virus-infected cells [27, 30, 31], and resolution of inflammatory

responses [32].  Spontaneous loss of function mutations in Fas (lpr/lpr) [33] and FasL (gld/gld)

[34] created murine strains deficient in each of these molecules.  Additionally, the development

of perforin knockout mice (perforin -/-) allowed investigation into T-cell independent mechanisms

of cell-mediated cytotoxicity.  The observation of cell-contact induced apoptosis by

macrophages, in the absence of Fas, FasL, or perforin [35], implicates other membrane-

associated molecules as effectors of this phenomenon.  Although macrophages may still

express Fas and FasL in certain circumstances [36-39] mTNF-α is expressed by activated

macrophages, and, in macrophage-mediated tumoricidal activity TNF-α may be the

predominant effector molecule.  Because definitive evidence regarding Fas or FasL expression

on activated macrophages is still accumulating, I have studied its expression in parallel with

mTNF-α.

MODEL OF TUMOR-DISTAL IMMUNE SUPPRESSION

Our laboratory characterized the MethKDE murine fibrosarcoma�s ability to dysregulate

macrophages through secretion of three molecules that inhibit macrophage tumoricidal activity:

IL-10, PGE2, and TGF-β1 [4, 5, 40-46] (Figure 1).  While the molecular basis of possible

cooperation between these molecules could be determined by this study, past data demonstrate

that each of these molecules can inhibit macrophage secretion of TNF-α and NO [4].  Using
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TBH splenic macrophages, we demonstrate that tumor-derived IL-10, PGE2, and TGF-β1 down-

regulate TNF-α and NO production in tumor-activated macrophages [4].  Others show impaired

iNOS expression and NO production in tumor-associated macrophages [13].  The ability of IL-

10, PGE2, or TGF-β1 to inhibit mTNF-α or FasL expression has not been investigated.  Of these

tumor-derived mediators, the signaling pathway of IL-10-induced suppression of TNF-α is the

best characterized [47, 48].

The cytokine IL-10, first named cytokine synthesis inhibitory factor, was cloned in 1989

and its effect assessed on T helper (Th)1 and Th2 subset interactions [49].  The interactions

between these two subsets of CD4+ T-cells leads to the appropriate host defense [50-53].  The

Th1 subset, through secretion of IL-2, interferon-γ (IFN-γ), and TNF-β, directs cell-mediated

immune responses, while the Th2 subset, through secretion of IL-4, IL-5, and IL-10, directs

humoral immune responses.  Much of the original research on IL-10 focused on its antagonistic

role with IFN-γ leading to polarization of an individual subset.  Further investigations show IL-10

to be a potent suppressor of activated macrophages [54-56].
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Figure 1.  Proposed model of tumor-induced immune suppression by MethKDE fibrosarcoma.

Tumor-activated macrophages can suppress cytotoxic T-cell responses in tumor-distal

compartments while tumor-derived immunosuppressive molecules, such as IL-10, can prevent

macrophage-mediated tumoricidal activity.
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Regarding macrophage activation by LPS or IFN-γ, IL-10 will inhibit macrophage

production of the proinflammatory cytokines IL-1α, IL-1β , IL-6, IL-8, and TNF-α, the

hematopoietic cytokines GM-CSF and G-CSF, and the reactive oxygen intermediate NO [55].

IL-10 also plays an autoregulatory role by down-regulating its own production and the

expression of class II MHC molecules [55].  The intracellular signaling pathway(s) through which

IL-10 exerts these effects is currently under investigation.  While the intracellular target of IL-10

may vary with different stimuli, a site of IL-10 inhibition has been identified in the LPS signaling

pathway.  Geng, et al. [47] investigated the molecular consequences of IL-10 on LPS-activated

human monocytes.  LPS-activation activated selectively the protein tyrosine kinase (PTK) p56lyn,

which leads to tyrosine phosphorylation of the protooncogene product Vav.  This signaling

cascade continues by inducing the nuclear translocation of NF-κB and causing the secretion of

TNF-α.  IL-10 inhibits the PTK p56lyn and, subsequently, inhibits NF-κB

translocation and TNF-α secretion [47].

SIGNAL TRANSDUCTION

NF-κB is a transcription factor whose activation, and subsequent nuclear translocation, is

correlated with many immunological responses [57].  Sen and Baltimore [58] first described NF-

κB as a protein that binds to the κ-chain promoter in B-cells.  It has since been identified in a

wide array of cell and tissue types.  In addition to broad expression, the importance and

versatility of NF-κB in cellular regulation is demonstrated by its translocation in response to a

diversity of signals [57, 59, 60].  This transcription factor typically exists as an inactive

cytoplasmic heterodimer of p50 and p65 subunits in complex with the molecule inhibitor-κB

(IκB).  Upon activation by various stimuli, IκB is phosphorylated then rapidly degraded, thereby

initiating NF-κB activation and culminating with the transcription of many genes [60].
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Several NF-κB family members, identified by a conserved Rel-homology domain, have

been identified.  In addition to p65, also called RelA, and p50, also called NF-κB1, c-Rel, RelB,

and p52 can form homo- and heterodimers in order to control transcription.  The p50 and p52

proteins are synthesized as 105 kD and 100 kD, respectively, precursor molecules.  These

precursor molecules are members of the IκB family of molecules, including IκB-α, -β, -γ, -ε, and

Bcl-3, that, through protein:protein interaction, prevent nuclear translocation of NF-κB dimers by

masking the nuclear localization signal.  Of these IκB molecules, IκB-α and IκB-β have been

studied extensively with regard to their degradation and transcription, and it is through these

processes that NF-κB activation is mediated [61, 62].

In macrophages, constitutive NF-κB activation is required for survival [63].  Additional

NF-κB activation occurs in response to a variety of stimuli including LPS, IFN-γ, adhesion, and

viral infection [57, 59, 60].   In macrophages, NF-κB activation also leads to the expression of

iNOS [14, 64] and tnf-α [65-67], and the subsequent secretion of NO and TNF-α [64, 68].

Promoter regions of each of these molecules contain NF-κB-binding domains, and the

expression of each gene is increased in response to NF-κB translocation [69-73].  While a

detailed map of the molecular pathway beginning with each ligand/receptor stimulus and

culminating with the binding of NF-κB to DNA is not complete, NF-κB is suspected to be a

common element of many pathways [59].  Because of observations that macrophages

responding to invasive tumors secrete TNF-α and NO [14, 64-67], and that IL-10 inhibits TNF-α

by inhibiting nuclear translocation of NF-κB [47], it is reasonable to assume that tumor secretion

of IL-10 leads to inhibition of NF-κB nuclear translocation in tumor-activated macrophages, thus

limiting secretion of the TNF-α and, possibly the other apoptotic mediators, NO, mTNF-α, and

FasL.
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Because NF-κB translocation is simply the end product of a complex signal transduction

pathway, tumor-induced inhibition of macrophage tumoricidal activity through modulation of NF-

κB can be achieved through multiple means.  In addition to IL-10, we show other tumor-derived

molecules also inhibit TNF-α and NO secretion by activated macrophages [4, 74-76].  These

observations raise related questions regarding the target of PGE2 and TGF-β1-mediated

inhibition of NF-κB translocation and subsequent inhibition of TNF-α and NO secretion and

mTNF-α or FasL expression.  PGE2 inhibits TNF-α secretion in human and murine

macrophages [4, 15, 77], and can down-regulate expression of iNOS [78, 79] and secretion of

NO [4, 80].  It has also demonstrated that PGE2 can concomitantly suppress NF-κB

translocation and TNF-α secretion [81].  The effect of PGE2 on mTNF-α or FasL expression,

and correlation with inhibited NF-κB translocation, has not been investigated.  TGF-β1 is

considered immunosuppressive with regard to its effects on macrophages [4, 76, 82, 83].  TGF-

β1 inhibits iNOS expression, NO secretion, and TNF-α secretion [4, 82, 84].  As with PGE2, the

effect of TGF-β1 on mTNF-α or FasL expression has not been studied.  TGF-β1-mediated

immunosuppression appears to occur through an NF-κB-independent signaling mechanism

[85].  This information, together with the NF-κB-dependent pathways described, strongly

suggests that multiple signaling mechanisms may disrupt macrophage tumoricidal activity

through pre-transcriptional suppression of TNF-α and NO secretion and mTNF-α or FasL

expression.
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SECTION II :  TUMORICIDAL MEDIATORS ARE DYSREGULATED IN THE TUMOR-

BURDENED HOST.

