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Transfection of the mouse ICAM-1 gene
into murine neuroblastoma enhances susceptibility
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Abstract. We determined the expression of intercellular
adhesion molecules (ICAM) on neuro-2a cells in order to
evaluate whether they wete involved in cytolysis of murine
neuroblastoma. Fluorescence-activated cell sorting analy-
sis revealed that the control neomycin-resistance-gene-
transduced line (neuro-2a/LN) had poor expression of
ICAM-1 (mean channel fluorescence, MCF = 3.7). An
ICAM-1-positive transfectant of neuro-2a (neuro-
2a/ICAM-1+) (MCF = 64.3) was generated to evaluate
directly the role of this adhesion molecule in cytolysis.
Neuro-2a/ICAM-1+ was more sensitive to LAK killing
(69.7% at an effector-to-target ratio of 100: 1) compared to
neuro-2a/LN (48.6%) (P <0.001). Blocking of neuro-
2a/LN and neuro-2a/ICAM-1+ lysis with anti-ICAM-1
monoclonal antibodies (mAbs) did not account for all the
LFA-1-dependent killing. These data indicate that even in
neuro-2a/ICAM-1+ cells, other LFA-1 ligands participated
in the effector-target interaction. Therefore, we examined
these cell lines for ICAM-2 expression. Both neuro-2a/LN
and neuro-2a/ICAM-1+ lines expressed ICAM-2
(MCF = 16.4 and 16.5). ICAM-2 accounted for the major-
ity of the LFA-1-dependent killing in the ICAM-1-nega-
tive target, neuro-2a/LLN, while ICAM-1 played a primary
role in the cytolysis of the [ICAM-1+ transfectant. Inhibi-
tion of lysis in the presence of anti-ICAM-1 and ICAM-2
mAbs was comparable to that seen with the addition of
anti-LFA-1 mAb, indicating that other LFA-1 ligands were
not involved in this system. ICAM-1 expression was as-
sociated with decreased in vivo tumorigenicity; mice in-
oculated with neuro-2a/ICAM-1+ cells had a significantly
longer survival compared to those receiving neuro-2a/L.N
cells (median survival time 35.5 versus 24.5 days)
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(P <0.001). It is important to note that ICAM-1 transfec-
tion of murine neuroblastoma did not alter its metastatic
potential. We conclude that transfection of mouse neuro-
blastoma with ICAM-1 increases its sensitivity to in vitro
lysis and reduces its in vivo tumorigenicity. In ICAM-1-
negative murine neuroblastoma cells, ICAM-2 plays a pri-
mary role in cell-mediated lysis.
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Introduction

Neuroblastoma, a tumor of neural crest origin, presents in
most patients as a primary paraspinal mass with a wide-
spread pattern of metastases. Conventional multimodality
therapy has proven ineffective for the majority of children
older than 1 year with disseminated disease. This has re-
sulted in a search for innovative therapeutic approaches.
Numerous studies have explored ways to enhance the im-
mune response to this tumor. It is well established that
neuroblastoma cells have low expression of major his-
tocompatibility complex (MHC) class T antigens [19, 20]
and consequently are resistant to MHC-restricted cytotox-
ic-T-cell(CTL)-mediated lysis [21]. Interferon y (IFN7) in-
duces expression of MHC class I antigens on neuroblas-
toma lines [19, 22]. This has been shown to increase their
sensitivity to CTL-mediated lysis by some investigators
but not by others [22, 46].

Cell-adhesion molecules (CAM) are essential in effec-
tor-target interactions [23, 26, 30, 36, 43]. Lymphocyte-
function-associated antigen (LFA-1), a member of the inte-
grin family, consists of a 180-kDa o. subunit (CD11a) and
a 95-kDa B subunit (CD18) and plays a major role in
leukocyte adhesion [4, 5, 36]. Intercellular adhesion mole-
cule 1 (ICAM-1), the first ligand described for LFA-1, is a
member of the immunoglobulin superfamily and has five
immunoglobulin-like domains with the binding site for



