
Tumoricidal activity of high-dose tumor necrosis factor-a is mediated by

macrophage-derived nitric oxide burst and permanent blood flow shutdown

Chandrakala Menon1*, Todd W. Bauer1, Scott T. Kelley1, Dan J. Raz1, Joshua I. Bleier1, Krina Patel1, Kirsten Steele1,
Indira Prabakaran1, Alexander Shifrin1, Donald G. Buerk2, Chandra M. Sehgal3 and Douglas L. Fraker1

1Department of Surgery, University of Pennsylvania, Philadelphia, PA
2Department of Physiology, University of Pennsylvania, Philadelphia, PA
3Department of Radiology, University of Pennsylvania, Philadelphia, PA

This study investigates the role of tumor nitric oxide (NO) and
vascular regulation in tumor ulceration following high-dose tumor
necrosis factor-a (TNF) treatment. Using TNF-responsive
(MethA) and nonresponsive (LL2) mouse tumors, tumor NO con-
centration was measured with an electrochemical sensor and tu-
mor blood flow by Doppler ultrasound. Mice were also pretreated
with a selective inducible nitric oxide synthase (iNOS) inhibitor,
1400 W. Tumors harvested from TNF-treated mice were cryosec-
tioned and immunostained for murine macrophages, or/and
iNOS. MethA tumor-bearing mice were depleted of macrophages.
Pre- and post-TNF tumor NO levels were measured continuously,
and mice were followed for gross tumor response. In MethA
tumors, TNF caused a 96% response rate, and tumor NO concen-
tration doubled. Tumor blood flow decreased to 3% of baseline by
4 hr and was sustained at 24 hr and 10 days post-TNF. Selective
NO inhibition with 1400 W blocked NO rise and decreased
response rate to 38%. MethA tumors showed tumor infiltration by
macrophages post-TNF and the pattern of macrophage immuno-
staining overlapped with iNOS immunostaining. Depletion of mac-
rophages inhibited tumor NO increase and response to TNF. LL2
tumors had a 0% response rate to TNF and exhibited no change
in NO concentration. Blood flow decreased to 2% of baseline by 4
hr, recovered to 56% by 24 hr and increased to 232% by 10 days.
LL2 tumors showed no infiltration by macrophages post-TNF. We
conclude that TNF causes tumor infiltrating, macrophage-derived
iNOS-mediated tumor NO rise and sustained tumor blood flow
shutdown, resulting in tumor ulceration in the responsive tumor.
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The therapeutic potential of targeting the tumor vascular supply
is now widely recognized and has led to improvement in survival
in patients with advanced cancer.1–3 Continued investigation into
novel strategies of antivascular therapies and further study of the
mechanisms of current antivascular therapies will help to advance
this field.

Regional perfusion with high-dose recombinant human tumor
necrosis factor-a (TNF) is an effective antivascular therapy in
clinical practice. It achieves an overall response rate of 90–100%
and complete response rate of 80–90% when combined with mel-
phalan for extremity melanoma, making this treatment one of the
most effective single-administration therapies for solid malignan-
cies.4–6 TNF in combination with melphalan has demonstrated
synergistic antitumor activity in the treatment of melanomas and
soft tissue sarcomas that are recurrent, deep-seated or bulky. One
of the advantages of this therapeutic is that it is selective to tumor
tissue and spares surrounding normal tissue.7 Despite the tumorici-
dal potential of TNF, severe toxicity such as hypotension, abnor-
malities in liver function, leukopenia and thrombus formation has
made TNF difficult to be used systemically as an antitumor drug.
This problem has been circumvented by using isolated limb perfu-
sion (ILP) technique in human patients who have unresectable
extremity-limited in-transit metastatic disease.8,9 Success of this
regimen has also been reported for multifocal skin cancers and
drug-resistant bony sarcomas.10 ILP treatment is based on the abil-
ity to isolate the circulation of the afflicted extremity from sys-
temic circulation, thereby allowing dose-intensive delivery of anti-
cancer agents to the limb while eliminating systemic exposure and

toxicity.11 ILP treatment with TNF plus melphalan can avoid the
need for limb amputation in extremity-limited melanoma and sar-
coma patients of all ages, especially in older patients.12 This treat-
ment regimen has also been used as a palliative treatment in
selected stage IV melanoma patients with symptomatic advanced
limb disease.13 This combination therapy has also found use in the
treatment of a single organ disease as in the case of isolated he-
patic perfusion to treat hepatic malignancies that constitute the
life-limiting component of disease secondary to colorectal cancer,
ocular melanoma, neuroendocrine tumors as well as primary
colangio- or hepatocellular carcinomas.14 In Europe, TNF is
approved for regional therapy of soft tissue sarcoma. Further
investigation into the mechanism of the antivascular effect of TNF
will broaden our understanding of vascular-targeted therapies.

Tumor necrosis and regression by TNF is believed to be medi-
ated by a specific antivascular effect.15–18 Manda et al.15 demon-
strated necrosis of MethA tumors grown intradermally in mice if
TNF was given on Days 7 or 10, when tumors have an established
vasculature, but not on Day 3. Additionally, TNF had no cytotoxic
effect on the MethA cells in vitro. These 2 findings support the hy-
pothesis that TNF is primarily targeting tumor vasculature, rather
than causing direct tumor cytotoxicity. The antivascular effect of
TNF was studied by Nawroth et al.,16 who observed an 80%
reduction in tumor blood flow and intravascular fibrin formation
following TNF injection in MethA fibrosarcomas. Watanabe
et al.17 showed vascular congestion in MethA tumors 4–6 hr after
TNF injection, and blood flow shutdown at 24 hr and noted that
suppression of the thrombus formation with heparin had no effect
on the necrotic response. Thus, TNF appears to decrease tumor
blood flow independent of thrombus formation. Additionally, TNF
has been shown to stimulate NO production in vascular smooth
muscle cells,19,20 endothelial cells,21,22 and macrophages,23,24 and
high NO levels have been shown to cause tumor regression.25–31

The precise role that NO plays in the antivascular effect of TNF
has not been fully described. We used a murine tumor model sys-
tem consisting of MethA fibrosarcoma (TNF-sensitive tumor) and
Lewis lung carcinoma (TNF-resistant tumor), with systemic TNF
administration to investigate the role of tumor blood flow shut-
down and nitric oxide (NO) elevation on tumor regression. We
used an inhibitor to further study the role of inducible nitric oxide
synthase (iNOS) in tumor blood flow and tumor NO elevation fol-
lowing TNF administration. The present work also attempts to
delineate the cell-type source of the NO burst post-TNF in the
TNF-responsive MethA tumor type. This work introduces the pos-
sibility that although TNF may primarily express its antitumor ac-
tivity via an antivascular mechanism, there could likely be a sec-
ondary component that causes tumor cell kill via a selective tumor
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infiltrating macrophage-mediated pathway. Tumor-infiltrating
macrophages and the free radical NO produced by these macro-
phages in response to TNF treatment appear to be common inter-
mediates in both the antivascular as well as direct tumor cell kill
pathways. Furthermore, the present work attempts to delineate the
mechanism underlying the differential tumor response to TNF as
represented by the TNF-sensitive MethA fibrosarcoma and the
TNF-resistant LL2 tumor types.