ABSTRACT

TNF-α is both secreted by and expressed on the cell-surface (mTNF-α) of macrophages.

When stimulated with LPS, TBH macrophages secrete more TNF-α than NH macrophages.  In

this study, I found that mTNF-α is elevated both in freshly-isolated and LPS-stimulated TBH

macrophages.   Additionally, I analyzed the expression of Fas and FasL on freshly-isolated and

LPS-stimulated macrophages and found no differences between TBH and NH macrophages.

Fas and FasL cell-surface expression was analyzed on NH and TBH T-cells.  While no

difference was observed in freshly-isolated cells, cell-surface expression of both proteins

remained higher in TBH T-cells than NH T-cells after mitogenic stimulation.  Fas and FasL

analysis was also extended to the MethKDE fibrosarcoma and showed that these tumor cells

express high levels of FasL.  These findings demonstrate that tumoricidal mediators are

dysregulated in the tumor-burdened host.
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INTRODUCTION

Macrophages can express at least three molecules on their cell surface that can affect

tumoricidal activity; mTNF-α, Fas, and FasL are among these [8, 9, 38, 86].  Previous work from

this laboratory has shown TNF-α secretion to be elevated in TBH macrophages [4, 41].  I sought

to determine if mTNF-α is also elevated in TBH macrophages.  Further, I analyzed cell-surface

expression of Fas and FasL to understand the complement of tumoricidal molecules that may

be effected in TBH macrophages.  Because we have also seen dysregulated T-cell function in

TBH animals [87] and Fas and FasL are expressed on T-cells [88], I analyzed cell-surface

expression of Fas and FasL on TBH T-cells.  Additionally, I investigated Fas and FasL

expression on MethKDE fibrosarcoma cells.
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MATERIALS AND METHODS

Media and Reagents

Leukocytes were cultured in serum-free RPMI-1640 media with 2mM L-glutamine

(Sigma, St. Louis, MO).  All media contained 50 mg/L gentamicin sulfate (Tri-Bio Laboratories,

State College, PA), 25mM NaHCO3, and 25mM HEPES buffer (pH 7.4, Sigma).  T-cell and cell

line cultures were supplemented with 5% FBS (Atlanta Biologicals, Norcross, GA).  Bacterial

lipopolysaccharide (LPS) (Eschericia coli serotype 026:B6), phorbol 12-myristate 13-acetate

(PMA), calcium ionophore (CaI), and all reagents not cited otherwise are from Sigma.

Murine Tumor Model

Eight to 12 week-old Balb/c (H-2d) male mice (Harlan Sprague-Dawley, Madison, WI)

were the source of NH and TBH leukocytes.  Tumors, a methylcholanthrene-induced,

nonmetastatic, syngeneic fibrosarcoma designated MethKDE, were induced by intramuscular

injection of 4 X 105 freshly-isolated cells to the left hind leg.  Palpable tumors developed by 10

days post-inoculum; hosts were typically sacrificed near the 21st day post-inoculum as it is the

day of maximal immune suppression without ataxia or necrosis.  All procedures conformed to

established NIH guidelines and were approved by Virginia Tech animal care and use

committees.

Lymphocyte and Macrophage Collection

Typically, five normal and three MethKDE-burdened Balb/c mice were sacrificed by

cervical dislocation.  Spleens were removed and pooled as NH or TBH in RPMI media.  Pooled

spleens were dissociated, red blood cells from each pool were lysed with 0.83% (v:v)

ammonium chloride, and remaining splenocytes were isolated as adherent (macrophage

enriched) or non-adherent (T-cell enriched) fractions after three to five hours on glass plates at
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37°C.  Previous studies have routinely shown these macrophage populations to be more than

96% esterase positive and more than 80% Mac-1 and F4/80 positive.   T-cells from the

nonadherent fraction were identified in flow cytometry experiments by their immunoreactivity for

CD3ε.  Peritoneal macrophages were obtained by lavage four days after intraperitoneal injection

of 2 ml sterile thioglycollate.

Flow Cytometry

Cells were maintained at 4°C throughout this procedure.  1 x 106 cells were obtained and

washed once in FACS buffer (PBS / 1% (v/v) FBS/ 0.1% (w/v) NaN3).  The cell pellet was

resuspended in 50 µL FACS buffer.  Fc receptors were blocked in macrophage and MethKDE

samples by the addition of 25 µL anti-CD3ε (Pharmingen, La Jolla, CA) followed by a 5-minute

incubation before proceeding.  Cells were labeled by incubation with manufacturer-

recommended concentrations of anti-TNF-α, anti-Fas, anti-FasL, or F4/80 antibodies

(Pharmingen) for 30 minutes in the dark.  Excess antibody was removed by washing with 1 ml

of FACS buffer.  When necessary, labeling with secondary antibody was performed in the same

manner.  Cells were fixed in PBS containing 1% (w/v) paraformaldehyde and stored at 4°C until

analyzed at the Virginia/Maryland Regional College of Veterinary Medicine (VMRCVM) flow

cytometry laboratory.  The percentage of antigen-positive cells, as indicated in the text and on

figures, was determined by subtracting the fluorescence of isotype control antibody treated

samples from  antigen-specific primary antibody treated samples.

Data Analysis

Data presented are representative of two to four replicative experiments.  Student�s T-

test and graph preparation were performed using Excel (Microsoft Corp., Seattle, WA).

Histograms were prepared from flow cytometry resource data sheets (VMCVM) using

Photoshop (Adobe Systems, San Jose, CA).
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RESULTS

Cell-surface expression of mTNF-α, Fas, and FasL on RAW 264.7 Cells

The macrophage cell line RAW 264.7 was utilized in these experiments to verify the

detection of mTNF-α with our protocol.  Macrophage secretion of TNF-α in response to LPS

treatment, thereby mimicking bacterial exposure, is well characterized [67, 68].  mTNF-α, or

other cell-surface proteins, were detected as a more intense fluorescence signal resulting in a

shifted cell population peak on the histogram.  In these experiments, the percentage of cells

expressing a given protein was measured by a shift in the fluorescence intensity of cells treated

with fluorophore-conjugated specific antibodies beyond that intensity observed in the same

population treated with fluorophore-conjugated, isotype control antibodies.  These populations

are represented in green and red, respectively, in all figures.  An increased number of

molecules detected on single cells was represented as a shift of the green population along the

x-axis of the histogram.

Figure 2A shows increased mTNF-α, in cells treated with 0.01 µg/ml or 1 µg/ml LPS

compared to untreated cells after a 24-hour incubation. Also, this effect was observed over the

24-hour period (Figure 2B) and the higher dose of LPS induced 10% more mTNF-α expression

than the lower dose (p<0.05).  As expected, LPS stimulates cell-surface expression of mTNF-α

on the RAW 264.7 macrophage cell line and this expression was detectable in our assay.