136

LFA-1 found on its N-terminal domain [6, 14, 34, 37].
ICAM-1 is expressed by a wide variety of normal cells and
heterogeneously by certain tumors. Neuroblastoma cell
lines have poor expression of ICAM-1, which may prevent
stable conjugate formation with CTL and contribute to
their decreased susceptibility to lysis [11, 25]. Cytokines
such as IFNyinduce expression ICAM-1 on neuroblastoma
lines [11, 12, 25]. Induction of ICAM-1 by IFNy has been
reported by some investigators to enhance sensitivity of
neuroblastoma to lysis by MHC-unrestricted lymphokine-
activated killer (LAK) cells while others have demon-
strated a reduction in killing {12, 13, 25]. More recently, a
second ligand for LFA-1 has been described and termed
ICAM-2, which has partial homology with ICAM-1 and is
made up of two immunoglobulin-like domains [3, 38]. To
our knowledge, there are no published studies on whether
neuroblastoma cells express ICAM-2 and if this ligand is
important in cell-mediated killing of this tumor.

Similar to its human counterpart, murine neuroblastoma
has low MHC class I expression inducible by murine IFNy
[8, 33, 42], is resistant to CTL-mediated lysis [2, 29] and
sensitive to LAK killing [29, 32, 33]. The importance of

CAM, however, in the immune surveillance of murine -

neuroblastoma has not been previously examined. In this
study we transfected the ICAM-1-negative murine neuro-
blastoma cell line, neuro-2a, with the murine ICAM-1 gene
[18, 35] in order to study more directly the role of this
adhesion molecule in the interaction between lymphoid
effector cells and mouse neuroblastoma targets. Since
ICAM-1 expression has been reported to influence tumor
progression and dissemination [15, 27], we used a retro-
peritoneal mouse model [17] to evaluate whether transfec-
tion of murine neuroblastoma with the ICAM-1 gene
would alter its in vivo tumorigenicity or its metastatic
potential. Finally, we used a new anti-(murine ICAM-2)
monoclonal antibody (mAb) to examine the relative contri-
bution of this ligand in cytolysis of ICAM-1-positive and
-negative neuroblastoma clones. We demonstrate that
transfection of murine neuroblastoma with the murine
ICAM-1 gene enhances its susceptibility to lysis, reduces
its in vivo tumorigenicity and decreases the ICAM-2/LFA-
1-dependent killing.

Materials and methods

Murine neuroblastoma transfection and transduction. Neuro-2a (H-22), a
subclone of C1300 murine neuroblastoma derived in A/ mice (H-22) [1,
28] (American Type Culture Collection, Rockville, Md.), was main-
tained in culture in Dulbecco’s modified Eagle medium (DMEM)
(Gibco, Grand Island, N.Y.) supplemented with 2 mM L-glutamine
(Gibco), 100 U/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco),
0.5x MEM amino acids (Sigma, St. Louis, Mo.), 1 mM sodium pyru-
vate (Sigma), 50 UM 2-mercaptoethanol (Sigma) and 10% heat-inacti-
vated fetal bovine serum (Sigma).

A eukaryotic expression vector containing the sequence coding for
murine ICAM-1 under transcriptional regulation of the human B-actin
promoter [18, 35] and the neomycin phosphotransferase gene was trans-
fected into neuro-2a by using the DNA/calcium phosphate co-precipita-
tion technique [9]. Two days after transfection, the cells were subcultured
into medium containing 0.8 mg/ml neomycin analog G418 (Geneticin,
Gibco). Resistant colonies were isolated with cloning cylinders (Bellco,
Vineland, N.I.), expanded and tested for expression of ICAM-1 by

fluorescence-activated cell sorting (FACS) analysis as described below.
The expression of ICAM-1 in the neuro-2a clone used in this study
(neuro-2a/ICAM-1+) was tested several times over a period of 6 months
and found to be stable.

The retroviral plasmid LN, kindly provided by Dr. A: D. Miller [24]
was transfected into the ecotropic packaging line w-2. Forty-eight-hour
transient supernatants were collected and used to infect PA-317 am-
photropic packaging cells (ATCC). Neomycin-resistant colonies were
isolated, expanded and viral production assayed by titering on NIH 3T3
tk cells. Viral stocks containing 1.2 x 106 colony-forming units/ml were
prepared and used to expose neuro-2a cells at a multiplicity of 5 viral
particles/neuro-2a cell in the presence of 8 pg/ml polybrene. After 24 h,
exposed cells were subcultured into 0.8 mg/ml G418 and resistant neuro-
2a/LN clones isolated.

