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Summary

 

Malignant melanoma is often accompanied by a host response of inflamma-
tory cell infiltration that is highly regulated by multiple adhesion molecules.
To assess the role of adhesion molecules, including 

 

l

 

-selectin and intercellular
adhesion molecule-1 (ICAM-1), in this process, subcutaneous primary
growth and metastasis to the lung of B16 melanoma cells not expressing 

 

l

 

-
selectin, ICAM-1 or their ligands were examined in mice lacking 

 

l

 

-selectin,
ICAM-1 or both. Primary subcutaneous growth of B16 melanoma was aug-
mented by loss of 

 

l

 

-selectin, ICAM-1 or both, while pulmonary metastasis
was enhanced by the loss of 

 

l

 

-selectin or combined loss of 

 

l

 

-selectin and
ICAM-1. In both situations, the combined loss of 

 

l

 

-selectin and ICAM-1
exhibited the greatest effect. This enhancement was associated generally with
a reduced accumulation of natural killer (NK) cells, CD4

  

++++

 

 T cells and CD8

  

++++

 

 T
cells and also with a diminished release of interferon (IFN)-γγγγ

 

 and tumour
necrosis factor (TNF)-αααα

 

 but not interleukin (IL)-6. Cytotoxicity against mel-
anoma was not defective by the absence of ICAM-1, 

 

l

 

-selectin or both, sug-
gesting that the enhancement of tumour growth and metastasis caused by the
loss of adhesion molecules results from an impaired migration of effector cells
into the tissue rather than from a suppression of the cytotoxic response. The
results indicate that 

 

l

 

-selectin and ICAM-1 contribute co-operatively to the
anti-tumour reaction by regulating lymphocyte infiltration to the tumour.
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Introduction

 

Cellular transformation, tumour growth and metastasis of
malignant melanoma are complex biochemical processes
that involve autonomous tumour cell growth and host–
tumour interactions [1]. Leucocytes infiltration to tumour
tissues is a critical step in anti-tumour immunity for both
primary tumour growth and the metastasis of malignant
melanoma [2]. Inflammation and immunotherapy can con-
tribute to the regression of solid tumours [2,3]. However, the
relationship between inflammation and tumour progression
is complex, given that tumour-infiltrating lymphocytes can
contribute to cancer growth and spread and to the immun-
osuppression associated with malignant diseases [4]. Fur-
thermore, there is now evidence that inflammatory
cytokines produced, in part, by tumour cells and tumour-
infiltrating leucocytes may contribute directly to malignant
progression [4]. Indeed, mice lacking tumour necrosis factor

(TNF)-

 

α

 

 expression are resistant to skin carcinogenesis [5].
In addition, anti-inflammatory drug use is associated with a
lower incidence of tumour recurrence in colorectal cancer
[6].

Thus, it remains unknown whether leucocytic infiltration
and inflammation contribute to tumour regression or
tumour progression. In either case, the recruitment of leu-
cocytes from the circulation into tissues, including tumours,
is a multi-step process that is highly regulated by multiple
cell-surface adhesion molecules [7,8]. Leucocytes first tether
and roll on vascular endothelial cells before they are acti-
vated to adhere firmly and subsequently emigrate into the
extravascular space. Selectins mediate primarily the tether-
ing and rolling of leucocytes while members of the immu-
noglobulin superfamily, including intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) and their integrin ligands, including lymphocyte
function-associated antigen-1 (LFA-1, CD11a/CD18) and
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very late antigen-4 (VLA-4, CD49d/CD29), are critical for
mediating firm adhesion. The selectin family consists of
three cell-surface molecules expressed by leucocytes (

 

l

 

-selec-
tin), vascular endothelium (E- and P-selectins) and platelets
(P-selectin) [9]. 

 

l

 

-Selectin is expressed constitutively on
most leucocytes [9]. ICAM-1 is also expressed constitutively
at low levels by endothelial cells, but its expression is up-
regulated rapidly during inflammation [10].

The involvement of cell-surface adhesion molecules in
tumour progression and metastasis has been studied previ-
ously; however, almost all studies have focused on the inter-
action between endothelial cells and cell surface adhesion
molecules expressed on tumour cells. For example, mouse
B16 melanoma cells that are forced to express sialyl Lewis X,
a ligand for P- and E-selectins, produce more lung tumour
modules through an efficient interaction with endothelial
cells than those without sialyl Lewis X [11]. On the other
hand, studies of the role for the adhesion molecule-mediated
recruitment of leucocytes in tumour progression and
metastasis are limited. Only one previous report has shown
that liver metastasis of B16 melanoma is enhanced in ICAM-
1-deficient (ICAM-1

 

–/–

 

) mice and LFA-1

 

–/–

 

 mice, suggesting
that the ICAM-1/LFA-1 interaction is crucial to the immune
response to hepatic metastasis [12]. However, the involve-
ment of ICAM-1 in subcutaneous primary tumour growth
and pulmonary metastasis was not clarified. Furthermore,
the contribution of other cell adhesion molecules to the pro-
gression and metastasis of melanoma and their interaction in
this process remain unresolved.