The cell-surface expression of Fas or FasL on RAW 264.7 macrophages has not been

reported.  Here, I showed constitutive expression of both molecules on 80% of the cells in

culture (Figures 3A and 4A).  This expression was not affected by treatment with either 0.01

µg/ml LPS or 1 µg/ml LPS over a 24-hour incubation (Figures 3B and 4B).  Constitutive
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Figure 2. RAW 264.7 macrophages express mTNF-α. (A) After the indicated LPS

treatment, cells were incubated with FITC-conjugated anti-TNF-α (green) or isotype control (red)

antibodies.  (B) The percentage of TNF-α positive cells after 3, 8, and 24 hours with the

indicated concentration of LPS.  *; p<0.05 compared to Untreated.
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Figure 3.  LPS induces expression of Fas on the cell surface RAW 264.7 macrophages.

(A) After the indicated LPS treatment, cells were incubated with FITC-conjugated anti-Fas

(green) or isotype control (red) antibodies.  (B) The percentage of Fas positive cells after 3, 8,

and 24 hours with the indicated concentration of LPS.
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Figure 4.  RAW 264.7 macrophages express FasL.  (A) After the indicated LPS treatment,

cells were incubated with FITC-conjugated anti-FasL (green) or isotype control (red) antibodies.

(B) The percentage of FasL positive cells after 3, 8, and 24 hours with the indicated

concentration of LPS.



19

expression of both Fas and FasL on these cells was surprising because this situation can

induce apoptosis in primary T-cells [89].  Moreover, constitutive expression confounds our ability

to detect inducible expression after treatment with LPS.

Cell-surface expression of mTNF-α, Fas, and FasL on macrophages

This laboratory�s interest in the apoptotic mediator TNF-α stems from the observation

that, when stimulated with LPS, TBH macrophages secrete more TNF-α than NH macrophages

[4, 41, 90].  I predicted that more mTNF-α  would also be present on TBH versus NH

macrophages because secretion of TNF-α is accomplished by metalloproteinase-dependent

cleavage of mTNF-α at the cell surface [91].  As shown in Figure 5, basal surface expression of

mTNF-α was increased by 8% (TBH, 11.2%; NH, 3.2%) in freshly isolated cells.  As well, LPS-

induced mTNF-α increased by 20.1% on TBH versus NH macrophages (TBH, 38.7%;

NH,18.6%) after a 4-hour treatment.  Additionally, the two-color flow cytometry presented in

Figure 5 shows routine expression of 85% to 90% F4/80, a macrophage antigen, positive cells

with this procedure.

To further characterize mTNF-α surface expression, TBH and NH macrophages were

treated with LPS for a more extended period of time and samples were collected after 3, 12 and

18 hours.  First, untreated samples analyzed with flow cytometry again show elevated

expression of mTNF-α on TBH (21.2%) as opposed to NH (2.9%) macrophages (Figure 6A).

This elevation is maintained even after 24 hours ex vivo (Figure 6B).  Moreover, TBH

macrophages seem primed to express mTNF-α because their surface expression remains

elevated at both 3 and 12 hours after LPS treatment (Figure 6B), but both populations express

equivalent amounts by 18 hours after treatment (Figure 6A and B).
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Figure 5.  F4/80-positive peritoneal macrophage expression of mTNF-α is elevated in

TBH mice.  Histogram quadrants 1 and 2 indicate macrophages based on their

immunoreactivity for F4/80 (PE) and quadrants 2 and 4 indicate mTNF-α immunoreactive cells

(FITC).  Quadrants were defined by confining control sample to quadrant 1.  The percentage of

mTNF-α positive and negative macrophages is indicated in quadrant 1 or 2, respectively.



21

Of additional interest in this study was the surface expression of two other apoptotic

mediators, Fas and FasL.  These molecules are well studied in T-cell mediated apoptosis [92,

93], but their role in macrophage-mediated apoptosis is only beginning to be characterized [38,

86].  While macrophages have been shown to express these proteins on the cell surface, the

effect of LPS on their expression has not been reported.

Initial characterization of freshly isolated TBH and NH macrophages revealed no

differences in surface Fas expression, each 55% - 65% positive cells (Figure 7A).  Interestingly,

the presence of two positive peaks indicated two Fas-positive macrophage populations in these

samples.  One population, termed FasHI, had high levels of Fas on the cell-surface while a

second population, termed FasLO, had lower levels of Fas on the cell-surface.  Once cultured,

however, all cells appeared in the FasHI peak and the percentage of Fas+ cells increased from

62.2% to 77.6% in NH macrophages and from 57.2% to 72.4% in TBH macrophages (Figure

7A).  No significant difference was detected between the percentages of Fas+ macrophages and

neither population responds to 1 µg/ml LPS over an 18-hour period ex vivo (Figure 7B).

Likewise, no significant difference was detected in FasL surface expression between

TBH and NH macrophages in the conditions tested (Figure 8).  The nature of FasL expression is

different from that of Fas expression on both populations of macrophages.  In contrast to the

two distinct populations of Fas+ macrophages, a uniform distribution of FasL+ macrophages was

detected (Figure 8A).  As before, ex vivo culture induced the expression of FasL in both
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Figure 6.  LPS induces cell-surface expression of mTNF-α on NH and TBH

macrophages.  (A) After 18 hour LPS treatment, NH and TBH splenic macrophages were

incubated with FITC-conjugated anti-TNF-α (green) or isotype control (red) antibodies.  The

percentage of TNF-α-positive cells is indicated on each histogram.  (B) The percentage of TNF-

α positive cells after 3, 12, and 18 hours with the indicated concentration of LPS.  *; p<0.01

compared to NH plus LPS, **; p<0.05 compared to NH Untreated.
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Figure 7.  LPS alters cell-surface expression of Fas on NH and TBH macrophages.  (A)

After 18-hour LPS treatment, NH and TBH splenic macrophages were incubated with FITC-

conjugated anti-Fas (green) or isotype control (red) antibodies.  The percentage of Fas-positive

cells is indicated on each histogram.  (B) The percentage of Fas positive cells after 3, 12, and

18 hours with the indicated concentration of LPS.
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Figure 8.  FasL cell-surface expression is elevated on cultured NH and TBH

macrophages.  (A) After 18-hour LPS treatment, NH and TBH splenic macrophages were

incubated with FITC-conjugated anti-FasL (green) or isotype control (red) antibodies.  The

percentage of FasL-positive cells is indicated on each histogram.  (B) The percentage of FasL

positive cells after 3, 12, and 18 hours with the indicated concentration of LPS.
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TBH and NH macrophages from 32.5% and 32.1% to 67.7% and 71.2%, respectively (Figure

8A).  Interestingly, this increase was observed in a single population and not throughout the

range of FasL+ cells.  Again, a similar surface pattern was observed in TBH and NH

macrophages under the conditions tested (Figure 8B) and macrophage FasL surface

expression does not seem to be affected by LPS.

Cell-surface expression of Fas and FasL on T-cells

On T-cells, expression of FasL is a means for inducing apoptosis in Fas-expressing

cells.  One scenario involves elimination of Fas-expressing tumor cells through cell-to-cell

contact with FasL-expressing T-cells [30, 94].  A second scenario is activation-induced cell

death (AICD) [88, 89, 93, 95].  Here, T-cells co-express Fas and FasL, which can interact at the

cell-surface and induce apoptosis in that cell.  This scenario is thought to be important for the

resolution of inflammatory responses when activated T-cells must be eliminated and may

contribute to impaired tumoricidal activity in the MethKDE-burdened host.

