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Abstract

Tumor necrosis factor a (TNF-a) can lead to tumor regression when

injected locally or when used in an isolated limb perfusion, and it can
enhance the tumoricidal effect of various therapies. TNF-a can also
up-regulate adhesion molecules and, thus, facilitate the binding of leuko

cytes to normal vessels. The present study was designed to investigate the
extent to which the host leukocytes roll and adhere to vessels of different
tumors (MCalV, a murine mammary adenocarcinoma; HGL21, a human
malignant astrocytoma) at a given site or to the same tumor at different
sites (dorsal skin and cranium), in different mouse strains [C3H and
severe combined immunodeficient (SCID)], both with and without
TNF-a-activation. There was no significant difference in hemodynamic
parameters such as RBC velocity, diameter, or shear rate between I'liS-

treated control groups and corresponding TNF-a-treated groups. Under

PBS control conditions, the leukocyte rolling count in MCalV tumor
vessels in the dorsal chamber in C3H and SCID mice and in the cranial
window in C3H mice was significantly lower than that in normal vessels
i /' < 0.05), but stable cell adhesion was similar between normal and tumor
vessels. TNF-a led to an increase (/' < 0.05) in leukocyte-endothelial

interaction in vessels in the following cases: normal tissue regardless of
sites and strains, MCalV tumor in the dorsal chamber in C3H and SCID
mice, MCalV tumor in the cranial window in C3H mice, and HGL21
tumor in the cranial window in SCID mice. However, the increase in
rolling and adhesion in the MCalV tumor in response to TNF-a was
significantly lower than in the corresponding normal vessels (/' < 0.05) in

the dorsal chamber in C3H and SCID mice and in the cranial window in
C3H mice. The HGL21 tumor in the cranial window in SCID mice showed
leukocyte rolling and adhesion comparable to that in normal pial vessels.
These findings suggest that (a ) in general, basal leukocyte rolling is lower
in tumor vessels than in normal vessels; (In leukocyte rolling and adhesion
in tumors can be enhanced by TNF-a-mediated activation; and (c) the
TNF-a response is dependent on tumor type, transplantation site, and

host strain. These results have significant implications in the gene therapy
of cancer using TNF-a-gene-transfected cancer cells or lymphocytes.

Introduction

Systemic injection of TNF-a3 can lead to severe toxicity including

fever, nausea, loss of appetite, fatigue, lassitude, and hypotension (1,
2). On the other hand, when injected locally or used in isolated limb
perfusion, TNF-a can lead to tumor regression (2). TNF-a can also

enhance the tumoricidal effect of natural killer cells, ionizing radia
tion, and hyperthermia (3â€”6).TNF-a can also improve radio-antibody

uptake in human colon carcinoma xenografts by increasing vascular
permeability (7). Finally, TNF-a can up-regulate the adhesion mole-
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cules such as E and P selectins, ICAM-1, and VCAM-1, and, thus,

facilitates binding of leukocytes to normal vessels (8, 9). However, the
extent to which leukocytes adhere to these molecules in TNF-a-

activated vessels of different tumors at a given site or the same tumor
at different sites is not known.

Wu et al. (10) using a rat dorsal skin chamber and a rat mammary
tumor (R3230AC) showed that the adhesion of leukocytes both under
normal conditions and after activation by formylmethionylleucylphe-
nylalanine, lipopolysaccaride, and TNF-a is lower in the tumor mi-

crovasculature compared to the normal tissue vessels. Ohkubo et al.
(11), on the other hand, using a rabbit ear chamber and a VX2
carcinoma model showed that IL-2 increases the rolling of leukocytes

in the tumor vessels more than in host vessels. Sasaki et al. (12)
showed preferential adhesion of adoptively transferred human A-NK

cells to the rabbit VX2 carcinoma vessels. Melder et al. (13, 14) using
positron emission tomography and intravital microscopy, showed
preferential adhesion of syngeneic IL-2-activated A-NK cells in two

different murine tumors, FSall and MCalV. Mechanisms of these
differences in the relative degree of leukocyte adhesion to the tumor
and normal microvasculature are not known. In the present study, we
test the hypothesis that leukocyte-endothelial interaction depends on

tumor type, transplantation site, and host strain.

