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Human neuroblastoma cell lines typically consist of
heterogenous subpopulations of cells that are mor-
phologically and biochemically distinct. The cell
types are characterized as neuroblastic (N-type), sub-
strate-adherent Schwann-like (S-type), or intermedi-
ate (D). These cell types can undergo spontaneous or
induced transdifferentiation in vitro. We investigated
the complement sensitivity of different neuroblas-
toma cell lines and of matched sets of cloned N- and
S-type neuroblastoma cell lines. Human neuroblas-
toma cell lines that consisted predominantly of a neu-
roblastic phenotype were shown to be significantly
more susceptible to human complement-mediated ly-
sis than cell lines of other cancer types. Complement
sensitivity of neuroblastoma cell lines was correlated
with low levels of CD59, decay-accelerating factor,
and membrane cofactor protein expression. We
found that cloned S-type neuroblastoma cells were
much more resistant to complement-mediated lysis
than cloned N-type cells. The increased complement
resistance of S-type cells was shown to be due to
increased expression of membrane-bound comple-
ment inhibitors. CD59 was the single most important
protein in providing S-type cells with protection from
complement lysis. S-type cells were also found to ex-
press lower levels of GD2, a target antigen for a com-
plement activating monoclonal antibody currently in
clinical trials for neuroblastoma immunotherapy.
The ability of S-type cells to evade complement, and
the ability of S-type cells to differentiate into the more
tumorigenic N-type cells, may represent a mechanism
of tumor survival and regrowth, a phenomenon often
observed with this cancer. (Am J Pathol 2000,
156:1085-1091)

Neuroblastoma is one of the most common extracranial
solid tumors of children and is often lethal in patients who
present with metastatic disease. Although these tumors

may respond well to chemotherapy and spontaneous
tumor regression is sometimes observed, neuroblastoma
has a propensity to recur, sometimes after long periods of
quiescence, eventually killing the patient. The molecular
mechanisms underlying disease progression and tumor
regrowth are not well understood.”

Neuroblastomas exhibit diverse morphologies with tu-
mors composed generally of a mixture of neuroblasts,
ganglion cells, Schwann-like cells, and stromal cells.
Since the initial description of distinct N- and S-type cells
by Biedler et al, subclones have been derived from es-
tablished neuroblastoma cell lines.? Cells with intermedi-
ate morphology (I-type) have also been cloned, and the
three subtypes can interconvert or transdifferentiate ei-
ther spontaneously or after chemical induction. In vivo
correlates of these various clonal subtypes have not been
definitively determined, but it is generally believed that
S-type cells exist and may be masquerading as stromal
or Schwann-like cells. Although some stromal cells in
human neuroblastoma may derive from normal tissues,
the presence of S-type cells in human neuroblastoma is a
real possibility.

It is not clear how transdifferentiation between the dif-
ferent morphological phenotypes might modify tumor be-
havior and response to treatment. It has been hypothe-
sized that S-type cells represent a more differentiated
benign cell type and that tumor regression, either spon-
taneous or as a result of therapy, may parallel transdif-
ferentiation from N to S cells.? It is also possible that
S-type cells, and their ability to differentiate to more tu-
morigenic N cells, represent an important link between
tumor regression and frequently observed tumor recur-
rence. There have been many studies on N and S cell
differentiation and on the molecular basis for N cell tu-
morigenicity. However, these studies have not addressed
the relative resistance of the cell types to anti-tumor re-
agents and to host defense mechanisms.

Complement resistance is likely to play an important
role in tumor cell survival, and may contribute to tumor
cell escape from immune surveillance and present ob-
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stacles to effective antibody-mediated immunotherapy.
The Complement effector systems involved in the im-
mune response to tumor cells include amplification of
inflammatory response, recruitment and activation of im-
mune effector cells and direct complement-mediated cy-
tolysis. Complement activation is controlled on the sur-
face of host cells by the membrane-bound proteins
decay-accelerating factor (DAF), membrane cofactor
protein (MCP), and complement receptor 1 (CR1). These
proteins inhibit formation of the C3 convertase, an enzy-
matic complex that amplifies the complement cascade.
The terminal complement pathway is inhibited by mem-
brane-bound CD59, which binds to the assembling mem-
brane attack complex (MAC or C5b-9) and prevents cy-
tolysis. CD59, together with DAF and/or MCP, is
expressed by almost all primary tumors and tumor cell
lines that have been examined; they are often up-regu-
lated on tumor cells. In this study we investigate the
expression of complement inhibitors by various neuro-
blastoma cell types and the susceptibility of these cells to
complement-mediated lysis.