 One method for mimicking in vivo T-cell activation in vitro is treatment with the phorbol

ester PMA and calcium ionophore (CaI).  As shown by others, this treatment induces both Fas

and FasL surface expression and T-cell proliferation [29].  I found Fas and FasL expression to

be minimal in untreated T-cells and inducible in PMA/CaI treated T-cells (Figures 9B and 10B).

When comparing unstimulated TBH and NH T-cells, there was no significant difference

in the surface expression of Fas (Figure 9A).  Both cell populations also began expressing Fas

by 12 hours ex vivo and this expression returns to approximately 10% by 48 hours (Figure 9B).
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Figure 9.  Fas expression is elevated on stimulated TBH T-cells.  (A) Freshly isolated

(untreated) or 24-hour stimulated (PMA + CaI) splenic T-cells were incubated with FITC-

conjugated anti-Fas (green) or isotype control (red) antibodies.  The percentage of Fas positive

cells is indicated on each histogram.  (B) The percentage of Fas positive cells after indicated

periods of stimulation.  *; p<0.01 compared to NH plus PMA / CaI.
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Figure 10.  FasL expression is elevated on stimulated TBH T-cells.  (A) Freshly isolated

(untreated) or 24-hour stimulated (PMA + CaI) splenic T-cells were incubated with FITC-

conjugated anti-FasL (green) or isotype control (red) antibodies.  The percentage of FasL

positive cells is indicated on each histogram.  (B) The percentage of FasL positive cells after

indicated periods of stimulation.  *; p<0.05 compared to NH plus PMA / CaI.
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When stimulated with PMA/CaI, this expression remained high in TBH T-cells (39%) but

subsides to 25.9% in NH T-cells (Figure 9B).  A second aliquot of these samples was analyzed

for FasL surface expression and, as with Fas, no significant difference was observed in

unstimulated samples (Figure 10A).  While ex vivo culture did not induce significant FasL

expression, TBH T-cells (27.4%) did express significantly more FasL than NH T-cells (20.7%) at

24 hours (Figure 10A).  By 48 hours, this difference was no longer significant, though still higher

than unstimulated T-cells (Figure 10B).

Cell-surface expression of Fas and FasL on MethKDE tumor cells

Our ability to detect FasL on a cell�s surface led us to ask one additional question in this

study.  Because FasL can be expressed by tumor cells to induce apoptosis in tumoricidal T-

cells, I asked if FasL was expressed on the cell surface of MethKDE tumor cells.  Indeed, I

found that approximately 75% of cultured MethKDE tumor cells express FasL (Figure 11).  This

intriguing result could be significant for future studies regarding the MethKDE fibrosarcoma as it

suggests that this tumor creates an immune privileged tumor-proximal microenvironment.
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Figure 11. MethKDE tumor cells express FasL.  MethKDE tumor cells were incubated with

FITC-conjugated isotype control (red) or FITC-conjugated anti-Fas (A, green) or anti-FasL (B,

green).  (A) The percentage of cells that are Fas-positive.  (B) The percentage of cells that are

FasL-positive.
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DISCUSSION

Two immune system cells can be dysregulated in the MethKDE burdened host.  TBH

macrophages secrete more TNF-α than do NH macrophages indicating that these leukocytes

may be over-activated.  On the other hand, TBH T-cells have an impaired proliferative

response, as measured by tritium incorporation, compared to NH T-cells indicating that these

lymphocytes may be under-activated [4, 5, 41].

Because TBH macrophages secrete more TNF-α than do NH macrophages [4], I

predicted that mTNF-α would be elevated on the cell-surface of TBH macrophages compared to

NH macrophages.  As shown in Figure 5, TBH macrophages show increased basal cell-surface

expression of mTNF-α.  Moreover, the idea of over-activation of TBH macrophages is supported

by their continued cell-surface expression of mTNF-α after stimulation with LPS (see Figure 6).

TNF-α is a tumoricidal molecule [8, 9, 12, 13], so I analyzed the expression of other

tumoricidal molecules, Fas and FasL [27, 31], on TBH and NH macrophages.  While both

molecules were detected on the cell-surface of TBH and NH macrophages, there was no

difference in expression between the two cell populations (see Figures 7 and 8).  Interestingly,

there appear to be two populations, FasHI and FasLO (see Figure 7), of Fas-expressing

macrophages upon initial isolation.  After culture, the percentage of Fas-positive macrophages

increases and all macrophages are in the FasHI population.  One interpretation of this result is

conversion of FasLO macrophages to FasHI macrophages.  An alternative interpretation of the

absence of the FasLO macrophage population is that these macrophages no longer express Fas

or die when cultured.  Because the total number of Fas-positive macrophages is increased after

culture, with no difference in the total number of macrophages analyzed, I favor the conversion

interpretation.  LPS stimulation has no effect on Fas expression in any population of

macrophages analyzed.  By contrast, there is only one population of FasL-positive
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macrophages in both TBH and NH animals.  As with Fas, no difference is observed between

TBH and NH macrophages and FasL cell-surface expression increases after culture and is not

affected by LPS stimulation.

These data indicate that, contrary to my initial hypothesis, all cell-surface tumoricidal

molecules are not upregulated in tumor-distal macrophages.  Detection of mTNF-α on the cell

surface of TBH macrophages with very little detection on the cell-surface of NH macrophages

indicates that TNF-α is upregulated in vivo.  By contrast, Fas and FasL were detected equally

on the cell-surface of TBH and NH macrophages.  An interesting implication of this observation

is that tumor-distal macrophages are responding in a way reminiscent of chronic inflammation

rather than a tumoricidal response.

Other work from this laboratory has implicated macrophages as mediators of impaired T-

cell activity in the tumor-burdened host [5, 41].  T-cells also express the tumoricidal molecules

Fas and FasL [92, 93], so I compared the cell-surface expression of these molecules on TBH

and NH T-cells.  While no difference in initial cell-surface expression or activation-induced cell-

surface expression is observed between the two populations (see Figures 9 and 10), cell-

surface expression of both molecules remains elevated after activation in TBH macrophages.

T-cells are known to induce their own demise in the resolution of an inflammatory response by

expressing both Fas and FasL [88, 89, 93, 95], thus TBH T-cells may be more prone to AICD

than NH T-cells.  This conclusion is supported by elevated expression of both Fas (see Figure

9) and FasL (see Figure 10) in TBH T-cells 48 hours after stimulation.

In the course of this work, I discovered that the MethKDE fibrosarcoma expresses high

levels of FasL on its cell surface (see Figure 11).   This result has several implications for tumor-

proximal immune avoidance by the MethKDE fibrosarcoma.  The presence of FasL can initiate

apoptosis in Fas positive cells, such as cytotoxic T-cells, that have migrated to the tumor-
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proximal microenvironment to kill the tumor cells.  This scenario is similar to sites of immune

priviledge such as the central nervous system.
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SECTION III:  NF-κκκκB IS DYSREGULATED IN TUMOR-BURDENED HOST

MACROPHAGES.

ABSTRACT

NF-κB is a transcription factor whose activation is required for TNF-α transcription.

Because past observations show increased TNF-α mRNA expression in TBH macrophages

relative to NH macrophages, I hypothesized that NF-κB activation may be increased as well.  I

observed increased NF-κB activation in both splenic and peritoneal TBH macrophages.