Material and methods

Animals

Female BALB/c and C57BL/6 mice (Taconic, Germantown,
NY) aged 5–7 weeks, weighing 18–22 g, were housed in the Uni-
versity of Pennsylvania Animal Facility under standard light and
accommodation conditions and fed a standard laboratory diet. The
experimental protocol was approved by the University of Pennsyl-
vania Institutional Animal Care and Use Committee.

Tumor cell lines

MethA murine fibrosarcoma cells (obtained from Steven Rosen-
berg, National Cancer Institute, Bethesda, MD) were grown as a
monolayer in Roswell Park Memorial Institute (RPMI) medium
(GibcoBRL, Green Island, NY) supplemented with 10% (v/v) fetal
calf serum (FCS; HyClone, Logan, UT), L-glutamine, penicillin G,
streptomycin, amphotericin and gentamycin. LL2 murine Lewis
lung carcinoma cells (obtained from Steven Rosenberg) were
grown as a monolayer in Dulbecco’s modified eagle’s medium
(DMEM, GibcoBRL) supplemented with 10% (v/v) FCS, L-gluta-
mine, penicillin G, streptomycin, amphotericin and gentamycin.
Exponentially growing cultures of MethA and LL2 were main-
tained in a humidified atmosphere of 5% CO2–95% air at 37�C
and were tested every 6 months for mycoplasma.

Tumor inoculation and measurement

A chemical depilatory (Nair, Carter Wallace, New York, NY)
was applied to the right flank of the mice 24–48 hr prior to tumor
inoculation. BALB/c mice were injected subcutaneously in the
right flank with 1 3 106 MethA cells, and C57BL/6 mice were
similarly injected with LL2 cells. The tumors and tumor ulcer
were measured in 2 perpendicular dimensions, and tumor volume
was calculated using the formula v 5 [1/2] ab2 2 [1/2] cd2, where
v is the tumor volume, a the tumor length, b the tumor width, c the
ulcer length and d is the ulcer width. A response to treatment was
defined as �25% decrease in tumor volume, or gross ulceration of
the tumor plus �12.5% decrease in tumor volume.

TNF and NOS inhibitor administration

When the tumors grew to a maximal dimension of 10 mm, the
mice were injected by tail vein with 15 lg TNF (Knoll Pharma-
ceuticals Co., Whippany, NJ) in 0.5 ml 0.5% bovine serum albu-
min (BSA, Calbiochem, LaJolla, CA). The bioactivity of the TNF
was measured by the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) bioassay,32 and the 15 lg
dose was equivalent to 3.3 3 104 U. The selective33 iNOS inhibi-
tor, 1400 W (Alexis Corp., San Diego, CA) at a dose of 5 mg/kg
(0.01 mg/ml) in PBS (Product 14040-117, Invitrogen Corp., Carls-
bad, CA), was administered subcutaneously in the left (nontum-
ored) flank.

NO measurements

The tumor NO concentrations were obtained by direct in vivo
electrochemical measurements using Nafion polymer-coated gold
NO microsensors.34 The NO microsensors were fabricated from
gold-plated metal-filled glass micropipettes, with tip diameters
between 5 and 15 lm and recessed 50 lm deep. The NO micro-
sensors were calibrated in 0.9% NaCl equilibrated with 100% N2

(zero NO) and 1,800 ppm NO (balanced N2) at 37�C before and
after each experiment. Typical current sensitivities range between

0.5 and 5 picoampere/micromole NO, depending on tip diameter
and recess depth.

The mice were anesthetized with ketamine (Abbott Laborato-
ries, N. Chicago, IL) 2.5 mg i.p. and xylazine (Xyla-ject, Phoenix
Pharmaceuticals, St. Joseph, MO) 0.19 mg i.p. and placed on a
37�C warming blanket. The skin �3–4 mm from the tumor was
sutured loosely to a stainless steel ring support to gently elevate
the tumor off the body wall to eliminate movement of the tumor
with respiration (this was necessary to prevent the delicate micro-
sensor from breaking with respiratory movement). A 2-mm longi-
tudinal incision was made in the skin overlying the tumor (this
was necessary to prevent the microprobe from breaking upon
insertion). The microprobe was inserted into the middle of the tu-
mor and remained fixed in this location for the duration of the
experiment. The tumor surface was superfused with 37�C 0.9%
NaCl solution. Polarographic currents at the oxidation potential
for NO (1850 mV) were measured with the microsensor relative
to a grounded Ag/AgCl reference electrode in contact with the tu-
mor and superfusion bath. All signals were acquired by computer
with 12-bit resolution at 1-Hz sampling rates. The NO signal was
low-pass filtered through an analog circuit with a 5-Hz cutoff.

NO measurements were obtained for 15–20 min to obtain a sta-
ble baseline prior to NOS inhibitor and TNF administration. Fol-
lowing TNF administration, the tumor NO concentration was
measured for 1.5–4.5 hr. The mice were allowed to recover
from anesthesia, and the tumors were measured with calipers for
14 days.

Blood flow, blood volume and perfusion measurements

Tumor blood flow and blood volume were measured using
sonographic imaging in power Doppler (PD) and color Doppler
(CD) modes, respectively. This was performed using an L10-5
MHz transducer and an HDI 5000 scanner (Philips Medical Sys-
tems, Bothell, WA) as previously described by Sehgal et al.35,36

Ten cross-sectional images in 2 perpendicular planes for PD and
CD mode were recorded digitally for each mouse at baseline prior
to TNF, then at 4 hr, 24 hr and 10 days. The settings used for PD
were as follows—color map: 1; wall filter: medium; gain: 80. The
settings used for CD were as follows—color map: 1,4; wall filter:
medium; PRF: 1,000; gain: 78; velocity scale: 6.4. All of the
imaging parameters were kept constant throughout the study.

To visualize tumor tissue perfusion, the bisbenzamide fluores-
cent dye, Hoechst 33342 (H33342, Molecular Probes, Eugene,
OR) was injected i.v. at different times after TNF, and tumors
were then harvested 3 min later for cryosectioning and imaging.
This DNA-binding dye fluoresces blue under ultraviolet light. It is
rapidly removed from the circulation with a half-life of 2 min,37

diffuses into cells and binds specifically and quantitatively to
DNA.38 The degree of blue fluorescence in the tumor is a measure
of tissue perfusion. MethA tumors were harvested at 30, 45, 60,
90, 120, and 180 min after TNF. Hoechst dye was injected at a
dose of 11.2 mg/kg (5.6 mg/ml in distilled water) i.v., 3 min
before tumor harvest. Tumors were harvested, frozen in OCT, cry-
osectioned and photographed as described later. Sections were
then stored at 220�C.

CD31 immunohistochemistry

Serial tissue sections (adjacent to those used for perfusion anal-
ysis with Hoechst dye) were stained for CD31 to evaluate vessel
architecture of the tumors in relation to the tissue perfusion visual-
ized by Hoechst dye. Sections were fixed in cold 4% paraformal-
dehyde for 1 hr, rinsed in PBS, blocked overnight in PBS contain-
ing 1.5% BSA and 0.3% Tween 20 [(ttPBS) Product X251-07,
J.T. Baker, Phillipsburg, NJ] supplemented with 5% skim milk
and 5% normal mouse serum. The slides were then incubated with
a 1:100 dilution of rat anti-mouse CD31 monoclonal antibody
IgG2a,j (MEC 13.3, PharMingen, San Diego, CA) overnight at
4�C in a humid box. The slides were rinsed 3 times in ttPBS for
15 min. The ttPBS was blotted off, and the slides were incubated
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with Cy5-conjugated affinipure mouse anti-rat IgG (Jackson
ImmunoResearch, West Grove, PA). The slides were then rinsed
with ttPBS and viewed and photomicrographed as described later.