Evaluation of CAM expression of neuro-2a clones. Neuro-2a clones
(neuro-2a/LN and neuro-2a/ICAM-17) isolated on the basis of G418
resistance were washed in phosphate-buffered saline (PBS) containing
2% heat-inactivated fetal bovine serum and 0.1% sodium azide (Sigma).
A sample containing 1x 10° cells was placed in each well of 96-well
V-bottomed microtiter plates (Nunc, Naperville, 111.). ICAM-1 and
ICAM-2 expression of neuro-2a clones was determined by incubating
saturating amounts of mAbs with the cells for 30 min at 4° C. Antibodies
used included fluorescein-isothiocyanate(FITC)-labeled anti-(mouse
ICAM-1) mAb (clone 3E2; hamster IgG, PharMingen, San Diego, Calif.)
and anti-(mouse ICAM-2) (clone 3C4.3; rat IgG2a), which has been
found to recognize ICAM-2-transfected COS cells (H. Xu et al. in
preparation). The cells were then washed three times and fixed with PBS
containing 2% formaldehyde (Polysciences, Warrington, Pa.). A total of
10* cells, determined by forward light scatter, were analyzed using a
Becton Dickinson FACScan and Consort II software.

ICAM-1 expression of single-cell suspensions from excised tumors
was determined as described above with the addition of anti-(mouse
Fey I receptor) mADb (clone 2.4G2; rat IgG2b) [40] prior to staining with
FITC-conjugated anti-ICAM-1. This was done to block Fc receptors of
monocytes or natural killer (NK) cells, which may have been present in
the tumor suspension.

LAK cell preparation and culture. Spleens from A/J mice were removed
under sterile conditions and placed in tissue-culture medium (TCM)
consisting of RPMI-1640 medium (Gibco) supplemented with 25 mM
HEPES, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, 0.5 x MEM amino acids, 1 mM sodium pyruvate, 50 uM 2-mercap-
toethanol and 10% heat-inactivated fetal bovine serum. The spleens were
crushed with the piston of a syringe and spleen fragments gathered in a
pipette and filtered through a 100-pum Nytex mesh (Tetko Inc., Elmsford,
N.Y.). Splenocytes were washed once in TCM and the red cells removed
by hypotonic lysis. Mononuclear cells were washed three times and
resuspended in fresh TCM. LAK cultures were generated by incubating
1 x 106 cells/ml in TCM containing 1000 U/ml IL-2 [10]. Cultures were
supplemented with IL-2-containing TCM to maintain a cell density of
(0.2-1.0) x 108 cells/ml.

Cell sorting of LAK cultures. Day-5 LAK cells were washed in PBS
containing 2% heat-inactivated fetal bovine serum and 10 x 106 cells/ml
were incubated for 3 min with rat, anti-(mouse Fcy I receptor) mAb
(clone 2.4G2) [40] to block Fc receptors. The cells were then incubated
with saturating amounts of FITC-labeled anti-(Lyt 2) (clone 53-6.7, rat
1gG2a, Becton Dickinson, Mountain View, Calif.) for 30 min at 4° C and
then washed three times. LAK cells were then positively sorted using a
FACS-Star laser flow-cytometry system (Becton Dickinson).

Cytotoxicity assay. S'Cr-release assays were performed as described
previously [16]. In brief, neuro-2a target cells [(1—-2) x 106 in 0.5 ml
TCM] were incubated with 500 pCi Na51CrO4 (5 mCi/ml) (Amersham
Corporation, Arlington Heights, I11.) for 1 h at 37°C. Targets were
washed three times in TCM and resuspended at a concentration of 2 x 10*
cells/ml. Samples of 50 pl (1000 targets/well) were then added to 96-well
V-bottomed microtiter plates to which effectors had been previously
added in triplicate and serially diluted in TCM to yield effector-to-target
ratios from 100:1 to 3.7: 1. Spontaneous-release wells contained only



TCM and 5!Cr-labeled targets; maximal-release wells contained 2% Tri-
ton X-100 (Sigma) and 31Cr-labeled targets. The microtiter plates were
centrifuged at 200 g for 5 min and incubated at 37° C and 5% CO; for 3 h.