In this study, to determine the role of the adhesion mole-
cule-mediated accumulation of leucocytes in the primary
growth and metastatic capacity of B16 melanoma, the sub-
cutaneous growth and pulmonary metastasis of B16 F10
melanoma were investigated in mice lacking either 

 

l

 

-selec-
tin, ICAM-1 or both adhesion molecules. Subcutaneous
injection of B16 F10 melanoma was used to model primary
tumorigenesis by establishing a focus of these cells near the
skin, the site of origin for melanoma [13]. In contrast, tail
vein injection was used to model tumour metastasis by
introducing multiple tumour foci throughout the lungs [13].
Our experimental system selectively addressed the role of 

 

l

 

-
selectin- and ICAM-1-dependent leucocyte recruitment in
B16 melanoma cell progression and was not complicated by
direct effects on tumour metastasis, as these tumours lacked
expression of these adhesion molecules. The results of this
study suggest that 

 

l

 

-selectin and ICAM-1 contribute co-
operatively to the anti-tumour immune reaction by regulat-
ing lymphocyte infiltration to B16 melanoma.

 

Materials and methods

 

Mice

 

ICAM-1

 

–/–

 

 mice [14], expressing residual amounts of ICAM-
1 splice variants in the thymus and spleen but not in other

organs, including the skin and lung [15], were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). 

 

l

 

-Selectin

 

–/–

 

mice were produced as described [16]. Mice lacking both 

 

l

 

-
selectin and ICAM-1 (

 

l

 

-selectin/ICAM-1

 

–/–

 

) were generated
as described elsewhere [17]. All mice were healthy, fertile and
free of signs of infection or disease. All mice were back-
crossed between five and 10 generations to the C57BL/6
genetic background. Mice used for experiments were 9–
12 weeks old. Age-matched wild-type littermates and
C57BL/6 mice (Jackson Laboratory) were used as controls
with equivalent results so all control results were pooled. All
mice were housed in a pathogen-free barrier facility and
screened regularly for pathogens. All studies and procedures
were approved by the Committee on Animal Experimenta-
tion of Kanazawa University Graduate School of Medical
Science.

 

B16 melanoma cells

 

B16 F10 murine melanoma cells were obtained from the
American Type Culture Collection (Manassas, VA, USA).
Cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with fetal calf serum and penicillin/
streptomycin at 37

 

°

 

C in 5% CO

 

2

 

. Cells were passaged twice a
week with trypsin. All cell culture reagents were obtained
from Sigma-Aldrich (St Louis, MO, USA).

 

Primary cutaneous tumour growth

 

B16 F10 cells (1·5 

 

×

 

 10

 

6

 

) in 100 

 

μ

 

l of phosphate-buffered
saline (PBS) were injected subcutaneously into the shaved
lateral flank of anaesthetized mice. The size of primary
tumours was measured on days 7 and 14. The tumour vol-
ume was calculated using the equation: 

 

V

 

 

 

=

 

 4

 

π

 

(L

 

1

 

 

 

×

 

 

 

L

 

2
2

 

)/3,
where 

 

V

 

 

 

=

 

 volume (mm

 

3

 

), 

 

L

 

1

 

 

 

=

 

 longest diameter (mm) and

 

L

 

2

 

 

 

=

 

 shortest diameter (mm).

 

Lung metastasis

 

B16 F10 cells (1·5 

 

×

 

 10

 

6

 

) in 100 

 

μ

 

l of PBS were injected
intravenously into the tail vein. The mice were killed on
days 7 and 14 after injection, and lungs were removed. At
these time-points it was not possible to count accurately
the number of surface metastatic colonies using a stere-
omicroscope, because of the small size of the colonies.
Therefore, to evaluate lung metastasis, we counted histo-
logically the number of colonies in each section of the
three lobes of the right lung. The sections were stained
using haematoxylin and eosin (H&E), as described below.
When 

 

>

 

 60% of the section was occupied with tumour,
the colony number was defined as 1000. Each section was
examined independently by three investigators in a
blinded fashion, and the mean of the results was used for
analysis.
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Survival curves

 

B16 F10 cells (1·5 

 

×

 

 10

 

6

 

) in 100 

 

μ

 

l of PBS were injected intra-
venously into the tail vein of anaesthetized mice. Survival
was recorded over a 28-day period. After 28 days, or at the
time of death, dissection was performed to examine the pres-
ence of metastasis to organs other than the lung.

 

Histological examination and immunohistochemistry

 

Subcutaneous primary tumours were harvested and cut into
two segments. Lung tissue was cut into right and left lobes
with one piece being fixed in 3·5% paraformaldehyde and
paraffin-embedded and the other piece being snap-frozen.
For examination of subcutaneous tumours, 6-

 

μ

 

m sections
were stained using H&E to evaluate cellular infiltration.
Extra-tumour neutrophils and mononuclear cells were
counted in the sections under a microscopic high power view
(0·07 mm

 

2

 

). The mean of numbers of the 10 high-power
view fields was calculated. Each section was examined inde-
pendently by three investigators in a blinded fashion, and the
mean of the results was used for analysis.