Imaging of Hoechst dye and CD31

A Nikon Lab-Photofluorescence microscope equipped with a
100-W high pressure mercury arc lamp, a cooled (225�C) charge-
coupled device camera (Quantix by Photometric, Tucson, AZ),
and an automatic stage advancement (Ludl Electronic Products,
Hawthorne, NY) was used. Digital control of the camera and stage
was provided by a Macintosh 9600 Power PC running IPLab
Spectrum software (Scanalytics, Fairfax, VA). Images of each tis-
sue section were collected as several individual images, and com-
posites were made with IPLab Spectrum software. Field flattening
was performed by subtraction of an image of an empty field
acquired with the same exposure as for the section of interest. Epi-
illumination images of the fluorescent blue Hoechst staining were
obtained immediately after the 4.0-lM sections were made. UV
excitation was at 330–380 nm, with a 400-nm dichroic and a 420-
nm barrier filter (UV-2A filter cube), and care was taken to avoid
both normal tissue and sectioning artifacts. After CD31 staining
was completed, the same tumor section used for the Hoechst imag-
ing was returned to the microscope stage and automatically
rescanned using the same coordinates as for the initial composite
images. Matching composite images of the CD31 staining were
acquired. The Hoechst and CD31 images were then superimposed
using the IPLab Spectrum software.

Immunohistochemistry for iNOS

MethA and LL2 tumors from TNF or BSA-treated anesthetized
mice were harvested at 30 min, 1, 2, 4, 8, 16 and 24 hr after treat-
ment, frozen in OCT (Tissue-Tek, Sakura Finetek USA, Torrance,
CA) and cryosectioned into 5-lm sections. The tumor tissue sec-
tions were fixed in cold acetone for 5 min, air-dried and treated
with 0.3% H2O2 for 5 min to quench endogenous peroxides. The
tissue sections were rinsed in 13 PBS for 3 3 5 min and were
blocked in blocking buffer consisting of 1% BSA and 5% horse
serum in 13 PBS for 1 hr. The slides were incubated with a 3:100
solution of goat anti-mouse polyclonal iNOS antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) in blocking buffer and left at
room temperature for 1 hr. The slides were rinsed in 13 PBS for 3
3 5 min and then incubated with a 1:50 solution of biotinylated
horse anti-goat IgG (H1L) secondary antibody (Vector Labs, Bur-
lingame, CA) in blocking buffer for 1 hr. The slides were again
rinsed 3 3 5 min in 13 PBS. Color development was carried out
using the Vector ABC Elite1 kit and the Vector AEC1 peroxi-
dase substrate kit. The slides were mounted using glycerol and
photomicrographed at 2003 under a bright-field microscope.

Immunohistochemistry for tumor-infiltrating macrophages

MethA and LL2 tumor cryosections from 1, 2, 4, 8, 16 and 24
hr post-TNF or BSA treatment were fixed in cold acetone for 5
min, air-dried and treated with 0.3% H2O2 for 5 min to quench en-
dogenous peroxides. The tissue sections were rinsed in 13 PBS
for 3 3 5 min and were blocked in blocking buffer consisting of
1% BSA and 5% rabbit serum in 13 PBS for 1 h. Control slides
were left in blocking buffer, and the remaining slides were incu-
bated with a 3:100 solution of rat anti-mouse F4/80 primary anti-
body (BD Biosciences, San Diego, CA) in blocking buffer and left
at room temperature for 1 hr. The slides were rinsed in 13 PBS
for 3 3 5 min and then incubated with a 1:50 solution of biotinyl-
ated rabbit anti-rat IgG (H1L) mouse adsorbed secondary anti-
body (Vector Labs) in blocking buffer for 1 hr. The slides were
again rinsed 3 3 5 min in 13 PBS. Color development was car-
ried out using the Vector ABC Elite kit and the Vector SG peroxi-
dase substrate kit. The slides were mounted using glycerol and
photomicrographed at 2003 using a bright-field microscope.

Double-immunohistochemical labeling for tumor-infiltrating
macrophages and iNOS expression

TNF- or BSA-treated MethA and LL2 tumor cryosections from
1, 2 and 4 hr posttreatment were processed as described earlier for
immunostaining of tumor infiltrating macrophages, using the pri-
mary and secondary antibodies listed earlier. The slides were then
blocked with blocking buffer consisting of 1% BSA and 5% horse
serum in 13 PBS for 1 hr, and the slides were processed as
described earlier for immunostaining for iNOS. The slides were
again rinsed 3 3 5 min in 13 PBS, mounted using glycerol and
photomicrographed at 2003 under bright-field microscopy.

Preparation of clodronate-containing liposomes

Seventy-five milligrams of phosphatidylcholine (egg lecithin;
Sigma, St. Louis, MO) and 19 mg of cholesterol (Sigma) were dis-
solved in 5 ml of chloroform (Fisher Scientific, Pittsburgh, PA) in
a 250-ml round-bottomed flask. The chloroform phase was
removed by evaporation at room temperature for 2–4 hr (or over-
night) under low vacuum (200–150 mbar) and at 1,500 rpm rota-
tion, until a thin milky white phospholipid film formed against the
inner wall of the flask. The phospholipid film was dispersed in 10
ml PBS containing 1.89 g clodronate (Sigma). The milky white
suspension was kept at room temperature for 2 hr under nitrogen
gas, and after gentle shaking of the suspension was sonicated in a
water bath sonicator for 3 min. The suspension was again kept
under nitrogen gas for 2 hr at room temperature to allow for swel-
ling of liposomes. The liposome-containing emulsion was centri-
fuged at 10,000g for 15 min to remove nonencapsulated clodro-
nate. The clodronate-containing liposomes formed a white band at
the top of the suspension and was separated from the remaining
clear solution by using a syringe to remove the clear fluid from
under the clodronate–liposome layer. The clodronate–liposomes
were washed 2–3 times using sterile PBS and centrifuged at
25,000g for 30 min each, to recover them. The final pellet
was resuspended in 4 ml of sterile PBS and stored at 4�C under
nitrogen gas for up to 2 weeks, until they were ready to be used
for in vivo macrophage depletion.

Macrophage depletion in mice

BALB/c mice were either given 25 mg of silica (Sigma) in 100
ll PBS or 100 ll liposomes containing clodronate by i.p. injec-
tions 24 hr before TNF treatment. Macrophage depletion was con-
firmed by immunohistochemistry for macrophages in spleen and
liver and tumor cryosections from depleted and nondepleted mice
at 4 days postdepletion.