The plates were then centrifuged at 200 g for 10 min after which
100-ul aliguots of supernatant were harvested into glass scintillation
vials (Dynalon, Rochester, N. Y.} and 2.5 ml scintiflation fluid added
(Cytoscint; ICN Biomedicals, Irvine, Calif.). Radioactivity was counted
using a LKB 1216 liquid scintillation counter. Cytotoxicity was deter-
mined by the formula:

experimental mean radioactivity (cpm) -

o spontaneous-release mean radioactivity (cpm)
cytotoxicity (%) = 100 x

maximal-release mean radioactivity (cpm) —
spontaneous-release mean radioactivity (cpm)

Blocking studies. Hybridomas were used to produce monoclonal antibod-
ies for use in blocking experiments. Monoclonal antibodies were purified
from ascites by precipitation with 50% ammonium sulfate followed by
dialysis against PBS. Blocking studies were performed by blocking Fc
receptors on effector cells with 2.4G2 (anti-FeylIR; rat IgG2b) [40] for
3-5 min followed by incubation of effector cells and/or 51Cr-labeled
targets (at an effector-to-target ratio of 100: 1 or 50 : 1) with anti-(mouse
LFA-1 o chain) (clone FD441.8; rat IgG2b) [31], anti-(mouse ICAM-1)
(clone BE29G1; rat IgG2a) [18], anti-(mouse ICAM-1) (clone YN1/1;
rat IgG2a) [39] and/or anti-(mouse ICAM-2) (clone 3C4.3; rat IgG2a) for
30 min at 4° C and saturating antibody concentrations of 150 {ig/ml. The
microtiter plates were then centrifuged at 200 g for 5 min and incubated
at 37°C and 5% COx for 3 h. The plates were then centrifuged at 200 g
for 10 min after which 100-ul aliquots of supernatant were harvested into
glass scintillation vials and 2.5 ml scintillation fluid added. Radioactivity
was counted using a LKB 1216 liquid scintillation counter.

Retroperitoneal murine neuroblastoma model. Female A/J (H-27%) mice,
68 weeks old (Jackson Laboratories, Bar Harbor, Me.} were used for
the experiments. The animals were housed and fed ad libitum according
to University of Minnesota Research Animal Resources guidelines.
Neuro-2a/LN and neuro-2a/ICAM-1+ clones maintained in culture in our
laboratory were used for tumor induction. 1 x 109 cells in 0.2 ml were
inoculated retroperitoneally (r. p.) as described previously [17]. Briefly,
prior to r.p. injection, mice were anesthetized i.p. with 1.2—-1.4 mg
sodium pentobarbital (Nembutal, Abbott, North Chicago, Il1.). The coat
over the back and left side was shaved with an Oster small-animal
clipper, and the location of the spine, left kidney and spleen was identi-
fied under the skin. Tumor cells were carefully inoculated r. p. in the left
suprarenal area using a 27-gauge needle. In order to determine whether
metastases were present in the livers, spleens and bone marrows of
tumor-bearing mice, 5 109 cells from these organs (obtained 20 days
following r. p. tumor induction) were injected r. p. into healthy A/J mice.

Cytokines. Human recombinant IL.-2 with a specific activity of
1.6 x 107 U/mg, was kindly provided by Dr. Maurice Gately from
Hoffman LaRoche Inc., Nutley, N. J.

Statistical analysis. Student’s t-test was used to compare differences in
cytotoxicity and mean channel fluorescence of cells. The Kaplan-Meier
product-limit method was used to plot the survival of mice inoculated
with murine neuroblastoma clones and the log-rank statistic to test differ-
ences between groups. Differences in incidence of metastases between
groups was assessed with Fisher’s exact test.