Materials and Methods

Cell Lines

SK-N-ER is a neuroblastoma cell line established at Me-
morial Sloan-Kettering Cancer Center. LAN-1 neuroblas-
toma cell line was obtained from Dr. Robert Seeger of the
University of California-Los Angeles. Seven clones of the
neuroblastoma cell line LAN-1 were derived as previously
described,® and the derived N-type and S-type cloned
cell populations (55N, 5S, 66N, 6S) were kindly provided
by Dr. Robert Ross, Fordham University (New York, NY).
NMB-7 (neuroblastoma) was provided by Dr. Liao of
McMaster University (Hamilton, ON). The melanoma cell
line HTB-63 was provided by Dr. A. N. Houghton (Memo-
rial Sloan-Kettering Cancer Center). The ovarian cell line
SKOV3 was provided by Dr. M. L. Disis (University of
Washington, Seattle, WA). The breast cancer cell line
BT474 was purchased from the American Type Culture
Collection. HTB-63 and SKVO3 were maintained in Mc-
Coy’s S5A medium (GIBCO BRL, Grand Island, NY) con-
taining 10% fetal calf serum. All other cell lines were
passaged in RPMI 1640 media supplemented with 10%
heat-inactivated defined bovine calf serum (Hyclone, Lo-
gan, UT), 2 mmol/L glutamine. All media contained 100
U/ml of penicillin and 100 pg/ml of streptomycin and
incubation was at 37°C in 5% CO,.

Antibodies and Complement

Rabbit antisera to tumor cell membranes used to sensi-
tize the various tumor cell lines to complement were
prepared by standard techniques.* Cell membranes of
each cell line were prepared by Dounce homogenization
of cells in hypotonic media (10 mmol/L sodium phos-
phate, pH 8) and subcellular fractionation to remove nu-
clei and mitochondria. Anti-GD2 3F8 monoclonal anti-
body® and the tumor-selective 8H9 monoclonal antibody®

were described previously. Anti-human CD59 monoclo-
nal antibody YTH53.17 was a gift from Dr. B. P. Morgan
(University of Wales, Cardiff, UK), anti-DAF polyclonal
antibody and monoclonal antibody 1H4® were gifts from
Dr. T. Kinoshita (Osaka University, Osaka, Japan) and
anti-MCP monoclonal antibody M75° was a gift of Dr.
D. M. Lublin (Washington University, St. Louis, MO). Anti-
DAF monoclonal antibody 1A10 was described previous-
ly.® F(ab), antibody fragments of anti-CD59 YTH53.1 and
anti-DAF 1H4 were prepared by pepsin digestion using
an F(ab), preparation kit from Pierce (Rockford, IL) ac-
cording to supplied instructions. FITC-conjugated anti-
bodies used for flow cytometry were purchased from
Sigma (St. Louis, MO). Normal human serum was ob-
tained from the blood of healthy volunteers in the labora-
tory and stored in aliquots at —70°C until use.

Flow Cytometry and Western Blot Analyses

Analysis of cell surface protein expression was per-
formed by flow cytometry using appropriate antibodies
as previously described.’® Isotype-matched control anti-
bodies were used in experiments. Anti-DAF Western blot-
ting was performed on cell membrane preparations that
were prepared as described above. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immuno-
blotting were performed as described in a previous study
that analyzed DAF expression on neuroblastoma cell
lines."" The anti-DAF monoclonal antibody 1H4 was used
for Western blot analysis. Membrane preparations from
the equivalent of approximately 3 X 10° cells were
loaded per lane for the neuroblastoma cell lines and from
the equivalent of approximately 1 X 10° cells for SKOV3;
the Western blot data shown are qualitative and were
obtained to confirm data on DAF expression obtained
from flow cytometry.