Interestingly, EMSA analysis suggests that different species of NF-κB are found in each distinct

population of macrophages.  These findings demonstrate that NF-κB is dysregulated in TBH

macrophages.
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INTRODUCTION

In order to investigate molecular events that lead to tumor-induced macrophage

dysfunction, I chose the transcription factor NF-κB as a potential mediator.  In our model (see

Figure 1), NF-κB activation could lead to elevated tumoricidal molecule expression in tumor-

distal macrophages and lead to inappropriate tumoricidal activity, producing immune

suppression in tumor distal microenvironments.  The hypothesis of increased NF-κB activation

in TBH macrophages was tested using electrophoretic mobility shift analysis (EMSA) on nuclear

extracts.  NF-κB exists in an inactive complex with an inhibitor, classically IκB, in the cytoplasm.

NF-κB is a transcription factor whose activity is dictated by its subcellular distribution [96, 97].

When bound to its inhibitor, IκB, NF-κB is sequestered in the cytoplasm and, thus, inactive.

Activation of NF-κB occurs after a stimulus, such as LPS, activates the IκB kinase (IKK) [62].

Activation of this kinase leads to phosphorylation and ubiquitin-mediated proteolysis of IκB [98].

Once IκB dissociates from NF-κB, the nuclear localization signal of NF-κB is exposed and NF-

κB translocates to the nucleus where it can bind to κB sites, typically the consensus sequence

listed in Appendix C, and facilitate the transcription of NF-κB dependent genes [60, 99, 100].

 In these studies, I define active NF-κB as NF-κB that is present in the nucleus and

inactive NF-κB as NF-κB in the cytosol where it is likely bound to IκB.  NF-κB activity is

controlled though autoregulation [60, 99, 100].  This phenomenon occurs because IκB

transcription is NF-κB dependent; thus, active NF-κB causes its own down-regulation by

inducing its inhibitor [60, 99, 100].
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MATERIALS AND METHODS

Media and Reagents

Leukocytes were cultured in serum-free RPMI-1640 media with 2mM L-glutamine

(Sigma, St. Louis, MO).  All media contained 50 mg/L gentamicin sulfate (Tri-Bio Laboratories,

State College, PA), 25mM NaHCO3, and 25mM HEPES buffer, (pH 7.4, Sigma). T-cell and cell

line cultures were supplemented with 5% FBS (Atlanta Biologicals, Norcross, GA).  Bacterial

LPS (Eschericia coli serotype 026:B6), phorbol 12-myristate 13-acetate (PMA), calcium

ionophore (CaI), and all reagents not cited otherwise are from Sigma.

Murine Tumor Model

Eight to 12 week-old Balb/c (H-2d) male mice (Harlan Sprague-Dawley, Madison, WI)

were the source of NH and TBH leukocytes.  Tumors, a methylcholanthrene-induced,

nonmetastatic, syngeneic fibrosarcoma designated MethKDE, were induced by intramuscular

injection of 4 X 105 freshly isolated cells to the left hind leg.  Palpable tumors developed by 10

days post-inoculum; hosts were typically sacrificed near the 21st day post-inoculum as it is the

day of maximal immune suppression without cachexia or necrosis.  All procedures conformed to

established NIH guidelines and were approved by Virginia Tech animal care and use

committees.

Lymphocyte and Macrophage Collection

Typically, five normal and three MethKDE burdened Balb/c mice were sacrificed by

cervical dislocation.  Spleens were removed and pooled as NH or TBH in RPMI medium.

Pooled spleens were dissociated, red blood cells from each pool were lysed with 0.83% (v:v)

ammonium chloride, and remaining splenocytes were isolated as adherent (macrophage
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enriched) or non-adherent (T-cell enriched) fractions after three to five hours on glass plates at

37°C.  Previous studies have routinely shown these macrophage populations to be more than

96% esterase positive and more than 80% Mac-1 and F4/80 positive.   T-cells from the

nonadherent fraction were identified in flow cytometry experiments by their immunoreactivity for

CD3ε.  Peritoneal macrophages were obtained by lavage four days after intraperitoneal injection

of 2 ml sterile thioglycollate.

Electrophoretic Mobility Shift Analysis

Nuclear extracts were obtained following modified methods of Schreiber, E. et al. [101].

After isolation, 2.5 X106 cells were resuspended in 400µL cold buffer A (10mM HEPES pH 7.9,

10mM KCl, Complete (Roche Biochemicals, Indianapolis, IN) protease inhibitor cocktail, 1mM

DTT), incubated at 4°C for 15 minutes, brought to 0.6% NP-40 (v/v) and vortexed for 10

minutes.  Lysates were centrifuged (Eppendorf microfuge) at 14000 rpm and 4°C for 30

seconds.  The supernatant, here a cytosolic extract, was transferred to a second tube and

stored at -80°C.  The pellet was resuspended in 50µL buffer B (20mM HEPES, 400mM NaCl,

Complete protease inhibitor cocktail, 1mM DTT) and vortexed for 15 minutes at 4°C then

centrifuged as before for five minutes.  The supernatant, now a nuclear extract, was transferred

to a second tube and stored at -80°C until use.  The total protein concentration of all extracts

was determined using the Bradford protein assay [102] (Biorad, Hercules, CA) according to

manufacturer�s instructions.

EMSA analysis was performed using the Promega (Madison, WI) gel shift assay system

according to manufacturer�s instructions.  The consensus sequence oligonucleotides for NF-κB

and SP-1 used are listed in Appendix C.  Briefly, 32P-labeled oligonucleotides are incubated with

equivalent amounts of nuclear proteins from each sample for 20 minutes at room temperature.

These mixtures are electrophoretically separated on 7% nondenaturing acrylamide gels, dried,
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then exposed to photographic film at -80°C using an intensifying screen until sufficient signal

was obtained.

Data Analysis

Data presented are representative of at least two replicative experiments.  Figures were

prepared using Photoshop (Adobe Systems, San Jose, CA).
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RESULTS

NF-κB activation in splenic macrophages

In order determine if NF-κB is present in the nucleus (i.e. active) of splenic

macrophages, EMSA was performed on nuclear extracts.  Consensus sequence

oligonucleotides were radiolabeled and incubated with nuclear extracts. The specificity of NF-

κB oligonucleotides was confirmed by including 100-fold molar excess of unlabelled

oligonucleotides.  Competitive binding between the unlabelled NF-κB oligonucleotides and

labeled NF-κB oligonucleotides confirmed the specificity of shifted bands for NF-κB (Figure 12A,

reaction 2) while no competition between an unlabelled nonspecific oligonucleotide, SP1, and

labeled NF-κB oligonucleotide (Figure 12A, reaction 3) controlled for nonspecific binding to the

NF-κB oligonucleotides.  Increased NF-κB activation was observed in TBH versus NH

macrophages (Figure 12A).  Moreover, this activation increased in parallel to tumor progression

(Figure 12B) as the intensity of shifted NF-κB oligonucleotides increased, relative to 0 days after

tumor cell inoculation, at 10, 18, and 25 days post-inoculum.

If NF-κB activation in TBH macrophages is caused by circulating tumor-associated

factors, then in vitro culture after removal from the TBH should allow NF-κB activation to

subside.  In both NH and TBH macrophages, NF-κB activation was elevated 0.5 and 1 hour

after isolation (Figure 13A) although, as shown in Figure 12, TBH macrophages had more

nuclear NF-κB at 0 hours than did NH macrophages. For both TBH and NH macrophages, no

nuclear NF-κB was detected at 3 or 25 hours after isolation (Figure 13A).  The physiological

relevance of the 0.5 � 1-hour spike in NF-κB activation was confirmed by western blot analysis

demonstrating a concurrent spike in IκB-α protein in the cytosol (Figure 13B).  The presence of
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Figure 12.  NF-κB activation is elevated in TBH splenic macrophages.  (A) Nuclear

extracts from NH (lanes 1-3) and TBH (lanes 4-6) splenic macrophages were incubated with

32P-labelled NF-κB oligonucleotides, 100X molar excess of unlabelled NF-κB oligonucleotides,

and/or 100X molar excess of unlabelled SP-1 oligonucleotides and analyzed by EMSA.  (B)

Nuclear extracts were obtained at the indicated time post-inoculum and incubated with 32P-

labelled NF-κB oligonucleotides and analyzed by EMSA.
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Figure 13.  Tumor-induced NF-κB activation in splenic macrophages persists ex vivo.