Results

Transfection of ICAM-1 into neuro-2a cells increases ex-
pression and susceptibility to lysis by LAK cells

We determined the expression of [CAM-1 and ICAM-2 on
neuro-2a cells in order to evaluate whether these adhesion
molecules were involved in cytolysis of murine neuroblas-
toma. FACS analysis revealed that the control neuro-2a
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Fig. 1A, B. Flow-cytometric analysis of (A) transduced neuro-2a cells
with the neomycin-resistance gene, neuro-2a/L.N, and (B) transfected
neuro-2a with the murine ICAM-1 gene, neuro-2a/JICAM-1+. Cells were
analyzed for the expression of ICAM-1 (/) and ICAM-2 (2)
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Fig. 2. Lysis of ICAM-1-negative neuro-2a/LN and neuro-2a/ICAM-1+
clones by NK and LAXK effectors. Unstimulated fresh A/J splenocytes
(NK) or A/J splenocytes activated with IL-2 1000 U/ml for 5 days (LAK)
were used as effectors in 3-h 51Cr release assays. The means and SEM of
six experiments are shown. (LAK lysis of neuro-2a/LN versus neuro-
2a/ICAM-1* P <0.001 for each E: T ratio)

clone transduced with the neomycin-resistance gene
(neuro-2a/LN) poorly expressed ICAM-1 (mean channel
fluorescence, MCF = 3.7 versus 1.8 isotype control) and
had intermediate levels of ICAM-2 (MCF = 16.4) (Fig. 1).
We transfected neuro-2a cells with the murine ICAM-1
gene. The neuro-2a/ICAM-1+ clone had high levels of
ICAM-1 (MCF = 64.3) and continued to express interme-
diate levels of ICAM-2 (MCF = 16.5) (Fig. 1).
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Fig. 3. Inhibition of neuro-2a/LN and neuro-2a/ICAM-1+ lysis by anti-
ICAM-1, anti-ICAM-2 and anti-LFA-1 monoclonal antibodies. A/J
splenocytes activated with IL-2 1000 U/ml for 5 days (LAK) were used
as effectors. Neuro-2a/LN and neuro-2a/ICAM-1+ cells were used as
targets. Fc receptors on effector cells were blocked with 2.4G2 mAb for
3--5 min then the effector cells and 31Cr-labeled targets were incubated
with 150 pg/ml anti-(mouse ICAM-1) (clone BE29G1 and YN1/1)
and/or or anti-(mouse ICAM-2) (clone 3C4.3) or anti-(LFA-1 o chain)
(clone FD 441.8) during the 3-h 51Cr-release assay or incubation of
effectors with anti-LFA-1 mAb and targets with anti-ICAM mAbs for
30 min prior to the 51Cr-release assay. The means and SD of the percent-
age lysis at a 100:1 effector-to-target ratio of six replicate wells of a
representative experiment are shown

Cytotoxicity assays were then performed to evaluate
whether expression of ICAM-1 would alter the sensitivity
of neuro-2a to lysis by IL-2-activated and non-activated
effector cells. As illustrated in Fig. 2 unstimulated spleno-
cytes were unable to lyse neuro-2a/LN cells. Transfection
and expression of ICAM-1 did not enhance susceptibility
to NK lysis. However, the neuro-2a/ICAM-1+ clone was
significantly (P <0.001) more sensitive than neuro-2a/LN
to killing by LAK effectors.

Lyt2*

Participation of CAM in cytolysis of ICAM-1-positive
and -negative neuro-2a by IL-2-activated cells

Blocking experiments were then performed to evaluate the
contribution of LFA-1 and its ligands in the cytolysis of
ICAM-1-positive and -negative murine neuroblastoma
clones. Fc receptors on effector cells were blocked with
2.4G2 mAb, in order to avoid antibody-dependent cellular
cytotoxicity (ADCC) from taking place. We initially eval-
uated cytolysis by adding the anti-LFA-1 o chain mAb
(FD441.8) to effector cells and anti-ICAM-1 (BE29G1 and
YN1/1) and/or anti-ICAM-2 mAbs (3C4.3) to the targets.
Addition of mAbs (150 pg/ml) in the presence of both
effector and target cells yielded similar results.