In vitro tumor cell cytotoxicity assay with
TNF-treated macrophages

Isolation of macrophages from BALB/c mice. Five BALB/c
mice, 7- to 8-week-old, (Taconic, Hudson, NY) were injected in-
traperitoneally with 1 ml of 3% thioglycollate broth. After 5 days,
peritoneal macrophages were harvested and plated in 96-well
plates for 3 hr at 5 3 105 cells/well. Half the wells were then
exposed to 2 lg/ml TNF in a final volume of 200 ll/well for 20–
24 hr before harvest. The harvested ‘‘activated’’ macrophages
were washed to remove excess TNF and directly used in the cell
lysis assay.

Radiolabeling of MethA cells. MethA tumor cells were radiola-
beled by adding 200 lCi (in 200 ll) of tritiated thymidine to cul-
ture media in flasks, and the cells were incubated overnight. Tu-
mor cells were collected from the flasks, rinsed twice with RPMI
medium, centrifuged at 1,000 rpm and resuspended at a density of
5 3 104 cells/ml. Radiolabeled MethA cells were added to the
wells containing macrophages at a density of 1 3 104 cells/well.
Tumor cells that were plated without macrophages were used as
controls. After an incubation period of 24 hr, the cells were spun
in the 96-well plate at 1,000 rpm. To 3 of the tumor cell-alone
containing wells, 22 ll of 10% SDS solution was added to give
total cell lysis values. Radioactivity in 100 ll (111 ll from total
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cell lysis wells) of supernatant from each well was read in a scin-
tillation counter. Results were expressed as percentage of total cell
lysis.

MTT assay on tumor cells after 24-hr SNAP incubation

Single cell suspensions of MethA and LL2 cells were added to
96-well culture plates at 105 cells/well. After 16–24 hr incubation
at 37�C, cells were exposed to varying concentrations of the NO
donor, S-nitroso-N-acetyl-penicillamine (SNAP; Calbiochem, San
Diego, CA), in 100 ll of serum-free medium, regular medium or
tumor conditioned medium. The medium was then siphoned out,
50 ll of 2 mg/ml MTT was added to each well and incubated for 4
hr at 37�C. Plates were inverted to remove the MTT solution and
100 ll of DMSO was added to each well. The plates were placed
on a shaker for 15 min. Absorbance was read at 490 nm in a scan-
ning multiwell spectrophotometer. Absorbance readings were nor-
malized and treatment values were divided by negative control
values 3 100 to calculate percent viable cells remaining.

Chemotaxis assay:Monocyte extraction from Balb/c mice. Blood
was drawn from the tails of Balb/c mice in a syringe containing
the anticoagulant, phosphate–dextrose–adenosine. Blood was
diluted 1:1 or 1:2 with Hank’s buffered salt solution (HBSS)
depending on the viscosity of the drawn blood. An equal volume
of the lymphocyte separation medium, Ficoll-hypaque (Sigma
Aldrich, St. Louis, MO) was layered under the blood using a Pas-
teur pipette. The solution was spun at 400g for 30 min at 25�C.
After centrifugation, the top layer was discarded, and a 2-ml pip-
ette was used to draw the filmy ‘‘buffy coat’’ containing leuko-
cytes. This layer was rinsed with HBSS, spun at 400 g and resus-
pended in 10 ml of RPMI medium. The cells were plated on to a
Petri dish at 37�C and incubated for 40 min. The supernatant was
discarded, and the adherent cells were replenished with 10 ml of
HBSS. When ready to use, the adherence of cells was disrupted
using a cell scraper, cells were counted under a microscope and
resuspended in a stock solution containing about 50,000–100,000
cells/well. A small aliquot was used to check for quality of iso-
lated monocytes by flow cytometry.

Nucleopore chemotaxis chamber (5-lm pore; 3.2 mm/300 ll
well; Neuroprobe, Gaithesburg, MD) were used. The bottom wells
were filled with 340 ll of one of the following: (i) LL2 or MethA-
conditioned medium, (ii) TNF-exposed LL2 or MethA condi-
tioned medium, (iii) fresh RPMI, (iv) fresh RPMI plus 2 lg/ml
TNF or (v) the chemoattractant agent N-formyl-Met-Leu-Phe
(fMLP) at 1 ng/ml (Sigma), in replicates of 6. TNF-exposed con-
ditioned medium was obtained by adding TNF directly to LL2-
and MethA-containing cell-culture flasks to a final concentration
of 2 lg/ml, incubating for 1 hr and then isolating the medium by
filtering through a 2-lm filter. After solutions were added, the
chamber filter was placed over the wells, and 30 ll of a prepared
monocyte RPMI solution taken from the stock solution of mono-
cytes isolated in the laboratory from Balb/c mice was added to the
top well at a concentration of 1,500–3,000 cells/well. The system
was incubated for 3 hr at 37�C and 5% CO2 and the filter was
carefully removed. Cells that had migrated to the bottom wells
were manually counted. Representative high-power fields (hpf)
were counted for each of 6 replicates per experimental condition.
Data were first statistically analyzed for trend by conditioned me-
dium. Differences in mean migration of monocytes between any
of the groups were analyzed using 1-way analysis of variance.
This was followed by a 1-way analysis of variance using Bonfer-
roni correction for multiple comparisons, to test for specific differ-
ences between any 2 groups.

Immunohistochemistry for ICAM, VCAM and E-selectin

Immunohistochemistry using ICAM, VCAM and E-selectin
antibodies was used to visualize the location and expression level
of the cell-adhesion molecules in the sections of the vasculature of
the 2 tumor types, at each time-point. ICAM, VCAM and E-selec-
tin antibodies were purchased from Santa Cruz Biotechnology. All

3 adhesion molecules were affinity-purified goat polyclonal anti-
bodies. The slides were fixed in cold acetone. Following fixing,
endogenous peroxidases were quenched using a 0.1% solution of
hydrogen peroxide. The sections were blocked with a solution
containing 1% BSA and 5% horse serum. The sections were then
incubated with a 1:250 dilution of the aforementioned antibodies
overnight at 4�C. The slides were rinsed several times in phos-
phate buffered saline and then incubated with a horse anti-goat
secondary antibody. Color reaction was developed using the
standard DAB kit (Vector Labs). Appropriate secondary antibody
controls were used. The slides were viewed under brightfield mi-
croscopy at a magnification of 2003, and photomicrographs were
obtained using a digital camera attached to the microscope. The
slides were scored by 2 blinded observers for intensity of immuno-
staining of the respective antigens.

Detection of ICAM and VCAM expression by ELISA

Tumors measuring 8–10 mm were harvested at various time-
points (30 min, 1, 2, and 4 hr) post-TNF injection and were snap-
frozen in liquid nitrogen. Tumors were homogenized in lysis
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.5% Triton X-100, and protease inhibitors 1 mM PMSF, 2 lg/ml
aprotinin, 2 lg/ml pepstatin, 2 lg/ml leupeptin) on ice and centri-
fuged at 11,500g for 30 min. Supernatant was collected and total
protein was quantitated using BCA Protein Assay kit (Pierce,
Rockford, IL). ELISA was performed using R&D kit (Minneap-
olis, MN) per manufacturer’s protocol. VCAM and ICAM protein
amounts were expressed per mg/total protein of tumor tissue.