(A) Nuclear extracts obtained from NH and TBH splenic macrophages after non-adherent

incubation at 37°C for the indicated time were analyzed by EMSA.  (B) Cytosolic extracts

obtained from NH and TBH splenic macrophages after non-adherent incubation at 37°C for the

indicated time were analyzed by immunoblot for IκB-α immunoreactivity.
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IκB-α in the cytoplasm while NF-κB was highly activated (Figure 13) likely reflected a

combination of factors including differential sensitivity in the two assays, detection of inactive

IκB that are not bound to NF-κB, and the dynamic nature of IκB/NF-κB autoregulation.

Because IκB-α is both an NF-κB dependent gene product and a physiological inhibitor of

nuclear NF-κB [103-105], its presence in 3- and 25-hour cytosolic fractions was consistent with

the notion that NF-κB activation had subsided in these samples.

Effect of adherence and LPS on NF-κB activation in splenic macrophages

Once it was determined that NF-κB activation would subside after isolation, the effect of

two basal macrophage activities was determined.  In Figure 14A, both NH and TBH

macrophages demonstrate increased NF-κB activation while adhering to glass plates.

Interestingly, after 6 hours NF-κB activation remained elevated in NH macrophages but has

subsided in TBH macrophages.  Both NH and TBH macrophages had very little activated NF-κB

after 24 hours. In Figure 14B, the effect of LPS stimulation on NH and TBH macrophages is

reported.  After adhering, LPS stimulation led to increased NF-κB activation in TBH

macrophages.

NF-κB activation in peritoneal macrophages

To determine if macrophages from another tumor-distal compartment also exhibit

increased NF-κB activation, macrophages from TBH and NH peritoneal cavities were obtained.

Further supporting the idea that NF-κB is elevated in TBH macrophages, both splenic and

peritoneal macrophages have increased nuclear NF-κB compared to NH macrophages (Figure

15A).  Interestingly, the mobility of shifted bands differs between splenic and peritoneal



42

Figure 14.  Adherence and LPS affect NF-κB activation differently.  (A) Nuclear extracts

obtained from NH and TBH splenic macrophages after incubation at 37°C on glass plates for

the indicated time were analyzed by EMSA.  (B) Nuclear extracts obtained from adherent NH

and TBH splenic macrophages incubated with or without LPS for 2 hours were analyzed by

EMSA.
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Figure 15. Different species of NF-κB are activated in splenic and peritoneal

macrophages.  (A) Nuclear extracts from splenic (lane 1) and peritoneal (lanes 2 - 7)

macrophages from TBH (lanes 1-4) and NH (lanes 5-7) were incubated with 32P-labelled NF-κB

oligonucleotides, 100X excess unlabelled NF-κB oligonucleotides, and/or 100X unlabelled SP-1

oligonucleotides and analyzed by EMSA.  (B) Active NF-κB in stimulated peritoneal

macrophages.
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macrophages indicating the presence of a different NF-κB species in the two macrophage

populations [106].  By contrast to splenic macrophages (Figure 14), TBH macrophages from

peritoneal cavity did not activate NF-κB in response to LPS stimulation as well as NH

macrophages, even though NF-κB activation was increased in untreated samples and both

populations exhibit increased NF-κB activation after adherence (Figure 15B).
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DISCUSSION

It has been clear since the initial characterization of the v-Rel oncogene in the REL

retrovirus that dysregulated NF-κB activity can contribute to tumorigenesis [107].  In addition to

the immunoregulatory properties of NF-κB-dependent gene products described in the Literature

Review, NF-κB can also induce target genes that stimulate cell proliferation and inhibit

apoptosis [97].  These properties establish wide potential for NF-κB in promoting tumorigenesis

[108].  Indeed, high NF-κB activity is detected in many human tumors, including breast [109]

and gastrointestinal cancers [110].

Because NF-κB activation is required for macrophage survival [63] and macrophage

activation leads to the secretion of many NF-κB gene products [29], it was reasonable to

suspect that over-activated TBH macrophages would have increased NF-κB activation.

Analogously, overactivated tumor-distal macrophages may be representative of the chronic

inflammatory state that is thought to contribute to gastrointestinal cancer [109].  However, in a

mammary tumor model that is similar to the MethKDE tumor model, NF-κB activation was not

elevated in TBH macrophages [111].  By contrast, I showed that NF-κB activation was elevated

in TBH splenic macrophages from the MethKDE tumor model (see Figure 12 and 13).

I performed additional experiments to characterize NF-κB activation between TBH and

NH splenic macrophages.  Active NF-κB, while remaining higher in TBH macrophages, spiked

noticeably after isolation, persists through 3 hours ex vivo and then subsides during overnight

culture (Figure 14A).  The very low levels or absent level of NF-κB detected at 24 hours ex vivo

may suggest that the assay used here is not as sensitive as others [63] as live cells were

observed in these cultures prior to nuclear isolation.  This level of sensitivity is not relevant to
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the fundamental results of this study.  In addition to adherence, NH and TBH macrophages

were stimulated with LPS and TBH macrophages, again, appear over-activated (Figure 14B).

To analyze other tumor-distal macrophages, thioglycollate-elicited peritoneal

macrophages were obtained and analyzed for nuclear NF-κB.  While freshly isolated peritoneal

macrophages recapitulate elevated NF-κB in TBH splenic macrophages, two interesting

contrasts are observed between peritoneal macrophages.  First, a different species of NF-κB is

present in peritoneal macrophages (Figure 15A) and, second, peritoneal TBH macrophages do

not seem to be over-activated like splenic TBH macrophages (Figure 15B).  This first result is

not surprising as different species of NF-κB have been detected in macrophages previously

[106].  The second result will require more experimentation before it can be interpreted

adequately; however, it is reasonable that different subunits activate different collections of

genes.  In the case of splenic and peritoneal macrophages, these genes will likely reflect the

different requirements in the spleen versus the peritoneal cavity.

Herein, I have established dysregulation of NF-κB activity in tumor-distal TBH

macrophages from the MethKDE tumor model.  In gastrointestinal cancer, chronic inflammation

caused by Helicobacter pylori infection is thought to overactivate NF-κB and create a pro-tumor

environment in the gut [97, 110].  My results regarding NF-κB activation in tumor-distal

compartments may gain significance as specific NF-κB inhibitors are introduced to fight cancer.

As this laboratory has shown previously for paclitaxel [45, 46], anti-cancer agents targeted to

the tumor-proximal environment can provide additional therapeutic benefit by relieving tumor-

distal immunosuppression.
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CONCLUSIONS

The experiments described in this work were aimed at addressing two discrete

questions.  First, is cell-surface expression of tumoricidal molecules altered in leukocytes from a

tumor-burdened host?  Second, is activation of the transcription factor NF-κB altered in

macrophages from a tumor burdened host?  The data presented suggest affirmative answers to

each of these questions.

These data suggest that TBH T-cells are more susceptible to AICD than NH T-cells.