For immunohistochemistry, frozen sections of the skin
and lung were acetone-fixed and incubated with 10% normal
rabbit serum in PBS (10 min, 37

 

°

 

C) to block non-specific
staining. Sections were then incubated with rat monoclonal
antibody specific for mouse CD4, CD8, F4/80 or NK1·1 (BD
PharMingen, San Diego, CA). Rat IgG (Southern Biotech-
nology Associates Inc., Birmingham, AL, USA) was used as a
control for non-specific staining. Sections were incubated
sequentially (20 min, 37

 

°

 

C) with a biotinylated rabbit anti-
rat IgG secondary antibody (Vectastain ABC method, Vector
Laboratories, Burlingame, CA, USA), then horseradish
peroxidase-conjugated avidin–biotin complexes (Vector
Laboratories). Sections were developed with 3,3

 

′

 

-diami-
nobenzidine tetrahydrochloride and hydrogen peroxide, and
then counterstained with methyl green. Cells were counted
in sections from the skin and lung as above.

 

Real-time polymerase chain reaction (PCR)

 

Total RNA was isolated from frozen subcutaneous skin
tumours and lung tissues with Qiagen RNeasy spin columns
(Qiagen Ltd, Crawley, UK) and then reverse-transcribed into
cDNA according to the protocol of the reverse transcription
system (Promega, Madison, WI, USA). Expression of TNF-

 

α

 

, interleukin (IL)-6 and interferon (IFN)-

 

γ

 

 mRNA was
analysed using a real-time PCR quantification method,
according to the manufacturer’s instructions (Applied Bio-
systems, Foster City, CA, USA). Sequence-specific primers
and probes were designed by pre-developed 

 

Taq

 

Man

 

®

 

 assay
reagents (Applied Biosystems). Real-time PCR (one cycle of
50

 

°

 

C for 2 min, 95

 

°

 

C for 10 min; 40 cycles of 92

 

°

 

C for 15 s,
60

 

°

 

C for 60 s) was performed on an ABI Prism 7000
sequence detector (Applied Biosystems). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used to normalize
mRNA. To compare target gene and housekeeping GAPDH
gene mRNA expression, the relative expression of real-time
PCR products was determined using the 

 

ΔΔ

 

Ct method [18].
Fold induction 

 

=

 

 2

 

–[

 

ΔΔ

 

Ct]

 

, where Ct 

 

=

 

 the threshold cycle, i.e.
the cycle number at which the sample’s relative fluorescence
rises about the background fluorescence and 

 

ΔΔ

 

Ct 

 

=

 

 [Ct
gene of interest (unknown sample) 

 

−

 

 Ct GAPDH (unknown
sample)] 

 

−

 

 [Ct gene of interest (calibrator sample) 

 

−

 

 Ct
GAPDH (calibrator sample)]. The TNF-

 

α

 

, IL-6 and IFN-

 

γ

 

mRNA levels in wild-type mice were used as the calibrator.
Each sample was run in duplicate and the mean Ct was used
in the equation.

 

Cytotoxicity assay

 

To assess the cytotoxic activity of lymphocytes, B16 F10
murine melanoma cells were used as targets. Donor mice
were injected with 1·5 

 

×

 

 10

 

6

 

 B16 F10 cells in 100 

 

μ

 

l of PBS
subcutaneously into the lateral flank for collection of spleen
cells and into the left and right lateral flanks for collection of
tumour-draining lymph node cells [19–21]. Fourteen days
after the injection, mice were killed, spleens and tumour-
draining inguinal lymph nodes were harvested and single-
cell suspensions were prepared. Splenocytes were isolated by
density gradient centrifugation over Ficoll (Atlanta Biologi-
cals, Norcross, GA, USA). To assess antigen-specific T cell
cytotoxic activity, tumour-draining lymph node cells were
depleted of natural killer (NK) cells using mouse CD49b
(DX5) microbeads (Miltenyi Biotec Inc., CA, USA). Beads
were added to tumour-draining lymph node cells and incu-
bated at 4

 

°

 

C for 15 min at the ratios recommended. The
mixture of cells and beads was placed in a magnetic holder
and the supernatant was collected as the negative fraction.
The depletion step was repeated twice and flow cytometric
analysis showed that 

 

>

 

 95% of NK cells were depleted.
Cytotoxicity was assayed using a cell-mediated cytotoxic-

ity kit (Molecular Probes, Eugene, OR, USA), according to
the manufacturer’s instructions. The target cells were incu-
bated with a staining solution containing DiOC

 

18

 

 for 20 min
at 37

 

°

 

C. The stained target cells (1 

 

×

 

 10

 