Detection of MCP-1 production in tumor cells by ELISA

Approximately 1 3 105 MethA or LL2 cells were plated into a
24-well cell culture plate in 500 ll of DMEM medium. The next
day, cells were exposed to 0 ng/ml, 2 ng/ml, 20 ng/ml, 200 ng/ml
or 2 lg/ml of TNF for 1, 2, 8 or 24 hr. The supernatants were col-
lected and spun down at 5K rpm for 3 min in a microcentrifuge at
2000g. Supernatants were stored immediately at 280�C until all
supernatants were ready to be analyzed by ELISA as per the proto-
col for MCP-1 ELISA kit (Pharmingen).

Statistical analyses

Statistical analysis was performed using SigmaStat version 2.03
(SPSS, San Rafael, CA) or Stata version 9 (StataCorp LP, College
Station, TX). The average changes in tumor NO were analyzed by
Mann–Whitney rank sum test. The effect of NOS inhibition on
response rate was compared using Fisher’s exact test. Maximal
decrease in tumor size and data from in vitro macrophage cyotox-
icity experiments as well as the monocyte migration experiments
were analyzed using the 1-way ANOVA with Bonferroni correc-
tion for multiple comparisons. The Student’s t-test was used to
analyze the NO donor, SNAP data in MethA and LL2 cells.

Results

To study the mechanism of the antitumor response to TNF, we
used a murine tumor model system with a TNF-responsive tumor
(MethA fibrosarcoma) and a TNF-resistant tumor (LL2, Lewis
lung carcinoma). LL2 tumors treated with TNF had a 0% response
rate and had a relative tumor volume of 1.97 6 0.12 by Day 4
compared to 2.12 6 0.25 in the BSA-treated mice (Fig. 1). MethA
tumors treated with BSA had a 0% response rate with a relative tu-
mor volume at 4 days of 2.52 6 0.33 (Fig. 1). Thus, the LL2 and
MethA tumors in the control group (BSA) had a similar growth
rate, and in LL2, there was no appreciable antitumor effect from
TNF compared to control treatment (BSA). MethA tumors treated
with TNF had a 96% response rate (p < 0.001 vs. BSA) with a
mean 66 6 5% decrease in tumor volume with maximal response
occurring, on average, at Day 4 (Fig. 1). The MethA group had a
relative tumor volume of 0.49 6 0.06 at Day 4, followed by
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regrowth in 21 of 28 (75%), whereas the remaining 7 (25%) still
had no tumor regrowth by Day 14.

We measured the intratumoral NO concentration by microelec-
trode at various time points before and after treatment in this tumor
model. The baseline MethA tumor NO concentration was 1.15 6
0.05 lM (Fig. 2a). Following TNF, this rose to 1.85 6 0.20 lM at
30 min (p < 0.05) and remained elevated until 3 hr, achieving a
peak at 2.5 hr of 2.36 6 0.24 lM (Fig. 2a). After 3 hr, the tumor
NO concentration returned to baseline (Fig. 2a). There was no
change in MethA tumor NO concentration after BSA injection
(data not shown). The baseline LL2 tumor NO concentration was
1.60 6 0.31 lM, and there was no appreciable change after TNF
injection (Fig. 2b). Although the baseline NO concentration tended
to be slightly higher in the LL2 tumors compared to MethA tumors,
this difference was not statistically significant (p5 0.2270).

To evaluate the importance of NO in the antitumor response of
TNF, we inhibited the production of NO in our experiments with
low-dose 1400 W which selectively inhibits iNOS. We docu-
mented NO inhibition by microelectrode measurements and
assessed the impact of NO inhibition on the antitumor effect of
TNF. Pretreatment with low-dose 1400 W at selective iNOS inhib-
itory doses (5 mg/kg) 30 min prior to TNF completely blocked the
rise in tumor NO concentration in MethA (Fig. 2c). Response rate
decreased from 96% (27/28 MethA tumor bearing mice responded
to TNF treatment in the control mice) to 38% (only 3/8 MethA
tumor bearing mice responded to TNF when 1400 W was also
administered) (p 5 0.0006). Low-dose 1400 W had no effect on
the response rate or the baseline NO levels in LL2 tumors after
TNF (0% response rate in both groups); 1400 W at these doses
resulted in no toxicity (data not shown).

Relative blood flow in both MethA and LL2 tumors decreased
significantly by 4 hr after TNF (0.029 6 0.018 and 0.022 6 0.006,
respectively; p < 0.05 vs. time 0 for both; Fig. 3a). The MethA
tumors had no substantial recovery of blood flow at 24 hr (0.128
6 0.046) or 10 days (0.051 6 0.023, Fig. 3a). In contrast, the LL2
tumor blood flow recovered to 0.555 6 0.360 at 24 hr after TNF
and increased to 2.318 6 0.958 above baseline by 10 d (Fig. 3a).
The blood volume changes were similar to the blood flow
changes; at 24 hr after TNF there was no substantial recovery in
MethA (0.115 6 0.045), whereas the relative blood volume in
LL2 was 1.755 6 1.592 (Fig. 3b). Ten days after TNF, blood vol-
ume in MethA was 0.107 6 0.041, compared to 17.72 6 14.40 in
LL2 (Fig. 3b). As a control, MethA tumors were treated with
BSA, and there was no significant change in blood flow or blood
volume at 4 hr (0.95 6 0.08 and 1.04 60.24, respectively; data
not shown). Representative CD ultrasound images of MethA and
LL2 tumors are shown in Figure 3c.

To confirm the vascular shutdown in the MethA tumors after
TNF observed with Doppler ultrasound, we evaluated tumor

perfusion with Hoechst dye injection after TNF. MethA tumor
perfusion, analyzed by tumor uptake of Hoechst dye, was slightly
decreased by 45 min after TNF, was minimal by 90 min, and was
undetectable at 120 and 180 min (Fig. 4). This confirmed the
blood flow shutdown seen with Doppler ultrasound and further
delineated the time-course of this response.

Next the cell-type source for the NO burst post-TNF within the
MethA tumor was explored. Tumor tissue cryosections from TNF-
or BSA-treated MethA and LL2 tumors were immunohistochemi-
cally stained for iNOS at various time-points post-TNF treatment.
MethA tumors showed spotted immunostaining for iNOS expres-
sion from about 30 min until 4-hr posttreatment, after which time-
point the tumor tissue showed visible signs of necrosis and no
signs of iNOS expression (Fig. 5c). TNF-treated LL2 (Fig. 5a) and

FIGURE 2 – Tumor NO concentration following TNF. (a). A single
dose of TNF resulted in a significant increase in tumor NO concentra-
tion in MethA tumors by 30 min and this persisted until 3 hr. *p <
0.05 vs. baseline. Bars, SE. (b). There was no significant change in the
LL2 tumor NO concentration following TNF. Bars, SE. (c) Pretreat-
ment of MethA tumors with the low-dose (5 mg/kg) selective iNOS
inhibitor 1400 W 30 min prior to TNF administration blocked the
induction of tumor NO. Bars, SE.