Anti-LFA-1 mAb significantly (P <0.001) decreased
lysis of neuro-2a/LN by LAK cells (Fig. 3). Blocking of
ICAM-1 with either BE29G1 or YN1/1 mAb alone or in
combination did not significantly reduce killing, suggest-
ing that other LFA-1 ligands participated in LAK-neuro-
2a/LLN conjugate formation. We therefore examined the
role of ICAM-2 in the cytolytic process. Anti-ICAM-2
mADb significantly inhibited killing (P <0.001) indicating
that in ICAM-1-negative neuro-2a/LN cells, ICAM-2 is the
primary ligand for LFA-1. Inhibition of lysis in the pres-
ence of anti-ICAM-1 and anti-ICAM-2 mAbs was compa-
rable to that seen with the addition of anti-ICAM-2 or
anti-LFA-1 mAb alone, indicating that ICAM-2 was the
only LFA-1 ligand involved in this system. The CD2/LFA-
3 interaction did not appear to be important, since saturat-
ing concentrations of the anti-CD2 mAb, RM 2.2 [45], did
not significantly decrease killing of neuro-2a/LN by LAK
cells (data not shown).

Having determined that blocking the ICAM/LFA-1 in-
teraction resulted in decreased lysis of ICAM-1- neuro-
2a/LN, we then examined the effect of anti-CAM mAbs on
cytolysis of neuro-2a/ICAM-1+ cells (Fig. 3). Lysis of
neuro-2a/ICAM-1+ by LAK cells was significantly
(P <0.001) inhibited by anti-LFA-1 mAb. Addition of anti-
ICAM-1 mAbs (BE29G1 and YNI1/1) significantly

neuro-2a/LN

neuro-2a/ICAM-1*

% lysis

Fig. 4. Inhibition of neuro-2a/LN and neuro-2a/ICAM-1+ by anti-ICAM-
1, anti-ICAM-2 and anti-L.FA-1 monoclonal antibodies. A/J splenocytes
activated with 1000 U/ml IL-2 for 5 days (LAK) were used as effectors.
Lyt2+ LAK cells were positively sorted from these cultures just prior to
the assay. Neuro-2a/LN and neuro-2a/ICAM-1+ cells were used as tar-
gets. Fc receptors on effector cells were blocked with 2.4G2 mAb for

J
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3—5 min then the effector cells and 31Cr-labeled targets were incubated
with 150 pg/ml anti-(mouse ICAM-1) (clone BE29G1 and YN1/1)
and/or or anti-(mouse ICAM-2) (clone 3C4.3) or anti-(LFA-1 o chain)
(clone FD 441.8) during the 3-h 51Cr-release assay. The means and SD of
the percentage lysis at a 50 : 1 effector-to-target ratio of six replicate wells
of a representative experiment are shown
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Fig. 5 A, B. Effect of ICAM-1 expression on survival of mice. A A/J
mice were inoculated r.p. with 106 neuro-2a/LLN or neuro-2a/ICAM-1+
cells. The combined resuits of two experiments are shown (n=21
mice/group). Log-rank statistic: P <0.001. B A/J mice were inoculated
1.p. with 106 unmodified neuro-2a or another ICAM-1-expressing clone,
neuro-2a/ICAM-1+B, (n = 10 mice/group). Log-rank statistic: P <0.02

(P <0.001) decreased killing of neuro-2a/ICAM-1+. Al-
though blocking with anti-ICAM-2 also reduced killing of
neuro-2a/ICAM-1+ (P <0.01), the relative contribution of
ICAM-2 was not as prominent as in the ICAM-1- neuro-
2a/LN cells. There was no difference between blockade
with anti-LFA-1 alone and anti-LFA-1 + anti-ICAM-1 +
anti-ICAM-2 (data not shown).

We then evaluated the cytolytic function of selected cell
subpopulations from within the LAK cultures, to determine
if activated T cells or NK cells mediated the majority of the
killing (Fig. 4). Positively sorted Lyt2+ cytotoxic T cells
were not as potent effectors against neuro-2a targets com-
pared with the population enriched for NK cells (Lyt2-
LAK) (P <0.001). Expression of ICAM-1 significantly in-
creased susceptibility to lysis by both Lyt2+ and Lyt2-
LAK cells (P <0.001). Blocking studies revealed the same
pattern of inhibition as with unsorted LAK, with ICAM-2
accounting for the majority of the LFA-1-dependent killing
in the ICAM-1- target and ICAM-1 playing a primary role
in the cytolysis of the ICAM-1+ transfectant.