6

 

 cells/ml) were resus-
pended in complete culture medium and then mixed with
splenocytes to yield effector : target (E : T) ratios of 40 : 1,
20 : 1, 10 : 1 and 5 : 1. NK cell-depleted tumour-draining
lymph node cells were mixed with the target cells at an E : T
ratio of 5 : 1 due to the limited number of lymph node cells.
A counterstaining solution containing propidium iodide to
detect dead cells was added and the mixture was incubated at
37

 

°

 

C for 2 h. To assess lytic activity, a two-colour flow cyto-
metric analysis was performed using a FACScan flow cytom-
eter (BD PharMingen). The percentage of lysis was
calculated by dividing the frequency of dead target cells by
the total number of target cells. Spontaneous cell lysis as
determined in the absence of effector cells was subtracted
from total lysis to calculate the amount of specific lysis.
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Statistical analysis

 

The Mann–Whitney 

 

U

 

-test was used for determining the
level of significance of differences in sample means and Bon-
ferroni’s test was used for multiple comparisons. Survival
analysis was performed using a Kaplan–Meier estimate.

 

Results

 

Primary tumour growth was augmented by the absence 
of 

 

l

 

-selectin and/or ICAM-1 expression

 

To evaluate the effects of 

 

l

 

-selectin and/or ICAM-1 loss on
primary tumour growth, B16 F10 melanoma cells were
injected subcutaneously into mice lacking l-selectin, ICAM-
1 or both and tumour growth was determined on days 7 and
14. In all mice genotypes, the implanted B16 F10 melanoma
cells formed solid round tumours with well-defined margins
on the lateral flank (Fig. 1a). On day 7, l-selectin/ICAM-1–/–

mice exhibited a significant 2·3-fold increase in tumour vol-
ume compared to wild-type mice (P < 0·05). There were no
other significant differences in tumour size among the
groups of mice examined at this time-point. By contrast,
after 14 days, the tumour volume in ICAM-1–/– and l-selec-
tin–/– mice was 2·6-fold (P < 0·05) and 3·9-fold (P < 0·001)
greater than that in wild-type mice, respectively (Fig. 1b). l-
selectin/ICAM-1–/– mice exhibited an even more striking dif-
ference. Specifically, tumours from l-selectin/ICAM-1–/–

mice were 5·8-fold larger than tumours from wild-type mice
(P < 0·0001) and 2·3-fold larger than those from ICAM-1–/–

mice (P < 0·005). Tumours from l-selectin/ICAM-1–/– mice
also tended to be larger than those from l-selectin–/– mice;
however, this difference did not reach statistical significance.
In addition to the increased size of the primary tumour, met-
astatic colonies in the lung were found in one ICAM-1–/– and
one l-selectin/ICAM-1–/– mouse at the 14-day time-point.
Thus, primary tumour growth was augmented by the loss of
l-selectin and/or ICAM-1 expression.

Enhanced lung metastasis was enhanced in l-selectin–/– 
and l-selectin/ICAM-1–/– mice

To assess the effects of adhesion molecule loss on the estab-
lishment of pulmonary metastasis, B16 F10 melanoma cells
were injected via the tail vein into wild-type and adhesion
molecule-deficient mice. The cells formed metastatic colo-
nies in the lungs of all genotypes of mice. The metastatic
tumours were visible as black pigmented spots that were
approximately < 1 mm in diameter after 7 days, increasing to
1–2 mm in diameter, and tended to fuse together after
14 days (Fig. 2a). At the 7-day time-point, loss of both l-
selectin and ICAM-1 resulted in a significant 2·6-fold
increase in the number of metastatic nodules relative to that
of wild-type mice (P < 0·005; Fig. 2b). By contrast, loss of
either l-selectin or ICAM-1 alone had no effect on the num-
ber of metastatic lung nodules. After 14 days, l-selectin–/–

Fig. 1. Subcutaneous primary growth of B16 mela-

noma in l-selectin (l-sel)–/–, intercellular adhesion 

molecule-1 (ICAM-1)–/–, l-sel/ICAM-1–/– and wild-

type mice. B16 F10 melanoma cells (1·5 × 106) were 

injected subcutaneously. Representative subcutane-

ous tumour nodules from day 14 post-injection in 

adhesion molecule-deficient and wild-type mice 

were examined (a). On days 7 and 14, the size of 

primary tumours was determined (b). All values 

represent the mean ± s.e.m. These results were 

obtained from 10 mice in each group.
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mice exhibited a 50% increase in lung metastasis, which was
enhanced compared to wild-type mice (P < 0·005). By con-
trast, pulmonary metastasis did not differ significantly
between ICAM-1–/– and wild-type mice. The l-selectin/
ICAM-1–/– mice maintained a 2·4-fold increase in numbers
of lung nodules compared to wild-type mice (P < 0·0001). In
addition, numbers of lung nodules in l-selectin/ICAM-1–/–

mice were increased significantly relative to ICAM-1–/–

(P < 0·0001) and l-selectin–/– (P < 0·0001) mice. Expression
of l-selectin, ICAM-1 or LFA-1 was not detected on B16 F10
melanoma cells by flow cytometric analysis (data not
shown). Furthermore, a previous study has shown that sialyl
Lewis X, an epitope expressed on a ligand for l-selectin, is
not expressed on B16 F10 melanoma cells either [11]. These
findings excluded the possibility that B16 F10 melanoma
cells expressed l-selectin or ICAM-1 that may mediate their
migration through the endothelium and thereby promote
metastasis. Thus, the loss of l-selectin resulted in augmented

pulmonary metastasis that was increased further by loss of
ICAM-1.