FIGURE 1 – Tumor response following TNF. A single dose of TNF
resulted in a significant decrease in MethA tumor volume compared to
treatment with BSA. Treatment of LL2 tumors with TNF resulted in
increase in tumor volume compared to treatment with BSA. Bars, SE.
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BSA-treated MethA (Fig. 5b) and BSA-treated LL2 (data not
shown) tumor tissue sections did not show any immunostaining
for iNOS at any of the time-points studied. By microscopic exami-
nation of the immunostained tumor cryosections, it appeared that
the cell-type source for iNOS was not tumor cells. In order to fur-
ther investigate the cell-type source that was responsible for iNOS
expression post-TNF, serial cryosections from both tumor types
that were treated with TNF or BSA were immunohistochemically
stained for macrophages. The localization of macrophage immu-
nostaining appeared to mirror the immunostaining seen with iNOS
in the MethA tumor cryosections (Fig. 5f). TNF-treated LL2 tumor
cryosections (Fig. 5d) as well as BSA-treated MethA (Fig. 5e) and
LL2 (data not shown) tumor cryosections did not show any immu-
nostaining for macrophages. To confirm whether there was any

overlap in localization of iNOS and macrophage immunostaining
in TNF treated MethA tumor cryosections, double immunohisto-
chemical staining for both iNOS and macrophages was performed
on the same tumor tissue section. An exact overlap of immunohis-
tochemical staining was observed with iNOS and macrophage spe-
cific antibodies in the MethA tumor type at 30-min, 1-, 2- and 4-hr
post-TNF. Figure 5g represents the double-immunostained tumor
tissue section at 4-hr post-TNF.

It was not clear at this point as to what role, if any, the tumor
infiltrating macrophage-mediated iNOS played in tumor regres-
sion. To determine whether depletion of macrophages in BALB/c
mice carrying MethA tumors would prevent the NO burst post-
TNF and would make these tumors refractive to TNF, mice were
treated with either 25 mg of silica in sterile PBS or 100 ll of
clodronate-containing liposomes intraperitoneally 24 h before
TNF treatment. Depletion of macrophages up to 4 days after
silica/chlodronate treatment was confirmed by immunostaining of
mouse liver and spleen cryosections for macrophages (data not
shown). When such tumor-bearing mice were treated with TNF
24-hr postmacrophage depletion, tumor tissue sections did not
show macrophage infiltration by immunohistochemical staining at
30-min, 1-, 2- or 4-hr post-TNF (Figs. 6b and 6c). Also, while tu-
mor NO levels measured using a recessed probe microelectrode
remained at or dropped below baseline levels in macrophage-
depleted MethA tumors, tumor NO values escalated in relation to
pretreatment values as expected in nondepleted tumors at 30 min
(150 6 20% of baseline), 60 min (180 6 30% of baseline), and 90
min (225 6 50% of baseline) (p < 0.05) post-TNF treatment (Fig.
7). Most significantly, macrophage depleted tumors failed to
necrose, indicating that tumor infiltration by macrophages may be
a prerequisite for MethA tumor ulceration post-TNF (Fig. 8). Con-
trol tumors in nonmacrophage depleted BALB/c mice necrosed in
response to TNF treatment as expected (Fig. 8).

In order to determine whether macrophages activated by TNF
could be cytotoxic to MethA tumor cells in culture, macrophages
isolated from thiogylcollate exposed mice and activated with TNF
were coincubated with radiolabeled MethA cells in vitro. Data
obtained showed that tumor cells exposed to activated (TNF-
exposed) macrophages showed maximum release of tritiated thy-
midine (33.4 6 12.6%) when compared with tumor cells that were
exposed to nonactivated macrophages (14 6 2%; p < 0.01) or
control tumor cells that were not exposed to macrophages (8.1 6
0; p < 0.001; Fig. 9). The above data suggest that once tumors
have been infiltrated by activated macrophages, they are sufficient
to produce tumor cell kill.

To determine whether MethA and LL2 tumor cells were equally
susceptible to physiologically relevant pathological quantities of
NO in an in vitro setting, tumor cells were exposed to various con-
centrations ranging from 0 to 800 lM SNAP so as to produce
physiologically relevant pathological amounts of NO. No signifi-
cant cytotoxicity was observed in either tumor cell type after incu-
bations with concentrations of SNAP less than 100 lM. Between
100 and 800 lM concentrations of SNAP exposure, both MethA
and LL2 tumor cells showed equivalent susceptibility to NO (Fig.
10), further suggesting that the differential infiltration of the 2
tumor types by macrophages is the limiting factor in producing
tumor cell kill.

To test whether TNF could differentially impact transit of
monocytes exposed to MethA or LL2 tumor conditioned medium,
mouse monocytes were exposed to MethA or LL2 conditioned
medium with or without TNF and the migration of cell/hpf was
recorded. Transit of monocytes in response to TNF (mean 6 SD)
averaged 94 6 19 cells/hpf for LL2 medium, 120 6 31/hpf for
TNF-LL2 medium, 97 6 39 cells/hpf for MethA medium, 121 6
48/hpf for TNF-MethA medium. This compared to 49 6 21 cells/
hpf for RPMI alone, 49 6 29 cells for TNF-RPMI, and 100 6 37
cells/hpf for fMLP. When adjusted for random migration, (mono-
cytes counted in RPMI alone), transit averaged 46 6 12cells/hpf
for LL2, 71 6 13 cells/hpf for TNF-LL2, 49 6 15 cells/hpf for

FIGURE 3 – Doppler ultrasound measurement of tumor blood flow
and blood volume following TNF. (a) A single dose of TNF resulted
in near complete cessation of tumor blood flow in MethA and LL2
tumors by 4 hr. LL2 tumors showed significant recovery of blood flow
by 24 h, and a significant increase in blood flow at 10 days compared
to baseline. MethA tumors exhibited no recovery of tumor blood flow
at 24 hr or 10 days. *p < 0.05 vs. time 0. Bars, SE. (b) TNF led to a
significant decrease in tumor blood volume in MethA tumors and LL2
tumors by 4 hr. LL2 tumors showed significant recovery of blood vol-
ume by 24 hr, and a significant increase in blood volume at 10 days
compared to baseline. MethA tumors exhibited no recovery of tumor
blood volume at 24 hr or 10 days. *p < 0.05 vs. time 0. Bars, SE. (c)
Representative color Doppler images of tumor blood flow following
TNF. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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FIGURE 4 – Tumor perfusion in MethA following TNF. Tumor uptake of Hoechst dye (blue staining) was measured to assess tumor perfusion
following treatment with TNF. Tumor perfusion was slightly decreased by 45 min, was minimal by 90 min, and was undetectable at 120 min
and 180 min. (a), 30 min; (b) 45 min; (c) 60 min; (d) 90 min; (e) 120 min; (f) 180 min. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

FIGURE 5 – Immunohistochemical staining for iNOS (a, b and c) and for macrophages (d, e, and f) of MethA and LL2 tumor cryosections and
double immunohistochemical staining for iNOS and macrophages in TNF-treated MethA tumor (g). TNF-treated LL2 (a, d) and BSA-treated
MethA (b, e) tumors did not show any immunostaining for iNOS or macrophages. TNF-treated MethA tumors show immunostaining for both
iNOS (c) as well as for macrophages (f). Double immunostaining showed that iNOS localizes to macrophages in TNF-treated MethA tumors (g).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]



MethA, 69 6 18 cells/hpf for TNF-MethA. Results are summar-
ized in Figure 11. The statistical test for trend for the different
conditioned media was significant at p 5 0.043. The 1-way analy-
sis of variance that tested whether the mean migration was differ-
ent between the different conditioned media was significant at p 5
0.0012. To test for specific differences between groups, a 1-way
pairwise analysis of variance was carried out with Bonferroni cor-
rection for multiple testing. Data showed that while there was no
difference between LL2 versus MethA, LL2-TNF versus MethA-
TNF or RPMI versus RPMI-TNF directed monocyte migration (p
5 1.0 in all instances), there was significant difference between
the RPMI/RPMI-TNF group versus MethA-TNF (p 5 0.015) or
LL2-TNF (p 5 0.017) groups. These analyses suggest that while
there was no difference between the movement of monocytes in
response to MethA-TNF conditioned medium and that in response
to LL2-TNF conditioned medium, this migration is likely not ran-
dom and could be a result of chemotaxis in response to TNF tumor
conditioned medium.