Complement Lysis Assays

Complement-mediated cell lysis was determined by a
standard ®'Cr release assay.'? Briefly, cells at 50 to 80%
confluency were detached with versene/EDTA (Gibco),
washed once, and resuspended in Eagle’s minimal es-
sential medium (EMEM)/10% heat-inactivated fetal calf
serum. Cells were preloaded with®'Cr at a concentration
of 1 X 107/ml (2 hours/37°C), washed in complete media
and resuspended to 1 X 10%/ml. Rabbit anti-cell mem-
brane antisera at a final concentration of 10% diluted in
EMEM/10% fetal calf serum, or monoclonal antibody 3F8
at 15 pg/ml was added and the cells incubated on ice for
30 minutes. Cells were centrifuged and resuspended to
1 X 10%/mlin EMEM/10% fetal calf serum. Equal volumes
of cells and serum dilutions were incubated for 60 min-
utes at 37°C, and cell lysis determined by measuring
released radioactivity. In some experiments, lysis was
determined by trypan blue exclusion'® with similar re-
sults. Complement lysis assays of neuroblastoma cell
lines were also performed using monoclonal antibody
8H9 together with anti-lgG1 polyclonal antibody to sen-
sitize cells to complement. Monoclonal antibody 8H9 is
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Figure 1. Lysis of tumor cell lines by human complement. Cells were sen-
sitized to complement by preincubation in 10% anti-membrane rabbit anti-
serum. Sensitized cells were washed, exposed to the indicated concentration
of human serum (37°C/60 minutes), and cell lysis determined. Either the
omission of sensitizing antibody or the use of heat-inactivated human serum
in cell lysis assays resulted in a background lysis of <10% of test value. Figure
shows representative data from three separate experiments.

IgG1 and recognizes a tumor-selective surface antigen
on neuroblastoma cells.® Cells were incubated first with
8H9 at 10 ug/ml for 30 minutes at 4°C, and purified rabbit
anti-mouse 1gG1 polyclonal antibody at 15 pg/ml (Sigma)
was then added. A secondary anti-lgG1 complement ac-
tivating antibody was necessary because mouse IgG1
does not activate complement. At similar antibody concen-
trations, similar levels of anti-IgG1 bound to both 5S and
55N cells as determined by flow cytometry (see Results).

The effect of anti-complement inhibitor blocking anti-
bodies and F(ab), fragments on complement-mediated
lysis was performed essentially as described.’ "¢ The
function blocking activity of anti-CD59 YTH53.1,"*17 anti-
DAF 1H4' and anti-MCP M75'® has been previously
characterized. Cells were preincubated with 50 ug/ml
blocking antibody or F(ab), fragment for 30 minutes be-
fore the addition of sensitizing antibody, and lysis was
then determined. Complement inhibitor blocking experi-
ments were performed with whole antibodies, and for
YTH53.1 and 1H4, with F(ab), fragments. The results
were essentially similar whether whole antibody or F(ab),
fragments were used.

Results

Sensitivity of Neuroblastoma and Other Cancer
Cell Lines to Lysis by Complement

Three neuroblastoma cell lines and a representative cell
line from three other types of cancer were assayed for
their sensitivity to human serum. All of the neuroblastoma
cell lines tested were effectively lysed by human comple-
ment (Figure 1). In contrast, the other cancer cell lines
were relatively complement-resistant, even at high con-
centrations of human serum. This finding is generally
consistent with studies using various other cancer cell
lines. Rabbit antisera raised against membrane prepara-
tions from each cell line were used to sensitize the tumor
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Figure 2. Lysis of anti-GD2-sensitized HTB-63 and NMB-7 by human com-
plement. Cells were sensitized to complement by preincubation in anti-GD2
3F8 monoclonal antibody at 15 ug/ml. Sensitized cells were washed, ex-
posed to the indicated concentration of human serum (37°C/60 minutes),
and cell lysis determined. Figure shows representative data from three sep-
arate experiments.