Materials and Methods

Animals, Surgery, and Tumor Implantation. Dorsal skin chambers (15)
and cranial windows (16) were implanted in mice hy using the procedure
described elsewhere. Two-month-old C3H and SCID mice (25-30 g) were
used. A 1-mm diameter fragment of MCalV (a murine mammary adenocarci

noma) or HGL21 (human glioblastoma) was implanted in the center of the
dorsal or cranial window. MCal V was grown in the dorsal and cranial windows

in C3H and SCID mice. HGL21 was grown only in the cranial window in
SCID mice because it does not grow in the dorsal skin chamber. The meas
urements were made between days 8 and 9 for MCalV and between days 12
and 14 for HGL21 when the tumor occupied about one-half of the window

surface area. None of the tumor implants were rejected by the host.
Tracer and Growth Factor. TNF-a (Cetus/Chiron, Emeryville. CA) was

diluted to a final concentration of l(K) ng/10 jxl, FITC-labeled dcxtran (M,,
2,000,000; 50 mg/ml; Sigma Chemical Co., St. Louis, MO) to 1%, and Rho-6G
(Molecular Probes, Eugene, OR) to 0.1%. The FITC and Rho-6G solutions
were passed through a 0.2-fxm filter before injection.

Experimental Procedure. For baseline measurements without any treat
ment, the coverslip was left intact. For treatmenl with 1x PBS (Sigma) or
TNF-a, the coverslip was removed, and 20 fi\ of either PBS or TNF-a was

applied to the normal or tumor tissue surface for 15 min and covered with a

cover glass again. Four h later, the animals were anesthetized with a cocktail
of Ketamine (Ketalar, Parke-Davis, Morris Plains. NJ) and Xylazine (Fer

menta, Kansas City, MO), 90 and 9 mg/kg, respectively, s. c. The mice were
then placed under an intravital fluorescence microscope (Axioplan; Zeiss,
Oberkochen, Germany) equipped with the fluorescence filter set for Rho-6G

and FITC (Omega Optical, Inc., Brattlcboro, VT), an intensified CCD video
camera (C2400-88; Hamamatsu Photonics K.K., Hamamatsu, Japan), a CCD
video camera (AVC-D7; Sony, Tokyo, Japan), and a S-VHS videocassette
recorder (SVO-9500MD; Sony).
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LEUKOCYTE-ENDOTHELIAL INTERACTION IN TUMORS

The four-slit technique was used to measure the RBC velocity in tumor

vessels and in normal postcapillary venules with diameters of about 20 Â¡j.m.

For the dorsal window, transillumination was used (15). For the cranial
window, FITC-labeled dextran (M,, 2,000,000; 0.1 ml/25 g body weight) was

injected through the tail vein for contrast enhancement between RBCs and
plasma (16). Five to eight vessels were chosen randomly from the periphery or
the central region of the tumor or normal tissues. In each animal, video images
of blood flow were recorded for 60 s. The vessels that had no flow were not
included. The recordings were later analyzed by the four-slit apparatus (Mi-

croflow System, model 208C, video photometer version; IPM, San Diego, CA)

equipped with a personal computer (IBM PS/2, 40SX; Computerland, Boston,
MA). The diameter, in /xm, of the vessels was measured by using an image-

shearing device (digital video image-shearing monitor, model 908; IPM). For

monitoring leukocytes, the mice were given injections with an i.v. bolus of 20
fxl of 0.1% Rho-6G in 0.9% saline through the tail vein. Rho-6G is a nontoxic

fluorescent dye that is taken up by circulating leukocytes (17). Leukocyte
behavior was visualized by intensified CCD camera and recorded for a 30-s