When interpreted in conjunction with previous data showing TBH T-cells to proliferate poorly

compared to NH T-cells in response to similar stimulatory signals [4, 41] this seems likely.

Indeed, TBH T-cells undergoing AICD would not be proliferating at all, possibly accounting for

the different amounts of tritium incorporation in the two populations [4, 41].  Experiments to test

this hypothesis are discussed in Suggested Future Investigations.

Elevated NF-κB activation in TBH macrophages is an exciting finding as it distinguishes

the MethKDE fibrosarcoma from another model of tumor-distal immune suppression in which no

NF-κB was not elevated in TBH macrophages [111].  In addition, the differences between

splenic and peritoneal TBH macrophages will provide interesting ground for future

experimentation.  Most importantly, this finding may demonstrate that tumor-distal macrophages

behave similarly to chronic inflammatory states that may contribute to gastrointestinal cancer

[97, 110].  If this connection is supported by additional experimentation, NF-κB inhibition may be

an important therapeutic target in tumor-distal as well as tumor-proximal compartments.
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Figure 16.  Revised model of tumor-induced immune suppression by MethKDE

fibrosarcoma.  The studies presented herein support two hypotheses (green arrows) and

discount one hypothesis (red arrow) regarding MethKDE-activated macrophages.  Green text

indicates the additional information obtained in these studies regarding Fas and FasL

expression in tumor-proximal and tumor-distal compartments.
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SUGGESTED FUTURE INVESTIGATIONS

The MethKDE fibrosarcoma is known to secrete three immunosuppressive molecules that are

thought to affect tumor-proximal immune suppression: IL-10, PGE2, and TGF-β1.  In addition,

these molecules are known to inhibit LPS-induced TNF-α secretion by macrophages.  One

simple prediction is that cell-surface TNF-α expression will be inhibited by IL-10.  Moreover, by

including these molecules one might discern subtle differences in Fas or FasL cell-surface

expression on TBH versus NH macrophages.  An interesting possibility is that the FasLO

population of macrophages may remain on NH macrophages after LPS stimulation in the

presence of immunosuppressive molecules while �over-activated� TBH macrophages are all

FasHI.

A propensity to undergo AICD can be tested experimentally by interfering with the Fas

apoptotic pathway while measuring proliferation in TBH and NH T-cells.  The apical event in this

pathway is activation of procaspase 8 activation.  By including the caspase 8 inhibitor z-IETD-

fmk in T-cell proliferation experiments one can effectively block AICD.  Two controls would

distinguish between various outcomes in this experiment.  First, the relative percentages of live

and dead cells must be carefully measured at several points during the experiment.  Both TBH

and NH T-cells will certainly undergo some AICD during this period, but this hypothesis predicts

elevated AICD in TBH T-cells.  Second, immunoblots should be used to analyze procaspase 8

activation.  Procaspase 8 has a molecular weight of 56 kD while activated caspase 8 has a

molecular weight of 18 kD; thus, the appearance of the 18 kD form should accompany cell

death and be inhibited by z-IETD-fmk.

The effect of the immunosuppressive molecule, IL-10, on NF-κB activation can be

addressed in two different settings.  First, the effect of IL-10 on LPS-induced NF-κB activation

can be addressed in adherent TBH and NH splenic macrophages.  As described during the
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Literature Review, IL-10 should inhibit NF-κB activation in this setting; although IL-10 may not

inhibit each population of macrophages to an equivalent extent.  Second, these experiments

can be performed in peritoneal macrophages.  These cells provide an interesting comparison to

splenic macrophages in that a different species of NF-κB appears to be present in peritoneal

macrophages (see Figure 14).  Preliminary �supershift� experiments can be performed by

including p50 and p65 antibodies in the EMSA reaction mixture until one or both shifted bands

displays supershifted mobility.  If these experiments identify the NF-κB species different

between splenic and peritoneal macrophages, then differential immunosuppression, as may be

elucidated with IL-10, may help explain the �tolerized� phenotype in TBH peritoneal

macrophages and the �overactive� phenotype observed in TBH splenic macrophages.
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APPENDIX A

Abbreviations

Adh; adherent

AICD; activation-induced cell death

CaI; calcium ionophore

DTT; dithiothreitol

ECM; extracellular matrix

EDTA; ethylenediaminetetraacetic acid

EMSA; electrophoretic mobility shift analysis

FACS; fluorescence activated cell sorting

FasL; fas ligand

FITC; fluorescein isothiocyanine

G-CSF; granulocyte colony stimulating factor

GM-CSF; granulocyte-macrophage colony stimulating factor

IFN-γ; interferon - γ

IκB; inhibitor κB

IKK; IκB kinase

IL; interleuken

iNOS; inducible nitric oxide synthase

LPS; lipopolysaccharide

MHC; major histocompatibility complex

mTNF-α; membrane-bound TNF-α

NF-κB; nuclear factor - κ B

NH; normal host

NIH; National Institutes of Health

NIL; untreated
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NO; nitric oxide

PBS; phosphate buffered saline

PE; phycoerythrin

PGE2; prostaglandin E2

PMA; phorbol 12-myristate 13-acetate

PTK; protein tyrosine kinase

TAA; tumor-associated antigen

TBH; tumor-burdened host

TGF-β1; transforming growth factor - β1

Th; T helper

TNF-α; tumor necrosis factor � α

VMRCVM; Virginia/Maryland Regional College of Veterinary Medicine
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APPENDIX B

Flow Cytometry Protocol

1) Prepare cells of interest according to standard laboratory protocols.

2) Harvest, count, and place 5 X 106 cells into a 15 ml conical tube and centrifuge (4°C, 500 X

g) for 5 minutes.

3) Aspirate culture medium and resuspend cells in 10 ml FACS wash buffer (1% FBS in PBS).

4) Centrifuge as above for 10 minutes.

5) Aspirate wash buffer and resuspend cells in 250 µL FACS buffer.  The concentration is now

106 cells / 50 µL.

6) Transfer 50 µL to each of two microfuge tubes.

7a) If analyzing macrophages or MethKDEs, add 25 µL of 10 µg/ml Fc block to all tubes and

incubate for 3 minutes on ice before proceeding.

7b) Add 25 µL control or experimental antibody and incubate at 4°C in the dark for 30 minutes.

8) Microfuge for 5 minutes at 350Xg.

9) Wash twice with 200 µL FACS buffer.  Microfuge as in step 8.

10) Aspirate second wash and fix cells with 300 µL 1% paraformaldehyde in PBS.

11) Store samples (<1 week) at 4°C in the dark until FACS analysis at VMRCVM.
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APPENDIX C

EMSA Protocol

NF-κB oligonucleotide:

5�-AGT TGA GGG GAC TTT CCC AGG C-3�
3�-TCA ACT CCC CTG AAA GGG TCC G-5�

SP1 oligonucleotide:

5�-ATT CGA TCG GGG CGG GGC GAG C-3�
3�-TAA GCT AGC CCC GCC CCG CTC G-5�

PREPARATION OF NUCLEAR EXTRACTS

Both buffers contain 1X Complete protease inhibitor cocktail (Roche Biochemicals)

Buffer A (10 mM HEPES. pH 7.9, 10 mM KCl, 1 mM DTT)

Buffer B (20 mM HEPES, 400 mM NaCl, 1 mM DTT)

1) Resuspend 2.5 X 106 cells in 400 µL cold Buffer A.

2) Incubate at 4°C for 15 minutes.

3) Add 10 µL 10% NP-40 and vortex for 10 minutes.

4) Microfuge at 14,000 rpm and 4°C for 30 seconds.

5) Aspirate supernatant, this is the cytosolic extract.