Loss of either l-selectin or l-selectin and ICAM-1 
expression reduced survival

To evaluate the effect of losing adhesion molecules on sur-
vival, B16 F10 melanoma cells were injected via the tail vein
into wild-type and adhesion molecule-deficient mice and
deaths were recorded over a 28-day period. Survival was
reduced significantly in l-selectin–/– (P < 0·01) and l-selec-
tin/ICAM-1–/– (P < 0·005) mice relative to wild-type mice,
but not affected significantly in ICAM-1–/– mice (Fig. 3). l-
selectin/ICAM-1–/– mice exhibited a significant decrease in
survival compared to ICAM-1–/– mice (P < 0·05), but not l-
selectin–/– mice. After 28 days, or at the time of death, none of
the wild-type or ICAM-1–/– mice showed any metastasis to
organs other than the lung, while one l-selectin–/– mouse

Fig. 2. Pulmonary metastasis of B16 melanoma in 

l-selectin (l-sel)–/–, intercellular adhesion molecule-

1 (ICAM-1)–/–, l-sel/ICAM-1–/– and wild-type mice. 

B16 F10 melanoma cells (1·5 × 106) were injected 

intravenously into the tail vein and after 7 and 

14 days, the lungs were removed. Representative 

metastatic nodules in adhesion molecule-deficient 

and wild-type mice are shown (a). To evaluate the 

pulmonary metastasis, the colony number was 

counted histologically in each section of the three 

lobes of the right lung after 7 and 14 days (b). All 

values represent the mean ± s.e.m. These results were 

obtained from 10 mice in each group.
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displayed metastasis to the heart. By contrast, in l-selectin/
ICAM-1–/– mice, the tumour metastasized to the heart in
four mice, to the heart and liver in one mouse, to the kidney
in two mice, to the liver and kidney in one mouse and to the
kidney and intestine in one mouse. These results support
the findings that rapid metastasis of melanoma occurs in the
absence of either l-selectin or l-selectin and ICAM-1
expression.

Leucocyte tumour infiltration was reduced with loss of 
l-selectin and/or ICAM-1 expression

The subcutaneous primary tumours were examined histo-
logically to assess the effects of loss of adhesion molecules on
leucocytes infiltration into the tumour. At day 14, neutrophil
infiltration into the tumour was modest and there were no
differences in numbers of infiltrating neutrophils between
genotypes of mice (Fig. 4a and data not shown). By contrast,
the numbers of infiltrating mononuclear leucocytes were
reduced significantly by 60–70% in l-selectin–/– (P < 0·05)
and l-selectin/ICAM-1–/– (P < 0·005) mice compared with
wild-type mice. Numbers of infiltrating mononuclear cells
also tended to be decreased in ICAM-1–/– mice by 29% rela-
tive to wild-type mice (P = 0·09; Fig. 4a,b).

To evaluate which leucocyte subsets were affected by the
loss of specific adhesion molecules, immunohistochemical
analysis of both the subcutaneous primary tumours and
metastatic lung tumours was performed at 14 days after the
injection. Numbers of infiltrating F4/80+ macrophages were
small and not affected by the loss of adhesion molecules in
either the skin or lung tumour (data not shown). In the pri-
mary tumour, numbers of NK cells, CD4+ T cells and CD8+

T cells were all decreased significantly by 70–90% in ICAM-
1–/–, l-selectin–/– and l-selectin/ICAM-1–/– mice relative to

wild-type mice (P < 0·05), with the exception of CD4+ T cell
numbers in ICAM-1–/– mice (Fig. 5a). In addition, l-selectin–/–

and l-selectin/ICAM-1–/– mice displayed significantly
reduced numbers of CD4+ T cells compared to ICAM-1–/–

mice (P < 0·05 and P < 0·005, respectively).
In the metastatic tumour, NK cell number was reduced

significantly in ICAM-1–/– mice relative to wild-type mice
(P < 0·05), while numbers of CD4+ and CD8+ T cells were not
diminished significantly (Fig. 5b). By contrast, l-selectin–/–

and l-selectin/ICAM-1–/– mice exhibited significantly
decreased numbers of NK cells, CD4+ T cells and CD8+ T
cells by 40–80% compared to wild-type mice (P < 0·05).
There was no significant difference in numbers of NK and
CD4+ T cells between l-selectin–/– and l-selectin/ICAM-1–/–

mice, while numbers of CD8+ T cells were reduced signifi-
cantly by 60% in l-selectin/ICAM-1–/– mice relative to l-
selectin–/– mice (P < 0·05). Thus, the augmented growth of
the primary melanoma was generally associated with a
reduction in lymphocyte infiltration.