ICAM-1 gene transfer into neuro-2a cells reduces their
tumorigenicity

We have recently described a retroperitoneal murine neu-
roblastoma model which, compared to the subcutaneous
model, more closely simulates human disease [17]. Neuro-
blastoma develops in the majority of children as a retro-
peritoneal tumor; r. p. administration of neuroblastoma per-
mits the tumor to enlarge locally and metastasize. This site
provides an optimal environment for the analysis of the
immune surveillance against this tumor. In order to eval-
vate whether ICAM-1 expression would influence the
tumorigenicity of murine neuroblastoma, neuro-2a/LN and
neuro-2a/ICAM-1+ cells were injected r.p. into syngeneic
A/] mice. As demonstrated in Fig. 5 A, inoculation of 106
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Fig. 6. Flow-cytometric analysis of neuro-2a/LN and neuro-2a/ICAM-1+
tumors resected from mice 20 days following s. ¢. inoculation. Cells were
analyzed for the expression of [CAM-1

neuro-2a/LN cells invariably led to death of all mice (me-
dian survival time, MST = 24.5 days). ICAM-1 gene trans-
fection and expression decreased the tumorigenicity of
neuro-2a with mice receiving 106 neuro-2a/ICAM-1+ cells
having improved survival (MST = 35.5 days) (P <0.001).
Our results were found to be reproducible when another
ICAM+ transfectant, neuro-2a/ICAM-1+B was inoculated
1.p. and survival compared to mice receiving unmodified
neuro-2a (MST = 24 versus 37 days) (Fig. 5 B).

In order to evaluate whether neuro-2a/ICAM-1+ tumors
growing in vivo retained their elevated ICAM-1 expres-
sion, 20-day-old tumors were excised from mice and sur-
face ICAM-1 expression was compared to neuro-2a/LN
tumors. As depicted in Fig. 6, cells from resected neuro-
2a/ICAM-1+ tumors expressed higher levels of ICAM-1
(MCF = 55.6) than those from neuro-2a/LLN tumors
(MCF = 8.1) (P <0.001).

Transfection of neuro-2a with ICAM-1 does not alter its
metastatic potential

We have previously shown that adoptive transfer of cells
from livers, spleens and bone marrows of neuroblastoma-
bearing mice into healthy hosts is more sensitive in detect-
ing micrometastases than microscopic examination of
tissue sections [17]. Since ICAM-1 expression has been
reported to influence tumor dissemination, we evaluated
the propensity of neuro-2a/LN and neuro-2a/ICAM-1+
tumors to metastasize following r.p. inoculation. Adoptive
transfer of hepatic single-cell suspensions (5 x 106 cells),
obtained from mice with 20-day-old neuro-2a/LN or
neuro-2a/ICAM-1+ tumors, into healthy hosts resulted in
tumor growth and death of 4/12 and 3/12 of mice respec-
tively (P = NS). Furthermore, r.p. injection of splenic cell
suspensions from tumor-bearing mice led to the develop-
ment of tumors in 2/12 (neuro-2a/LN) and 2/12 (neuro-
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2a/ICAM-1+) secondary recipients (P = NS). . p. inocula-
tion of bone marrow from 12 neuro-2a/LLN and 12 neuro-
2a/ICAM-1+-bearing mice into healthy hosts failed to re-
sult in tumor development after a follow-up period of 100
days. It therefore appears that ICAM-1 expression by
murine neuroblastoma cells does not enhance tumor dis-
semination to distant sites.