period for each vessel.
Analysis and Interpretation. Rolling was defined as a short-term interac

tion and slow movement along vessel wall [<50% of RBC velocity (V)];

adhesion was defined as stable binding at a certain position for more than a
30-s period. The procedure used for quantifying in vivo leukocyte interaction

to vascular endothelium was based on the method of Atherton and Born (18).
In brief, the number of rolling (NR) and adhering (NA) leukocytes was counted
for 30 s along a 100-/am segment of a vessel. The total flux of cells for 30 s
was also measured (NT). All measurements were done off-line. The leukocyte
flux was normalized by the cross-section area of each microvessel as follows:
leukocyte flux (cells/mm2/s) = IO6 X NT/[ir X (D/2)2 x 30 s]. The ratio of

rolling cells to total flux (rolling count) as an indicator of leukocyte rolling was
calculated as follows: rolling count (%) = 100 X NR/NT. The density of

adhering leukocytes (D) as an indicator of leukocyte adhesion to vessels was
calculated as follows: D (cells/mm2) = IO6 X NA/(ir X D X 100 um). Shear

rate was calculated for each vessel as: shear rate = 8 VID.

Statistical Considerations. Dorsal chambers were implanted in 27 C3H
and 25 SCID mice. These animals were divided into the following five groups

of five animals of each type, except for the C3H group 1 (seven animals).
Three groups of tumor-free animals were used to measure RBC velocity,

diameter, leukocyte rolling and adhesion in closed chambers (group 1), open
chambers treated with PBS (group 2). and open chambers treated with TNF-a

(group 3), respectively. Two groups of animals bearing MCalV tumor were
used to measure these parameters in open chambers treated with PBS (group
4), and with TNF-a (group 5), respectively. Cranial windows were implanted

in 20 (4 groups of 5 animals/group) C3H and 35 (7 groups of 5 animals/group)
SCID mice. Two groups of tumor free animals were used to measure RBC

velocity, diameter, leukocyte rolling and adhesion in open chamber treated
with PBS (group 2). and open chambers treated with TNF-a (group 3),

respectively. Two groups of animals bearing MCalV tumor were used to
measure these parameters in open chambers treated with PBS (group 4) and
TNF-a (group 5), respectively. In addition to the above 4 groups of C3H and

4 groups of SCID mice, cranial windows were implanted in 1 group of
tumor-free SCID mice in closed windows (group 1) and in 2 groups of SCID

mice to grow HGL21 to study the effect of PBS (group 6) and TNF-a (group

7), respectively.
The data from these 21 groups of 107 animals were analyzed by using an

ANOVA and the Fisher's post hoc test. All values are expressed as

mean Â±SD, and statistical significance was set at P < 0.05.

Results

Dorsal Skin Chamber Study. RBC velocity in normal dorsal skin
vessels with the coverslip intact versus open chambers treated with
PBS was 0.183 Â±0.033 versus 0.141 Â±0.029 mm/s in C3H and
0.199 Â±0.016 versus 0.183 Â±0.048 mm/s in SCID mice, respec
tively. The diameter of normal skin postcapillary venules with cov
erslip intact versus open chambers treated with PBS was 20.0 Â±6.9
versus 20.1 Â±4.0 /xm in C3H and 15.8 Â±2.0 versus 16.7 Â±2.4 /xm
in SCID, respectively. The shear rates of normal skin vessels with
coverslip intact and open chamber treated with PBS were 86.1 Â±23.7

versus 65.0 Â±25.7 s'1 in C3H and 105.0 Â±19.2 versus 93.1 Â±34.3
s^1 in SCID, respectively. The normalized leukocyte flux in normal