To determine what molecules could be responsible for selective
tumor infiltration of macrophages between MethA and LL2
tumors, TNF-treated MethA or LL2 tumor cells were analyzed for
expression of the chemokine, monocyte chemotactic protein
(MCP-1) by ELISA at 1- or 2-hr posttreatment at varying concen-
trations of TNF. Data indicate that both MethA and LL2 tumor

cells produced equivalent amounts of MCP-1 at the different con-
centrations of TNF used and at the different time-points studied
(data not shown).

Furthermore, since upregulation of cell adhesion molecules that
line the vasculature (ICAM, VCAM and E-selectin) have been
implicated in extravasation of monocytes to extracellular sites, the
level of expression was measured in the 2 tumor cell lines before
and after TNF treatment by immunohistochemical methods as
well as by ELISA at 1-, 2-and 4-hr post-TNF treatment. While
VCAM and E-selectin showed no differences in level of expres-
sion in MethA and LL2 tumors pre- and/or post-TNF treatment,
ICAM expression was moderately more pronounced in MethA
when compared with LL2 tumors as detected both by immunohis-
tochemistry as well as by ELISA (data not shown).

Discussion

TNF is believed to cause tumor ulceration primarily via an anti-
vascular effect specific to the tumor microenvironment.15–18 How-
ever, the molecular mediators of this antivascular effect have not
been delineated. There is limited data on the role of NO and the
interaction between NO and tumor blood flow following TNF
administration. In the present study, the role of NO and changes in
tumor blood flow in TNF-mediated tumor regression were investi-
gated.

Most studies on NO have employed techniques that measure
NO indirectly via serum nitrate/nitrite analysis, rather than via
direct real-time tumor measurement. Additionally, the lack of a
reliable, repeatable and noninvasive method of measuring tumor
blood flow and blood volume has limited progress in this field.
Recently, direct measurements of tumor tissue NO have been
reported by Kashiwagi et al.,39 using the recessed NO microprobe
as well as nonquantitative optical NO measurements. NO was
shown to play a critical role in mural cell recruitment for angio-
genesis, with the highest levels of NO measured in tumors with
the greatest angiogenic activity. The baseline NO levels measured
in our study were at the lower range of those reported by Kashi-
wagi et al.39 The use of the recessed NO microprobe and Doppler
ultrasound blood flow and blood volume measurement in our
study contributed greatly to a quantitative investigation of the vas-
cular effect of TNF on tumors.

The MethA and LL2 tumors had the same growth rate as evi-
denced by the BSA-treated control groups. In addition, there was
no significant difference in baseline tumor NO concentration in
the 2 tumors. The MethA tumors had a significant ulcerative
response to TNF, easily measurable in the subcutaneous location,
while the LL2 tumors reliably had no ulceration or growth sup-
pression, making this an ideal model for this study.

TNF led to no increase in the LL2 NO concentration and
resulted in no tumor responses, with a tumor growth curve similar

FIGURE 6 – Immunohistochemical staining for macrophages before and after depletion in tumor cryosections. MethA tumor cryosection at 4
hr after TNF-treatment (a) showing macrophage infiltration while at 4 hr after TNF treatment in postmacrophage-depleted tumors (b and c)
showing no macrophages.

FIGURE 7 – Tumor NO levels measured before and after macro-
phage depletion using a recessed probe microelectrode. NO levels
remained at or dropped below baseline levels in macrophage-depleted
MethA tumors, while tumor NO values escalated in relation to pre-
treatment values as expected in nondepleted tumors at 30 min (150 6
20% of baseline), 60 min (180 6 30% of baseline) and 90 min (225 6
50% of baseline; p < 0.05) post-TNF treatment.
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to that of the BSA control group. However, blood flow and blood
volume in LL2 was nearly completely inhibited by 4 hr. By 24 hr
the relative blood flow had recovered substantially and by 10
days, it was greater than twice the baseline level. These data sug-
gest that blood flow shutdown occurs even in nonulcerating
tumors after TNF, but in the LL2 tumor this is temporary and
recoverable and not due to clot. Additionally, this demonstrates
that temporary blood flow shutdown alone is insufficient to cause
tumor ulceration.

The NO concentration in the MethA tumors rose significantly to
cytotoxic levels (>1.0–1.5 lM)40,41 by 30 min and this response
was sustained out to 3 hr with a maximum NO concentration of
2.36 6 0.24 lM at 2.5 hr. The blood flow and blood volume were
nearly completely inhibited by 4 hr. However, there was no recov-
ery of blood flow or blood volume at 24 hr or 10 days, resulting in
the significant necrosis and response seen in this tumor line. This
blood flow shutdown was confirmed by Hoechst dye injection—
decrease in blood flow started by 45 min and was nearly complete
by 2 hr. We can conclude from these data that the addition of the
NO burst to blood flow shutdown results in tumor necrosis with
permanent loss of tumor blood flow.

The NOS inhibitor experiments were carried out to delineate
the role of iNOS in tumor NO elevation, tumor ulceration and
blood flow recovery after TNF. At selective iNOS inhibitory doses

(5 mg/kg),33 1400 W given 30 min before TNF successfully
blocked the rise in tumor NO and significantly lowered the
response rate in MethA from 96 to 38% (p 5 0.006). This demon-
strates that TNF causes an iNOS-mediated increase in tumor NO,
which is partly responsible for tumor ulceration.

In an attempt to determine the cell type source within the tumor
for the NO burst post-TNF in the TNF-responsive tumor type, the
present work initially used single color immunohistochemical
analysis of TNF- or BSA-treated MethA and LL2 tumor cryosec-
tions using antibodies for iNOS and found that only TNF-treated
MethA tumor cryosections from 30 min to 4-hr post-TNF showed
positive spotty immunostaining for iNOS. Furthermore, it was evi-
dent that iNOS immunostaining was localized to cells other than
tumor cells, and additional single and double immunohistochemi-
cal analyses revealed that there was an exact overlap between
iNOS expression and localization of tumor-infiltrating macro-
phages. Other investigators have shown that ILP with TNF can
cause tumor infiltration by macrophages as well.42 LL2 tumor cry-
osections as well as BSA-treated MethA and LL2 tumor tissue
sections did not show any immunostaining for iNOS or macro-
phages. Thus, the cell-type source of the NO burst post-TNF was
determined to be tumor infiltrating macrophages in the responsive
MethA tumor. Other studies have also shown that leukocytes play
an important role in the hemorrhagic effects of TNF.43