Discussion

We have utilized a murine neuroblastoma model to ex-
amine the role of CAM in the anti-neuroblastoma immune
response. We have shown that, like the human tumor,
murine neuroblastoma neuro-2a has poor endogenous ex-
pression of ICAM-1. In order to examine directly the in-
volvement of ICAM-1 in cytolysis, we transfected neuro-
2a with the murine ICAM-1 gene and generated a high-
ICAM-1-expressing clone. We have clearly demonstrated
that ICAM-1 transfection results in enhanced susceptibility
to lysis by IL-2-activated effectors including CD8+ T cells
and NK cells. Our results are consistent with observations
by Naganuma et al., who reported that incubation of neuro-
blastoma lines with IFNYy increased ICAM-1 expression
and was associated with increased killing by LAK effectors
[25], but are in contrast to those of Gross et al., who
demonstrated decreased susceptibility to LAK lysis of var-
ious human neuroblastoma lines following treatment with
IFNv [12]. Since IFNv has complex effects on modulation
of different accessory molecules on tumor cells, transfec-
tion of neuro-2a with the ICAM-1 gene allowed us to
analyze the role of ICAM-1 separately.

Based on ICAM-1 blockade studies in a number of
tumor cell lines, it would appear that LFA-1-dependent
killing involves other ligands such as ICAM-2. The murine
ICAM-2 gene has recently been cloned and found to be
highly homologous to the human molecule [44]. With the
use of a new anti-(murine ICAM-2) mAb (Xu et al. in
preparation), we examined the involvement of ICAM-2 in
the cytolysis of ICAM-1-positive and -negative murine
neuroblastoma clones. We found that ICAM-2 plays an
important role in the LFA-1-dependent killing of ICAM-1~
neuro-2a/LN cells, while ICAM-1 assumed the primary
role in cytolysis of the neuro-2a/ICAM-1+ line. Although
several LEA-1-dependent, ICAM-1-independent cell inter-
actions have been accounted for by ICAM-2, a third ligand
for LFA-1 has recently been described [41]. However,
other LFA-1 ligands did not appear to be critical in our
system since blocking with anti-ICAM-1 and anti-ICAM-2
mAbs accounted for all the LFA-1-dependent killing of
both ICAM-1-positive and -negative neuro-2a clones. Of
note in our studies is that LFA-1 or ICAM-1 and ICAM-2
blockade of the neuro-2a/ICAM-1+ line was associated
with higher killing when compared to the neuro-2a/LLN
clone. The reason for this is unclear to us at this time but it
was found to be reproducible in six experiments performed
using saturating mAb concentrations of 150 pLg/ml.

There have been conflicting reports on the association
between ICAM-1 and tumor progression and dissemina-
tion. Recent studies have indicated that ICAM-1 expres-
sion of melanoma correlates with lesion thickness and me-

tastases [15, 27]. The disease-free survival of patients with
ICAM-1- melanomas was significantly better than those
with ICAM-1+ primary lesions {27]. Metastatic deposits
were found to have higher levels of ICAM-1 than the
primary tumors [15, 27]. It has been suggested that ICAM-
1 expression by melanoma cells results in their adhesion to
LFA-1-bearing leukocytes, which may facilitate tumor dis-
semination [15]. Both neuroblastoma and melanoma are
tumors of neuroectodermal origin. In contrast to melanoma
cells, ICAM-1 has been found to be preferentially ex-
pressed on low-stage well-differentiated neuroblastoma
specimens [7, 12]. Furthermore, in one study of 51 clinical
neuroblastoma specimens, ICAM-1 expression was re-
stricted to N-myc-negative tumors [7]. To assess further the
influence of ICAM-1 on tumorigenicity, we compared the
survival of mice inoculated with ICAM-1-positive and
negative neuro-2a cells. ICAM-1 expression was as-
sociated with improved outcome. This may in part be due
to the enhanced susceptibility to lysis of ICAM-1+ neuro-
2a cells. Moreover, we denionstrated that mice inoculated
with ICAM-1-transfected neuroblastoma cells did not have
an increased incidence of metastases. We have also ex-
amined the expression of ICAM-1 in metastatic neuro-2a
lesions. Tumor cells obtained from metastases did not have
increased expression of JCAM-1 when compared to cells
from primary neuro-2a tumors (unpublished data).

In summary, we have demonstrated that transfection of
mouse neuroblastoma with [CAM-1 increases its sensitiv-
ity to in vitro lysis and reduces its in vivo tumorigenicity
without enhancing metastatic potential. Moreover, the im-
portance of ICAM-2 in the cytolytic process of ICAM-1-
negative murine neuroblastoma cells has been docu-
mented.
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