cells to complement, and at the antiserum concentration
used in complement lysis assays, all cell lines stained
with a similar saturating mean fluorescence when ana-
lyzed by flow cytometry. However, it is possible that
differences in the sensitizing antibodies may account for
the difference in the observed lysis. The antisera may
also contain antibodies against membrane complement
inhibitors that may bias the results, although we could not
detect purified CD59 on a Western blot using the antisera
(not shown). For this reason, we compared the comple-
ment susceptibility of HTB-63 (melanoma) and NMB-7
(neuroblastoma) using the anti-GD2 monoclonal anti-
body, 3F8, as sensitizing antibody. These two cell lines
were found to exhibit a similar mean fluorescence when
stained by means of 3F8 (HTB-63 = 486, NMB-7 = 437),
but the melanoma cell line was considerably more resis-
tant to lysis by human complement when sensitized with
3F8 (Figure 2), consistent with data obtained using poly-
clonal antisera. Also, the relative sensitivities of the cell
lines to complement was the same when various other
complement activating anti-tumor antigen monoclonal
antibodies were used to sensitize tumor cells (anti-HER2
for BT474 and SKOV3 cell lines that both express high
levels of the HER2/erbB2 antigen, anti-GD3 for HTB-63,
and anti-GD2 for neuroblastoma cell lines), although an-
tigen density and relative binding of the different antibod-
ies was not quantitated (data not shown).

Expression of Complement Inhibitors

Each cell line was assayed for relative expression of
membrane-bound complement inhibitors by flow cytom-
etry. Data in Figure 3 show that the relative expression of
CD59, MCP, and DAF on neuroblastoma cell lines were
all low compared to expression of these complement
inhibitory proteins on the other cancer cell types. Thus,
the complement resistance of neuroblastoma and the
other cancer cell lines correlated with the relative overall



1088 Chen et al
AJP March 2000, Vol. 156, No. 3

800 -

. CD59
g S DAF
g
§ 600 §
] ) B MCP
= N
g 400 Q
[}
g N
2 N
E 200+
&
o N E—l N

N & N S N
& & & é‘& c;éo \»§

Cancer cell line

Figure 3. Surface expression of complement inhibitory proteins on tumor cell
lines. Cells were stained by immunofluorescence using monoclonal antibodies
to human CD59 (YTH53.1), MCP (M75), and DAF (1H4) as primary antibodies.
Figure shows relative mean fluorescence by flow cytometric analysis. Isotype-
matched antibodies of irrelevant specificity were used for controls.

expression levels of complement inhibitors. Of note, we
detected DAF expression on the surface of the neuro-
blastoma cell lines, whereas previous studies have failed
to detect expression of DAF on various neuroblastoma
cell lines.""'8

To ensure that the 1H4 anti-DAF monoclonal antibody
that we used for flow cytometry was not cross-reacting
with a neuroblastoma cell surface antigen, we performed
flow cytometric analysis using different anti-DAF antibod-
ies (1A10 monoclonal antibody and anti-DAF polyclonal);
the same relative levels of DAF expression were found
(not shown). To further confirm our data, we also per-
formed anti-DAF Western blot analysis of neuroblastoma
cell membranes. Figure 4 shows the presence of DAF of
the expected molecular weight (60 kd) in LAN-1 and
SK-N-ER neuroblastoma cell membranes. We did not
detect DAF in NMB-7 membrane preparations by this
method, but the level of DAF expression by this cell line
as indicated from flow cytometry was extremely low. The
second band of lower molecular weight reacting with
anti-DAF antibody observed in the LAN-1 membrane may
be a degradation product.
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Figure 4. Western blot analysis of DAF expression by tumor cell lines.
Membrane preparations from the indicated neuroblastoma cell lines and the
SKOV3 ovarian cancer cell line were analyzed by Western blot using anti-
DAF monoclonal antibody 1H4.
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Figure 5. Surface expression of tumor-associated antigens on neuroblastoma
tumor cell lines. Cells were stained by immunofluorescence using monoclo-
nal antibodies to GD2 (monoclonal antibody 3F8) and an undefined tumor-
selective antigen (monoclonal antibody 8H9) as primary antibodies. Figure
shows relative mean fluorescence by flow cytometric analysis. Isotype-
matched antibodies of irrelevant specificity were used for controls.