skin vessels with coverslip intact versus open chambers treated with
PBS was 2134 Â±1553 versus 934 Â±699 cells/mnr/s in C3H and
1647 Â±816 versus 1425 Â±644 cells/mnr/s in SCID, respectively.
The leukocyte rolling count in normal skin vessels with coverslip
intact versus open chambers treated with PBS was 60.0 Â±13.0 versus
63.3 Â±9.9% in C3H and 62.9 Â±7.2 versus 62.2 Â±6.4% in SCID,
respectively. The adhesion density in normal skin vessels with cov
erslip intact versus open chambers treated with PBS was 49.0 Â±112.6
versus 136.7 Â± 110.9 cells/mm2 in C3H and 54.3 Â±37.0 versus
42.2 Â±48.0 cells/mm2 in SCID, respectively. No significant differ

ence was observed in the value of any parameter between untreated
groups with the window closed and corresponding PBS-treatcd groups

with open coverslips in both C3H and SCID mice. These results
suggest that the superfusion procedure did not influence the results in
the dorsal window.

In C3H mice, there was no significant difference in hemodynamic
parameters between normal and MCalV tumor vessels in both PBS-
and TNF-a-treated groups. In SCID mice, the calculated shear rate in

the tumor vessels was lower than in normal vessels in both PBS and
TNF-a. There was no significant difference in hemodynamic param
eters such as RBC velocity, diameter, or shear rate between PBS-
treated groups and corresponding TNF-a-treated groups in all pairs

(Fig. 1). There also was no statistically significant difference in
leukocyte flux in any comparison (Fig. 2A).

Under the PBS control condition, the rolling count in tumor vessels
was significantly lower than in the corresponding normal vessels in
both types of mice (Fig. 2B). The adhesion density was low in both
normal and tumor vessels regardless of strain (Fig. 2C). Despite the
differences in rolling interactions, there was no statistical difference in
stable adhesion between normal and MCalV tumor vessels without
TNF-a activation. In TNF-a-treated groups, both the leukocyte roll

ing count and adhesion density were significantly higher than in the
corresponding PBS-treated groups in both normal skin and tumor

regardless of animal types except for adhesion density in SCID
MCalV tumor (Fig. 2). However, both the leukocyte rolling count and
adhesion density in tumor vessels in TNF-a-treated groups were

significantly lower than in the corresponding normal vessels regard
less of mouse strain (Fig. 2).

Cranial Window Study. RBC velocity in normal pial vessels in
cranial window in SCID mice with the coverslip intact was higher
than in open window with PBS treatments (>1 mm/s versus
0.410 Â±0.079 mm/s); whereas the diameter (24.1 Â±3.4 versus
20.5 Â±2.9 fjrn) was comparable. Number of rolling leukocytes in
closed window and after PBS treatment along 100-fxm segment was

0.95 Â±1.0 cells/30 s and 7.84 Â±4.8 cells/30 s, respectively. Adhesion
density in closed window and after PBS treatment was 16.4 Â±18.9
cells/mm2 and 79.8 Â±83.8 cells/mm2, respectively. These results

suggest that the superfusion procedure may decrease the RBC velocity
and shear rate in pial vessels and, hence, may contribute to increased
rolling and adhesion during PBS superfusion. In contrast, opening the
window did not affect RBC velocity or leukocyte-endothelial inter

action in tumor vessels (data not shown).
The RBC velocity in MCalV and HGL21 tumor vessels was sig

nificantly lower than in the corresponding normal vessels regardless
of strain (Fig. 3A). In C3H mice, the vessel diameter was comparable
between normal and MCalV tumor tissue (Fig. 3ÃŸ).However, in
SCID mice, the diameter of MCalV tumor vessels was larger and that
of HGL21 tumor vessel was smaller than the normal vessel diameter
(Fig. 3ÃŸ).As a result, the shear rate of MCalV tumor vessels was
significantly lower than that in normal vessels and in HGL21 tumor
vessels in SCID mice (Fig. 3C). These differences were consistent
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LEUKOCYTE-ENDOTHELIAL INTERACTION [N TUMORS

B

skin MCaIV skin MCalV

C3H SCID

treated groups in both pial circulation in normal C3H and SCID and
MCalV tumor in C3H mice (Fig. 4C). In the remaining groups the
increase in rolling and adhesion was not statistically significant.