Effect of the loss of adhesion molecules on local cytokine 
mRNA expression

The production and release of proinflammatory cytokines,
including TNF-α, IFN-γ and IL-6, by infiltrating leucocytes
play a critical role in modulation of the immune response to
a tumour [4]. To assess the roles of adhesion molecules in
cytokine release during tumour development, TNF-α, IFN-
γ and IL-6 mRNA expression levels were measured by real-
time PCR in the subcutaneous tumour and pulmonary
metastasis  models  14 days  post-injection  in  wild-type
and adhesion molecule-deficient mice. In subcutaneous
tumours, IFN-γ mRNA levels were decreased by > 90% in
ICAM-1–/– (P < 0·05), l-selectin–/– (P < 0·01) and l-selectin/
ICAM-1–/– (P < 0·01) mice compared with wild-type mice
(Fig. 6a). TNF-α mRNA levels were decreased by ∼85% in l-
selectin–/– and l-selectin/ICAM-1–/– mice relative to wild-
type mice (P < 0·05). By contrast, ICAM-1–/– mice exhibited
normal levels of TNF-α mRNA. IL-6 mRNA levels were not
significantly different between genotypes of mice.

A similar decrease in IFN-γ and TNF-α mRNA levels was
detected in lung tumours (Fig. 6b). However, unlike the pri-
mary tumour, loss of ICAM-1 expression did not affect IFN-
γ mRNA levels significantly. Similar to the primary tumour,
l-selectin–/– mice exhibited significantly reduced IFN-γ
mRNA levels compared to wild-type mice (P < 0·05). How-
ever, the additional loss of ICAM-1 expression in l-selectin–/–

mice resulted in a further decline in IFN-γ mRNA levels
(P < 0·05). Moreover, the difference in TNF-α mRNA levels
in the lung between groups of mice was smaller than that in
the skin, with the only statistically significant difference
being found between wild-type and l-selectin/ICAM-1–/–

mice (P < 0·05). In sera of mice bearing lung metastatic nod-
ules, TNF-α, IFN-γ and IL-6 were not detected by cytokine-
specific enzyme-linked immunosorbent assay (ELISA) (data

Fig. 3. Effect of loss of l-selectin, intercellular adhesion molecule-1 

(ICAM-1) or both on survival after intravenous injection of B16 mela-

noma cells. Mice were injected intravenously with B16 F10 cells 

(1·5 × 106) and observed for a period of 28 days. These results were 

obtained from 10 mice in each group.
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Fig. 4. The accumulation of leucocytes around the 

subcutaneous melanoma of l-selectin (l-sel)–/–, 

intercellular adhesion molecule-1 (ICAM-1)–/–, l-sel/

ICAM-1–/– and wild-type mice at 14 days after the 

injection of B16 cells. Representative light micro-

graphs of skin leucocyte infiltration in adhesion mol-

ecule-deficient and wild-type mice was shown. (a) 

Haematoxylin and eosin stain, magnification × 100. 

Mononuclear cells were counted under a micro-

scopic high power view [0·07 mm2 (b)]. All values 

represent the mean ± s.e.m. These results were 

obtained from 10 mice in each group.
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not shown). Thus, the enhanced tumour progression and
metastasis observed with loss of adhesion molecule expres-
sion were generally associated with the reduced release of
IFN-γ and TNF-α in the tumour microenvironment.

Cytotoxic response to melanoma was not defective in the 
absence of l-selectin and/or ICAM-1

ICAM-1 mediates not only the recruitment of leucocytes to
inflammatory sites, but also functions as a co-stimulatory
molecule on the surface of antigen-presenting cells [22]. In
addition, because l-selectin regulates lymphocyte migration
into lymph nodes across high endothelial venules [16], l-
selectin function may also be required during the antigen
sensitization phase of immune responses [23]. Therefore, the
ability of adhesion molecule-deficient mice to generate spe-
cific cytotoxic responses against B16 melanoma cells in vitro
was assessed. Splenocytes and NK cell-depleted tumour-
draining lymph node cells were isolated 14 days after the
subcutaneous injection of B16 F10 melanoma cells and were
tested for lytic activity against the melanoma cells. NK cell-
depleted tumour-draining lymph node cells from l-selectin/

ICAM-1–/–, l-selectin–/–, ICAM-1–/– and wild-type mice
induced similar levels (mean ± s.e.m.) of lysis (52 ± 7, 47 ± 6,
56 ± 4 and 48 ± 5% at the E : T ratio of 5 : 1, respectively;
n = 5). Regarding lysis by splenocytes, l-selectin/ICAM-1–/–

and l-selectin–/– mice exhibited significantly more specific
killing of melanoma cells than wild-type mice at all E : T
ratios (P < 0·01; Fig. 7). Killing activity was generally greater
in ICAM-1–/– mice than in wild-type mice, with significant
differences being found at E : T ratios of 40 : 1 (P < 0·01) and
5 : 1 (P < 0·05). Thus, the cytotoxic response to melanoma
was not defective in adhesion molecule-deficient mice.