Analysis of N- and S-Type Cells

As noted, neuroblastoma consists of diverse morphologies.
We next analyzed cloned matched sets of N- and S-type
cells, derived from the LAN-1 cell ling, for their susceptibility
to complement-mediated lysis. We wished to use the clini-
cally relevant antibody 3F8 to sensitize the N and S type
cells to complement. 3F8 is a complement activating anti-
body currently in clinical trials that recognizes GD2, an
antigen overexpressed on neuroblastoma. However, S cells
express significantly lower levels of GD2 relative to N type
cells and the parental LAN-1 cell line (Figure 5).'® This
finding means that 3F8 is not a suitable complement-acti-
vating antibody for comparing the complement sensitivity of
N and S cells, but also has possible implications regarding
the survival of S type cells in vivo after 3F8 immunotherapy.
A different tumor-selective antibody, 8H9,° was found to
stain LAN-1 and the matched set of 5S and 55N cells with a
similar mean fluorescence when analyzed by flow cytom-
etry (Figure 5). 8H9 recognizes an undefined tumor-selec-
tive antigen and is a candidate for antibody-targeted ther-
apies.® Therefore, 8H9 was used to target complement to
the cell surface in complement lysis assays of 5S, 55N, and
LAN-1. Because 8H9 is a non-complement-activating
mouse IgG1 isotype, we used 8H9 together with polyclonal
anti-lgG1 antibody to sensitize the cells to complement (see
Materials and Methods). Figure 6 shows that 55N and the
parental cell line LAN-1 were sensitive to lysis by human
complement, with 55N being slightly more resistant. The 5S
cells, however, were almost completely resistant to lysis by
complement. The fact that the parental LAN-1 cell line is the
most sensitive to complement-mediated lysis likely just rep-
resents the average of a heterogeneous population contain-
ing highly sensitive clones. Cell lines in passage become
heterogeneous over time and the LAN-1 cell line has been
in passage over several years, whereas the N and S cell
variants were cloned out with a limited number of passages.

We next analyzed 5S and 55N for expression of com-
plement inhibitors. Figure 7 shows that the intensity of
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Figure 6. Lysis of neuroblastoma tumor cell lines by human complement.
Cells were sensitized to complement by preincubation with 8H9 and anti-
1gG1 antibodies. Sensitized cells were then exposed to the indicated con-
centration of human serum (37°C/60 minutes), and cell lysis determined.
Either the omission of sensitizing antibodies or the use of heat-inactivated
human serum in cell lysis assays resulted in a background lysis <10% of test
value. Figure shows representative data from three separate experiments.

staining for CD59, DAF, and MCP is considerably higher
(between two- and fourfold) for complement-resistant 5S
compared to complement-sensitive 55N. Similar relative
staining intensities were found for another cloned set of
N- and S-type cells, 6S and 66N (Figure 7). Thus, the
complement resistance of 5S compared to 55N corre-
lated with a higher relative level of complement inhibitor
expression on 5S. To establish firmly that the resistance
of 5S cells to complement was due to the increased
expression of complement inhibitors, the complement
susceptibility of the 5S cells was determined in the pres-
ence of antibody or F(ab), antibody fragments that block
the function of the different complement inhibitors. The
data presented in Figure 8a show that blocking CD59
function on 5S enhanced complement-mediated lysis to a
level comparable to that seen with 55N. Blocking DAF
function had a more modest effect on enhancing com-
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Figure 7. Surface expression of complement inhibitory proteins on neuro-
blastoma tumor cell lines. Cells were stained by immunofluorescence using
monoclonal antibodies to human CD59 (YTH53.1), MCP (M75), and DAF
(1H4) as primary antibodies. Figure shows relative mean fluorescence by
flow cytometric analysis.
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Figure 8. Effect of blocking the function of complement inhibitory proteins
on complement-mediated lysis of 5S and 55N cells. 5S cells (a) or 55N cells
(b) were preincubated with F(ab), fragments of anti-CD59, anti-DAF, or
whole IgG anti-MCP monoclonal antibody at 50 pg/ml. Cells were then
sensitized to complement, exposed to the indicated concentration of human
serum (37°C/60 minutes), and cell lysis determined. Increasing the concen-
tration of function blocking anti-complement inhibitor F(ab), fragments or
antibody did not further enhance complement-mediated lysis. Figure shows
representative data from three experiments.