There was no significant difference in the rolling count between
normal tissue and two different tumors in TNF-a-treated groups in
both strains of mice (Fig. 45). The adhesion density with TNF-a

treatment in MCalV tumor in C3H mice was significantly lower than
the corresponding normal vessels (Fig. 4C). There was no significant
difference in the density between normal and both types of tumor
vessels in SCID mice (Fig. 4C)

Discussion

Our studies have demonstrated that the basal leukocyte rolling in
the vasculature of two different tumors, the MCalV breast adenocar-

cinoma and the HGL21 human astrocytoma, is significantly sup
pressed when compared to the normal vessels of the skin and pial
surface. This observation suggests that the ability of circulating host
leukocytes to interact with and recognize tumor vasculature is com-

B

Fig. 1. Hemodynamic parameters in the dorsal skin chamber. A, RBC velocity ( V); B,
vessel diameters (Ã›); C, calculated shear rates using V and D data in the dorsal skin
chamber. D. PBS treatment groups; â€¢¿�TNF-a treatment groups. Ctilumm. mean; bars.

SD. V a statistically significant difference (P < 0.05) as compared with corresponding
value of normal skin vessels.

regardless of treatments. There was no significant difference in he-
modynamic parameters between PBS-treated and corresponding TNF-
a-treated groups in normal and tumor vessels (Fig. 3).

In SCID mice, leukocyte flux was significantly lower in both
tumors treated with PBS and MCalV tumor treated with TNF-a than

corresponding normal tissues (Fig. 4A). In the remaining groups, there
was no statistically significant difference in leukocyte flux.

Under the PBS control condition, the rolling leukocyte count in
MCalV tumor in C3H mice was significantly lower than in the
corresponding normal vessels (Fig. 4B). However, in SCID mice,
there was no significant difference in the rolling count in vessels of
normal tissues and two tumors (Fig. 4ÃŸ).There also was no signifi
cant difference in adhesion density between normal and tumor vessels
regardless of the mouse strain (Fig. 4C).

The rolling leukocyte count of the TNF-a-treated group was sig

nificantly higher than the corresponding PBS treated group in the pial
surface in normal C3H. in the MCalV tumor in C3H mice and in the
HGL21 tumor in SCID mice (Fig. 4ÃŸ).The adhesion density of
TNF-a-treated groups was significantly higher than in the PBS-

4826

skin MCalV skin MCalV

C3H SCID
Fig. 2. Leukocytc-erulothelial interaction in the dorsal skin chamber. A, normali/ed

leukocyte flux; B, rolling count (100 x number of rolling cells/total number of cells) along
100-fim segment measuring for 30 s; C. density of binding cells. D, PBS treatment
groups; â€¢¿�,TNF-a treatment groups. Columns* mean; hars, SD. *, a statistically significant

difference (P < 0.05) as compared with corresponding value of normal skin vessels. #, a
statistically significant difference (P < 0.05) as compared with corresponding PBS control
value.
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LEUKOTYTE-ENDOTHELIAL INTERACTION IN TUMORS

B

C3H SCIO

Fig. 3. Hcmodynamic parameters in the cranial window. A. RBC velocity (V); B,
vessel diameters (/)); C. calculated shear rates by using V and D data in the cranial
window. D. PBS treatment groups; â€¢¿�TNF-a treatment groups. Columns, mean; bars,
SD. *, a statistically significant difference (P < 0.05) as compared with corresponding

value of normal pial vessels.