Discussion

The current study was conducted to define the role of l-selec-
tin and ICAM-1 in primary tumour progression and pulmo-
nary metastasis by recruiting leucocytes to B16 melanoma.
This is the first report showing a critical in vivo role for both
l-selectin and ICAM-1 in the progression and metastasis of
B16 melanoma, using gene-targeted adhesion molecule-
deficient mice. In the present study, the primary cutaneous
growth  of  B16  melanoma  was  augmented  by  the  loss  of

Fig. 5. Accumulation of natural killer (NK) cells, 

CD4+ T cells and CD8+ T cells around the subcuta-

neous tumour (a) or pulmonary metastatic tumour 

(b) of l-selectin (l-sel)–/–, intercellular adhesion 

molecule-1 (ICAM-1)–/–, l-sel/ICAM-1–/– and wild-

type mice 14 days after the subcutaneous or intrave-

nous injection of B16 cells. NK cells, CD4+ T cells 

and CD8+ T cells were detected immunohistochem-

ically and the numbers of each were determined in 

one high-power microscopic field (0·07 mm2) in sec-

tions from the skin and lung. All values represent the 

mean ± s.e.m. These results were obtained from five 

to 10 mice in each group.
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l-selectin, ICAM-1 or both (Fig. 1), whereas metastasis to the
lung was enhanced by the loss of l-selectin or a combined loss
of l-selectin and ICAM-1 (Fig. 2). This enhancement was
associated generally with a reduced accumulation of NK cells,
CD4+ T cells and CD8+ T cells (Fig. 5) and also with a dimin-
ished release of IFN-γ and TNF-α (Fig. 6). Therefore,
although it remains controversial whether inflammation
contributes to the anti-tumour response or promotes tumour
progression [4], our results indicate that inflammation and
leucocyte recruitment mediated by cell adhesion molecules
are involved in anti-tumour immune responses. Consistent
with this, the injection of B16 melanoma cells transfected
with macrophage inflammatory protein-1α, a chemokine for
T cells and immature dendritic cells, resulted in reduced pul-
monary metastasis by inducing local inflammation [13]. Fur-
thermore, B16 melanoma-derived factors reduce TNF-α-
induced ICAM-1 expression on endothelial cells, leading to
diminished leucocyte adhesion that resulted in escape from
the immune system [24]. Thus, the present study demon-
strates directly the important role for l-selectin and ICAM-
1 in anti-tumour immune responses.

A central role for ICAM-1 in the initiation and generation
of immune responses raises the issue of whether the current
findings with ICAM-1–/– mice result from a lack of sensitiza-
tion or appropriate generation of cytotoxic T cells [14]. Sim-
ilarly, the requirement for lymphocytes to express l-selectin
to enter lymph nodes across high endothelial venules [16]

suggests that l-selectin–/– mice may exhibit impaired sensiti-
zation [23]. However, our results demonstrate that the cyto-
toxic activity against B16 melanoma was augmented in
spleens from mice lacking ICAM-1, l-selectin or both
(Fig. 7). On the other hand, cytotoxic activity was similar
between mutant and wild-type mice in tumour-draining
lymph nodes. Consistent with this, a previous study has
shown that loss of l-selectin, ICAM-1 or both does not affect
the proliferative response of draining lymph node cells to
antigen [25]. This suggests that enhanced tumour growth
and metastasis with the loss of adhesion molecules results
from the impaired migration of effector cells into the tissue
rather than the suppression of a cytotoxic response.

In this study, loss of ICAM-1 resulted in enhanced growth
of the primary melanoma, but did not affect the pulmonary
metastasis significantly (Figs 1 and 2). For growth of primary
subcutaneous, l-selectin and ICAM-1 functioned in an inde-
pendent manner, reflecting the additive effects from block-
ing a l-selectin-dependent first step and a subsequent
independent, non-overlapping ICAM-1-dependent second
step (Fig. 1b). By contrast, for the metastasis, the effects from
loss of both l-selectin and ICAM-1 were more than would be
expected if these molecules functioned independently, sug-
gesting that they functioned synergistically (Fig. 2b). This is
consistent with the findings that l-selectin and ICAM-1
function co-operatively to mediate optimal leucocyte rolling
as well as to recruit leucocytes to inflammatory sites [26].