plement lysis, whereas blocking MCP function had no
effect. The function-blocking activity of each of the mono-
clonal antibodies and F(ab), fragments has been previ-
ously characterized (see Materials and Methods). Block-
ing the function of complement inhibitors on 55N also
enhanced complement-mediated lysis (Figure 8b).
Blocking CD59 function on 55N cells had a particularly
significant effect. As with 5S, blocking DAF function on
55N resulted in a more modest enhancement of comple-
ment lysis, and blocking MCP function had no effect.
F(ab), fragments of the anti-CD59 and anti-DAF antibod-
ies were used to prevent any contribution to cell lysis from
complement activation by the whole antibodies. F(ab),
fragments of the anti-MCP antibody were not tested, be-
cause the whole antibody did not enhance lysis of anti-
body-sensitized neuroblastoma cells.
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Discussion

Neuroblastoma tumors are morphologically diverse. Neu-
roblastic cells predominate, but nonneuronal Schwann-
like cells have been observed.?®2! When human neuro-
blastoma cell lines are established in culture they
spontaneously give rise to heterogeneous populations of
neuroblastic (N-type) and Schwann-like (S-type) cells
that have distinct biochemical and morphological char-
acteristics.??22% N-type cells predominate in established
neuroblastoma cell lines. The N- and S-type cells ob-
served in vitro may have in vivo correlates.

S cells have limited growth potential in vivo and in
vitro.?®2% |t has been suggested that S cells represent a
more differentiated state, and that N-to-S differentiation
parallels in vivo differentiation and tumor regression.?
However, the survival of S-type cells in vivo and their
ability to differentiate back into tumorigenic N-type cells
may represent a mechanism of tumor cell survival and
regrowth. In this context, complement evasion may be an
important mechanism of survival from immune surveil-
lance effector mechanisms or from antibody-mediated
immunotherapy. We compared a matched set of N-type
and S-type cell clones (5S and 55N) for their resistance to
human complement, and found that S cells were much
more resistant to complement-mediated lysis. Compared
to the N cell clone, the S cells were found to express
significantly increased levels of all three major mem-
brane-bound inhibitors of complement. Similar relative
levels of complement inhibitor expression were found on
a second cloned set of S and N cells (6S and 66N).
Additional data established that the increased expres-
sion level of complement inhibitors on the 5S cells was
responsible for their increased resistance to complement
lysis.

Results from experiments in which the function of each
complement inhibitor was individually blocked indicated
that CD59 was the most effective single molecule at
providing protection from complement-mediated lysis. Of
the two inhibitors of complement activation (DAF and
MCP), only DAF neutralization enhanced complement-
mediated lysis of S cells, albeit less than CD59 neutral-
ization. Nevertheless, CD59, unlike DAF and MCP, does
not directly effect complement activation and the gener-
ation of C3 and C5 activation products. It should be noted
that these complement activation products, either depos-
ited on the cell surface (C3 fragments) or released as
soluble inflammatory mediators (C3a and C5a), may be
important for promoting or enhancing cell-mediated cy-
totoxic mechanisms in vivo.

The complement susceptibility of neuroblastoma may
be a significant factor in the outcome of neuroblastoma
immunotherapy using unmodified monoclonal antibod-
ies, and in this respect, the anti-GD2 monoclonal anti-
body 3F8 has proven relatively successful in clinical tri-
als.?>2% The role of S-type cells in neuroblastoma is not
clear, but the low level of GD2 expression and the high
levels of complement inhibitor expression on S-type cells
may provide a mechanism for their survival from anti-GD2
and complement-mediated immunotherapy. Of further in-
terest, data show that S cells are also more resistant to

the cytostatic and cytotoxic effects of radiation and an-
thracyclines (N. K. V. Cheung, unpublished data). GD2
and complement inhibitor expression levels on S cells
may also have implications for diagnostic procedures
and bone marrow purging.

The complete elimination of S cell types may be im-
portant for long-term patient survival, and tumor regrowth
may be related to the ability of S-type cells to survive and
subsequently transdifferentiate into the more tumorigenic
N-type. Differential antigen expression by S-type cells
and their increased complement resistance may provide
the basis for the ability of neuroblastoma to survive as
microscopic residual disease.
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