promised, thus providing tumors with a mechanism for evasion of the
host immune response. Measurement of the shear rates in the normal
vessels of the skin and pial surface in C3H mice indicated that the
hemodynamic forces acting against leukocyte rolling and adhesion
were either comparable or less in the tumor vessels in these sites.
Consequently, it is unlikely that the difference in number of rolling
leukocytes between normal and tumor vessels was due to differences
in the shear rate in the C3H mice. Two exceptions to this generali
zation were found with the MCalV and HGL21 tumors grown in the
cranial window of SCID mice, in which there was no significant
difference between the basal rolling in the normal tissue and tumor
tissue. In the case of the MCalV tumor, the shear rates were signifi
cantly less than that in normal pial vessels, possibly promoting greater
levels of rolling due to a more favorable hemodynamic environment.
In the case of the HGL21 tumor in SCID mice, the combination of a
relatively low frequency of rolling in the normal vessels when com
pared with the C3H pial vessels and a high variability of rolling
frequency between animals could have obscured any differences in
rolling that may exist.

Leukocyte rolling in both normal and tumor vessels was increased
by TNF-a treatment, although not significantly in all cases. Because
the shear rate was not altered by the TNF-a activation, it is unlikely

that the frequency of leukocyte rolling was influenced by changes in
the hemodynamic characteristics of the vessels. However, the in
creased rolling in the MCalV tumor vessels in response to activation
was significantly less than the response of the normal vessels in the
skin, indicating that cytokine-mediated activation may not completely

restore the ability of tumor vessels to support leukocyte rolling. This
was not true for tumor vessels (both MCalV and HGL21) in the
cranial window. Rossler et al. (19) found that in brain tumors and
inflammatory brain lesions, an up-regulation of endothelial ICAM-1
and LFA-3 expression was observed, whereas other adhesion mole

cules on endothelial cells remained unchanged. These findings sug
gest that the response to TNF-a may be attenuated to similar degrees

in normal brain and tumor tissue in the same site.
In the interpretation of leukocyte adhesion observations, it is critical

to consider the hemodynamic environment (8, 20). Although the

B

3000

2. 2000-

1000-

C3H SCIO
Fig. 4. Leukocyte-cndothclial interaction in the cranial window. A, the normalized

leukocyte flux; B, rolling count ( 100 x number of rolling cells/total number of cells) along
100-/xm segment measuring for 30 s; C, density of binding cells. G, PBS treatment
groups; â€¢¿�.TNF-a treatment groups. Columns, mean; bars, SD. *, a statistically significant

difference (P < 0.05) as compared with corresponding value of normal pial vessels. #, a
statistically significant difference (P < 0.05) as compared with corresponding PBS control
value.
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LEUKOCYTE-ENDOTHELIAL INTERACTION IN TUMORS

superfusion procedure did not alter the hemodynamics in the dorsal
skin window, the RBC velocity in the cranial window significantly
decreased after the coverslip was opened, and consequently, the level
of leukocyte rolling was increased. Seki et al. (21) reported that the
flow velocity of pial vessels in rat cranial window was significantly
decreased after coverslip was opened and that this decrease was
reversed by the restoration of intracranial pressure to 5 mm Hg. The
value of the mean RBC velocity in this study, in same range diameter
vessels, is comparable to our results. Our findings confirm that the
removal of the cranial window may influence the hemodynamics and
leukocyte-endothelial interaction. Attempts to introduce cytokines

into the cranial window through ports and cannulas have proven
technically difficult in the mouse model. For this reason, we chose the
strategy of controlling for the hemodynamic changes with a mock
control group and documenting the velocity changes.

Adhesion of leukocytes to normal and tumor vasculature without
TNF-a activation was not significantly different and was very low in
all cases. In response to TNF-a activation, the number of adherent

cells increased significantly in both tumors. However, in the cranial
window in SCID mice, it was not possible to demonstrate significant
increases with either tumor, for the same reasons cited with regard to
rolling, although the trend in these mice is suggestive of increased
adhesion. Low leukocyte flux in tumors in cranial window could have
affected these results.