Fig. 6. Cytokine mRNA expression in the subcuta-

neous tumour (a) or pulmonary metastatic tumour 

(b) of l-selectin (l-sel)–/–, intercellular adhesion 

molecule-1 (ICAM-1)–/–, l-sel/ICAM-1–/– and wild-

type mice at 14 days after the subcutaneous or intra-

venous injection. The amount of tumour necrosis 

factor (TNF-α), interferon (IFN)-γ and interleukin 

(IL)-6 mRNA was measured by real-time poly-

merase chain reaction (PCR) and normalized to the 

GAPDH endogenous mRNA control. The TNF-α, 

IFN-γ and IL-6 mRNA levels in wild-type mice were 

used as calibrators. All values represent the mean ± 

s.e.m. of results obtained from five to eight mice in 

each group.
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Thus, the relative contribution of each adhesion molecule to
the inflammatory process is complex and varies according to
the site of inflammation and the nature of the inflammatory
stimuli. Indeed, ICAM-1–/– mice exhibit delayed skin wound
repair and impaired skin contact hypersensitivity reactions,
although allogeneic skin graft rejection is normal [14,27–
29]. The contribution of ICAM-1 to lung inflammation is
also complex. Specifically, radiation-induced, endotoxin-
induced and antigen-dependent allergic pulmonary
inflammation and bleomycin-induced lung fibrosis are
attenuated in ICAM-1–/– mice [30–34], while loss of ICAM-
1 increases mortality in Escherichia coli or Klebsilella pneu-
monia [35,36]. Regarding the interaction of l-selectin and
ICAM-1, both molecules function synergistically in skin
wound healing [29], while they function in an additive man-
ner in cutaneous immune complex-mediated vasculitis and
bleomycin-induced lung fibrosis [34,37]. Thus, the relative
contribution of l-selectin and ICAM-1 to anti-tumour
immune responses appears to vary according to the site of
tumour growth.

Overall, the enhancement of both primary growth and
metastasis to the lung was associated with a reduced local
recruitment of NK cells, CD4+ T cells and CD8+ T cells
(Fig. 5). However, these reductions cannot explain the dif-
ference in primary tumour growth between genotypes of
mice, as there was no difference in the numbers of NK cells
or CD8+ T cells between the groups (Fig. 5a). Therefore, in
an immune response to the primary skin tumour growth,
CD4+ T cells may play a more important role than NK cells
and CD8+ T cells. Similarly, CD8+ T cells appeared to con-
tribute to the immune response to pulmonary metastasis
more substantially than NK cells and CD4+ T cells (Fig. 5b).
Thus, these results suggest that the relative contribution of
lymphocyte subsets to anti-tumour responses varies accord-
ing to the site of the tumour. It has been recognized generally
that NK cells and CD8+ cytotoxic T cells play a crucial role in
anti-tumour immunity [38,39]. However, many studies have
shown that CD4+ T cells are needed in the effector phase of
the anti-tumour immune responses [40,41]. Specifically,
mice lacking CD4+ T cells are unable to reject a tumour chal-
lenge [40,41]. Furthermore, activated CD4+ T cells are a
dominant feature in regressing primary melanoma [42].
Thus, our results indicate that NK cells, CD4+ T cells and
CD8+ T cells are involved co-operatively in anti-melanoma
immune responses.

In this study, decreased levels of IFN-γ and TNF-α but
not IL-6 were related to the enhancement of primary
tumour growth and pulmonary metastasis; however, IFN-γ
appeared to play the more important role (Fig. 6). Many
studies have shown that IFN-γ inhibits tumour cell growth
directly. For example, IFN-γ induced cell cycle arrest and/
or TNF receptor family-related apoptosis by enhancing
CD95/FasL death mechanisms in B16 melanoma [43]. By
contrast, the effect of TNF-α on tumour progression is
complex [4]. Like IFN-γ, TNF-α can bind to the death
receptor and induce apoptosis through adaptor molecules
[44]. However, recent studies have shown that when
expressed inappropriately, TNF-α promotes the progres-
sion of melanomas; anti-TNF-α antibody reduces metasta-
sis to the lung [45] and TNF-α stimulates the migration
and invasion of B16 melanoma [46]. Although the effect
of IFN-γ  and TNF-α  could not be assessed separately in
the current study, our finding that tumour growth and
metastasis were associated with reduced TNF-α expression
suggests that TNF-α contributes to anti-tumour immune
responses rather than to the promotion of tumour
progression.
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Fig. 7. Effect of loss of intercellular adhesion molecule-1 (ICAM-1), l-

selectin or both on the cytotoxic response to B16 melanoma. B16 F10 

cells (1·5 × 106) were injected intravenously into the tail vein of mice 

and after 14 days splenocytes were collected. B16 F10 melanoma cells 

were used as target cells and stained with DiOC18. The stained mela-

noma cells were mixed with splenocytes at effector : target (E : T) ratios 

of 5 : 1, 10 : 1, 20 : 1 and 40 : 1. Propidium iodide was then added and 

the mixture was incubated at 37°C for 2 h. Two-colour flow cytometric 

analysis was performed to assess lytic activity. Percentage of lysis was 

calculated by dividing the frequency of dead propidium iodide-positive 

target cells by the total target cells stained with DiOC18. All values 

represent the mean ± s.e.m. of results obtained from five to eight mice 

in each group.
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