To further delineate the role of macrophage-derived iNOS in
TNF-mediated tumor regression, monocytes were depleted in
MethA tumor bearing BALB/c mice by intraperitoneal injections
of silica in PBS or clodronate containing liposomes. Depleted
mice did not show positive immunostaining for macrophages in
their spleens, liver or tumors as late as 4 days posttreatment with
the macrophage depleting agents. Such tumor-bearing mice were
then treated with TNF 24 hr after macrophage depletion, and data
obtained showed that depletion of tumor macrophages prevented
production of NO post-TNF in the responsive tumor. Also tumor
regression post-TNF was fully inhibited in these mice, and tumors
continued to grow at a rate comparable to nondepleted, non-TNF
treated tumors. Taken together, the earlier set of experiments sug-
gested that there is possibly a second component to the tumorici-
dal activity of TNF, one apart from the vasculature-mediated indi-
rect tumor cell kill. This second component appears to be macro-
phage-derived NO-mediated tumor cell kill. Work from other
laboratories has shown that leukocytes, in general, play an impor-
tant role in the antitumor response of TNF.44 Another study has
shown a decrease in numbers of monocytes in the circulation after
TNF treatment. The same study also showed increased mononu-
clear cell-derived in vitro cytokine production after TNF treat-
ment.45

FIGURE 8 – Clinical tumor response to TNF in macrophage depleted (�) and control (n) mice using silica (a) and chlodronate containing lipo-
somes (b). Control mice carrying MethA tumors show response to TNF while macrophage-depleted mice do not.

FIGURE 9 – In vitro experiment showing cytotoxicty of activated
macrophages on tumor cells. Tumor cells exposed to activated (TNF-
exposed) macrophages showed maximum release of tritiated thymi-
dine (33.4 6 12.6%) when compared with tumor cells that were
exposed to nonactivated macrophages (14 6 2%; p < 0.01) or control
tumor cells that were not exposed to macrophages (8.1; p < 0.001).
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In the next set of experiments, we observed in an in vitro setting
that macrophages isolated from the peritoneum of BALB/c mice
and activated ex vivo with TNF were equally cytotoxic to both
MethA and LL2 cells in culture. Also, both MethA and LL2 cells
were equally susceptible to the NO donor SNAP in an in vitro cell
culture setting at physiologically relevant pathological quantities
of NO. Taken together, the earlier set of experiments suggest that
while both tumor types are equally susceptible to the cytotoxic
effects of TNF-induced macrophage-mediated NO release, what
determines whether a tumor is sensitive or resistant to TNF is the
sequence of events that lead to tumor infiltration by macrophages
in the TNF-sensitive tumor type and its absence in the TNF-resist-
ant tumor type.

Another question that the present work attempts to address is
the molecular mechanism underlying the tumor-type dependent
response to TNF. In the model used in this work, the MethA fibro-
sarcoma is responsive to TNF while the LL2 tumor is resistant to
TNF. In an effort to determine what specific factors expressed dif-
ferentially or acting differently in the 2 tumor types could contrib-
ute to the TNF sensitive/resistant phenotype as in the case of the
MethA-LL2 tumor systems, we looked at the expression levels of
cell-adhesion molecules on the surface of the vasculature in the 2
tumor types. Specifically, we looked at the expression of ICAM,
VACM and E-selectin in the vasculatures of MethA and LL2
tumors and found no significant differences in the expression pat-
terns or levels of these molecules in the 2 tumor types. This obser-

vation departs from other studies that have shown differences in 1
or more of these cell adhesion molecules.46,47 Furthermore, we
looked at the expression of MCP-1 in the MethA and LL2 tumors
and found no significant differences in the expression of this mole-
cule pre- and post-TNF treatment between the 2 tumor types.

Other investigators have looked at alternative molecules that
could potentially mediate an enhanced antitumor response to ILP
with TNF. One such candidate molecule is the endothelial mono-
cyte-activating polypeptide II (EMAP-II), which is a tumor-
derived cytokine. Its expression appears to increase the TNF recep-
tor on tumor endothelium, and enhance the induction of tissue fac-
tor on endothelial cells, resulting in an antiangiogenic effect. It has
been shown that in vivo sensitivity of the tumor vasculature to TNF
is determined by the tumor production of EMAP-II.48–50 This work
also showed that EMAP-II is produced in various levels and that
one can increase the sensitivity of tumor to TNF therapy in vivo by
upregulating EMAP-II production. Apart from being an antiangio-
genic molecule, EMAP-II is also a modulator of inflammatory
reactions. Under pathophysiological conditions, EMAP-II appears
to have several functions. It is known to trigger the recruitment of
macrophages by elevating cytosolic-free Ca21 concentrations, it
stimulates leukocyte chemotaxis, induces the expression of endog-
enous TNF-a and tissue factor by monocytes and myeloperoxidase
by polymorphonuclear cells. Another study concluded that quanti-
fiable differences in the hyperpermeability of the tumor vasculature
and the extent of the tumor vasculature that is sensitive to TNF is
the basis for the differential response of distinct tumor types to
TNF.42 The earlier 2 observations could plausibly hold the key to
the differential response of MethA and LL2 tumor types to TNF
treatment. This question is currently under investigation.

In another study carried out on 19 patients with locally
advanced soft tissue sarcoma solid tumors, TNF-a induced the
expression of an RNA binding protein (TIA-1) with translation-
regulatory properties that not only had the potential to sensitize
endothelial cells that are in the tumor microenvironment to proa-
poptotic stimuli and also to enhance NK cell cytotoxic activity.51

We have demonstrated that TNF causes tumor ulceration via a
tumor-infiltrating macrophage-derived iNOS-mediated tumor NO
burst combined with a blood flow shutdown in the TNF-respon-
sive tumor, MethA. Temporary blood flow shutdown is insuffi-
cient to cause tumor ulceration as seen in the case of the LL2 tu-
mor post-TNF. It needs to be sustained through 4 hr and 10 days
post-TNF, as seen in the case of the MethA tumor type. This study
has also shown that the limiting factor in tumor response to TNF
is tumor infiltration by macrophages immediately after exposure
to TNF. A more complete understanding of the downstream mo-
lecular pathways initiated by high-dose TNF treatment leading to
tumor ulceration including tumor NO and tumor blood flow
changes may aid in the development of novel vascular-targeted
therapies.

FIGURE 10 – In vitro experiment showing equal susceptibility of MethA cells (a) and LL2 cells (b) to NO.

FIGURE 11 – In vitro experiment showing movement of monocytes
in response to TNF-exposed MethA or LL2 conditioned culture me-
dium. Transit of monocytes averaged 94 6 19cells/hpf for LL2 me-
dium, 120 6 31/hpf for TNF-LL2 medium, 97 6 39 cells/hpf for
MethA medium, 121 6 48/hpf for TNF-MethA medium. This com-
pared to 49 6 21 cells/hpf for RPMI alone, 49 6 29 cells for TNF-
RPMI and 100 6 37 cells/hpf for fMLP. When adjusted for random
migration, (monocytes counted in RPMI alone), transit averaged 46 6
12cells/hpf for LL2, 71 6 13 cells/hpf for TNF-LL2, 49 6 15 cells/
hpf for MethA and 696 18 cells/hpf for TNF-MethA.
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