MCalV and HGL21 tumor vessels have different physiological
properties, i.e., vascular structure, hemodynamics, and permeability
(16). The diameter of HGL21 tumor vessels was significantly smaller
than that of MCalV tumor, and as a result, the shear rate in HGL21
tumor vessels was significantly higher than in MCalV in spite of
comparable RBC velocity. This may be one reason why the basal
leukocyte-endothelial interaction was generally higher in MCalV than

in HGL21. The relationship between flow rate and the numbers of
interacting leukocytes is complex because higher levels of blood flow
through a given vessel could potentially deliver a larger number of
leukocytes/unit time; yet as the flow increases, the hemodynamic
forces that displace cells from the endothelium also increase (20). As
a result, this effect would be limited by the prohibitive shear rates,
which are generated at high blood flow rates in small vessels, such as
in the HGL21 tumor. This influence would be especially significant in
vessels that have intrinsically lower levels of adhesion.

Although there is little direct evidence as yet to support a mecha
nism for the decreased leukocyte-endothelial interactions in tumor

vessels, we suggest that one possible explanation may involve poten
tial differences in the expression of selectins or integrin receptors on
angiogenic vessels. In immunohistology studies of tumors, the major
ity of the staining for selectins and integrin receptors was associated
with the normal tissue that surrounds the tumor but not with the tumor
vessels (22). The majority of cellular infiltrates that are associated
with tumors has been observed in the periphery of the tumor (23),
suggesting that the cells have entered the tumor strema from the
normal tissue surrounding the tumor. Recently, Piali et al. (24) re
ported low expression of VCAM-1 on vessels in melanoma. In addi
tion, both mRNAand protein levels of VCAM-1 in endothelioma cells
were down-regulated by melanoma cells (24). In a contrasting study,

the biopsies of human melanomas and renal cell carcinomas were
found to have significant expression of VCAM-1, ICAM-1, and
E-selectin (25). Immunostaining of endothelial cells isolated from
murine tumors demonstrated increased expression of ICAM-2 (26).
Jallal et al. (27) recently reported that expression of ICAM-1 and
VCAM-1 in the tumor endothelium was significantly increased in
90K tumor-associated antigen-secreting tumor subsets in nude mice

and expression levels of the 90K antigen in tumors inversely corre
lated with their tumorigenicity. However, heterogeneity of selectin

and integrin expression in tumor vessels (24, 25) may result in overall
decreased levels of leukocyte rolling and adhesion. Furthermore,
tumor vessels with increased levels of adhesion molecules may be
reduced or eliminated by the spontaneous cellular host response (27).

Another possible mechanism for the decreased leukocyte-endothe

lial interactions in tumors is low leukocyte flux in new angiogenic
vessels. The results observed in the cranial window model support this
possibility. Recent observations in basic fibroblast growth factor- or
vascular endothelial growth factor-induced angiogenic vessels in
collagen type I gel showed very low or no leukocyte flux.4

Observations of A-NK cell localization in tumor vasculature

performed with adoptively transferred cell populations (12, 13, 28)
and of localization of macrophage and NK cells in 90K antigen-

secreting tumors (27) suggest that some circulating lymphocyte pop
ulations, such as NK cells, may have an increased capacity for
adhesion to tumor vasculature. Consequently, IL-2-mediated activa

tion of circulating NK populations could potentially result in a greater
number of interacting cells within the tumor vessel. Such an effect
could reconcile some of the differences observed in previous studies
of leukocyte-endothelial interaction in tumor vessels (10, 11).

The ability to increase leukocyte interactions through the applica
tion of TNF-a directly on the tumor vasculature offers an opportunity
to circumvent decreased leukocyte-endothelial interactions in tumor

vessels, possibly through the production of cytokines by genetically
modified lymphocyte or tumor cell populations. Because cytokine-

mediated activation can be used to promote increased adhesion to
tumor vasculature, this may present an effective strategy for increas
ing the number of cytotoxic effector cells that localize in the tumor
vessels. Our current efforts are directed toward testing this concept.
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