6) Resuspend pellet in 50 µL Buffer B and vortex for 10 minutes at 4°C.

7) Microfuge as in 4 for 5 minutes.

8) Transfer supernatant to second tube, this is the nuclear extract.

9) Store at -80°C until use.

32P-LABELING OF OLIGONUCLEOTIDES
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Obtain sufficient training and safety instruction before using radioactivity!

1) Assemble reaction: 2 µL consensus oligonucleotide (1.75 pmol / µL)
1 µL 10X T4 polymerase kinase buffer
1 µL 32P-γ-ATP (10 mCi / ml)
5 µL nuclease-free water
1 µL T4 polynucleotide kinase (5-10 u / µL)

2) Incubate at 37°C for 10 min.

3) Stop reaction with 1 µL 0.5M EDTA.

4) Add 89 µL TE Buffer (10mM Tris pH 8.0, 1mM EDTA).

5) Remove unincorporated nucleotides using a G-25 spin column (Roche Biochemicals) and

following manufacturer�s instructions.

EMSA

1) Prepare 7% nondenaturing (native) acrylamide gel.

2) Assemble 20 µL binding reaction containing gel-shift binding buffer (0.1 mg/ml poly (dI-dC),

50 mM KCl, 0.2mM EDTA, 2.5 mM DTT, 10% glycerol and 0.05% NP-40 in 10mM HEPES

(pH7.9)), 250 � 300 ng nuclear protein and nuclease-free water.

3) Incubate at room temperature for 10 minutes.

4) Add 1 µL 32P-labeled oligonucleotide (50,000 � 200,000 CPM).

5) Incubate 20 minutes at room temperature.

6) Add 1 µL 10X bromophenol blue-containing loading dye and load samples into gel.

7) Run gel at 200 V until bromophenol blue reaches the bottom of the gel.

8) Dry gel onto Whatman paper under heat and vacuum.

9) Place in film cassette with intensifying screen and film at �80°C at least overnight.



72

14 June 2002

CURRICULUM VITAE

Michael James McConnell

Work Address: Home Address:

Basic Science Building, Room 3036 9366-J Redwood Dr.
Department of Pharmacology La Jolla, CA  92037
UCSD, School of Medicine (858) 336-5552
9500 Gillman Dr.
La Jolla, CA  92093

UCSD:(858) 534-0751
Salk, Laboratory of Genetics:(858) 453-4100 x2050 E-mail: MikeMc@salk.edu

Educational Background:

NORTH CAROLINA STATE UNIVERSITY, Raleigh, North Carolina  27695
Bachelor of Science in Zoology, May 1992

Minor in Genetics

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY, Blacksburg, Virginia  24061
Master of Science in Biology, June 2002

Microbiology and Immunology Section

UNIVERSITY OF CALIFORNIA, SAN DIEGO, La Jolla, California  92093
Doctor of Philosophy in Biomedical Sciences, in progress

Professional Experience:

GLAXO, INC. [now GlaxoSmithKline] May 1991 - December 1992
Summer Intern / Co-operative Education Student, Immunopharmacology Department, Research
Triangle Park, North Carolina.

MACRONEX, INC.  January 1993 - March 1995
Assistant Scientist, Immunopharmacology Department, Morrisville, North Carolina.

SPHINX PHARMACEUTICALS  [Lilly and Company] March 1995 - November 1995
Associate Biochemist, Biomolecular Screening Department, Durham, North Carolina.

IDUN PHARMACEUTICALS November 1995 - December 1996
Research Associate, New Leads Discovery Group, San Diego, California.

VIRGINIA TECH January 1997 � August 1999
Graduate Teaching Assistant, Department of Biology, Blacksburg, Virginia.

UPWARD BOUND PROGRAM  Summer 1998, 1999
Biology Instructor, Blacksburg, Virginia.



73

UNIVERSITY OF CALIFORNIA, SAN DIEGO September 1999 � August 2000
Laboratory Assistant, Department of Pharmacology, La Jolla, California.

UNIVERSITY OF CALIFORNIA, SAN DIEGO September 2000 � Present
THE SALK INSTITUTE FOR BIOLOGICAL STUDIES
Biomedical Sciences PhD Student, La Jolla, California.

SALK MOBILE SCIENCE LABORATORY November 2001 - Present
Volunteer Teaching Assistant, La Jolla, California.

Publications:

Diaz, J.-L., Horne, W., McConnell, M., Wilson, G., Weeks, S., Garcia, T., Oltersdorf, T., and L.C.
Fritz.  (1997).  A common binding site mediates heterodimerization and homodimerization of
Bcl-2 family members.  The Journal of Biological Chemistry.  272 (17): 11350-11355.

Ottilie, S., Diaz, J.-L., Chang, J., Wilson, G., Tuffo, K.M.,  Weeks, S., McConnell, M., Wang, Y.,
Oltersdorf, T., and L.C. Fritz.  (1997).  Structural and functional complementation of an inactive
Bcl-2 mutant by Bax truncation. The Journal of Biological Chemistry.   272 (27): 16955-16961.

Rehen, S.K., * McConnell, M.J., * Kaushal, D. * Kingsbury, M.A., Yang, A.H., and J. Chun.
(2001).  Chromosomal variation in neurons of the developing and adult mammalian nervous
system.  Proceedings of the National Academy of Science USA.  98 (23):  13361-13366.

Commentary: Nature Reviews Neuroscience. (2001).  2:  853.
The Scientist. (2002). 16 (2):  35.
J.R. Lacerda de Menezes. (2002).  Revista Ciencia Hoje. 3: 19-21.
A. Hackam.  (2002). Clinical Genetics. 61 (3): 173-175.

Rehen, S.K., McConnell, M.J., Kaushal, D., Kingsbury, M.A., Yang, A.H., and J. Chun.  (2002).
Genetic mosaicism in the brain: a new paradigm for neuronal diversity. Directions in Science 1,
53�55.

Zhao, X., Ueba, T., Christie, B., Barkho, B., McConnell, M.J., Nakashima, K., Lein, E.S., Eadie,
B., Chun, J., Lee, K.-F., and F.H. Gage.  (2002).  Mice lacking methyl-CpG binding protein 1
have deficits in adult neurogenesis and learning.  submitted.

* indicates equal contributions among authors

Awards and Honors (year(s) awarded):

NCSU Department of Microbiology Award for Outstanding Undergraduate Achievement (1992)
Russell Athletic Corporation Scholarship for Community Service (1992)

Macronex Recognition for Outstanding Performance (1993, 1994)

Sigma Xi Grant-in-Aid of Research (1997, 1998)
Virginia Tech Intramural Research Grant (1997, 1997, 1998)
Horsley Cancer Research Foundation Grant (1997)
Virginia Academy of Science Research Grant (1998)
Jeffress Foundation Trust Research Grant (1998)



74

NIGMS Pharmacology Training Grant (2000)

Professional Memberships and Activities (year relevant):

American Association for the Advancement of Science
 Student Member (since 1997)

Virginia Tech Graduate Student Association
Biology GSA, Social Chair (1998)
Biology GSA, GSA Delegate (1999)
GSA Graduate Research Grant Competition, Committee Chair (1999)

American Association of Immunologists
Student Member (1997 � 1999)

Society for Leukocyte Biology
Student Member (1997 � 1999)
Poster Presentation at Annual Meeting (1998)

Society for Integrative and Comparative Biology
Student Member (since 2001)
Poster Presentation P3.24 at Annual Meeting (2002)

Society for Neuroscience
Student Member (since 2002)
Poster Presentation at Annual Meeting (2002)

References:

Available upon request.

 
 


