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ABSTRACT

Using immunohistochemistry, radiobinding, and indirect immunofluo-

rescence assays, seven distinct cell surface antigens, detected by mono
clonal antibodies, were analyzed for the degree of homogeneity or heter
ogeneity of antigen expression on a panel of human small cell lung
cancers. The panel included 7 tumors taken directly from patients, 21
established cell lines (9 of which were derived from different metastatic
sites of 3 patients), and 33 clonal derivatives of 3 lines. With all assays,
considerable heterogeneity of antigen expression between tumors from
different patients was observed. In both fresh tumors and in cell lines, as
well as in cell lines established from different metastatic sites in an
individual patient, we observed intratumor heterogeneity finding antigen
positive and negative cells and variation in antigenic density, by immu
nohistochemistry and indirect immunofluorescence assays. Antigenic
expression was not cell cycle dependent. In addition, when cell lines or
patient samples expressing antigen positive and antigen negative tumor
cells were cloned, heterogeneity of antigenic expression was still present
in the clonal lines. This suggests that either the expression of the antigen
was not heritable and/or the ability to regenerate antigenic heterogeneity
is an intrinsic property of the tumor cells. The heterogeneity of antigen
expression on lung cancer cells has significant implications for the use of
these and other monoclonal antibodies in the study and therapy of lung
cancer.

INTRODUCTION
The use of MoAbs4 in the diagnosis and treatment of cancer

is potentially limited by heterogeneity of antigenic expression
on tumor cells. Antigenic heterogeneity detected by MoAbs has
been reported for several solid tumors (1-9). In addition, het
erogeneity of tumor cell populations has been reported for drug
and radiation sensitivity, growth rate, hormone receptors, and
metastatic potential in many animal and some human tumor
models (10-13).

Several MoAbs against human SCLC were recently generated
in our laboratory (14, IS). In our studies of the biology of lung
cancer and to prepare for clinical trials (both diagnostic and
therapeutic) utilizing MoAbs, heterogeneity of antigenic expres
sion in SCLC was examined using 7 MoAbs that react with
different antigens expressed on SCLC and on subsets of normal
bronchial epithelial cells. The MoAbs were first tested by im
munohistochemistry on SCLC clinical samples obtained di
rectly from patients. Then heterogeneity of antigen expression
was seen in these patient samples, a series of studies was
performed on multiple cell lines of SCLC, including lines
derived from different patients, lines derived from different
metastatic sites of individual patients, and clonal derivatives of
the cell lines. These results demonstrate both the existence and
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the complex nature of tumor cell antigenic heterogeneity in
SCLC.

MATERIALS AND METHODS

Patients. All patients were evaluated at the NCI-Navy Medical On
cology Branch/NIH as part of approved clinical protocols. Routine
diagnostic evaluation included histolÃ³gica! documentation of SCLC
from primary or metastatic sites.

Cell Lines. A total of 21 SCLC lines, started in this laboratory, was
studied during the late exponential growth phase (Table 1). Methods
for isolation, culture, and characterization of these lines have been
described elsewhere (16, 17). The lines grow as floating cell aggregates
and are maintained in RPMI 1640 plus 10% fetal calf serum. The lines
were free of Mycoplasma by tests performed by Microbiologie Associ
ates (Bethesda, MD). The lines had the typical morphology of SCLC
and expressed markers of SCLC, including one or more of the following
markers: high levels of the BB isozyme of creatine kinase; neuron
specific enolase; bombesin; i.-dupa decarboxylase; and formed typical
SCLC tumors in nude mice (17-22). Cell lines included IS derived
from patients who failed previous therapy and 6 were from untreated
patients. Seven cell lines were derived from bone marrow, 6 from
pleural effusions, 4 from lymph nodes, and 4 from s.c. nodes. Nine cell
lines were started from different metastatic sites of 3 patients. All cell
lines were in culture for a period ranging from 12 to 60 months.
Established cell lines NCI-H60 and NCI-H69 were cloned in soft
agarose as previously described (16, 23). In one instance, multiple NCI
H249 clones were derived by directly cloning tumor cells from a clinical
specimen containing SCLC cells.

Monoclonal Antibodies. Seven different MoAbs generated in this
laboratory against SCLC were used. These antibodies, all of IgM
isotype, reacted with several SCLC lines but not with autologous B-
lymphoblastoid cells (14, IS, 24). Methods for production and screen
ing of MoAbs have been described elsewhere (14, 25). The MoAbs were
purified from ascites fluids and were stored at -70Â°C, at 1-2 mg/ml

until use. Two MoAbs (534-F8 and 624-A12) reacted with different
epitopes on the lacto-A'-fucopentaose III molecule (26). Three MoAbs
(603-F6, 624-A3, and 625-E3) bound glycolipids not yet identified.
MoAb 2H-H7 bound an antigen expressed predominantly on a M,
120,000 polypeptide, and also immunoprecipitated several other poly-
peptides of molecular weights ranging from 60,000 to 220,000. MoAb
612-DS bound an antigen not yet identified.

Immunohistochemistry. The specimens used for immunohistochemis
try staining were human tissues processed immediately after surgery or
autopsy. All tissues were fixed in formalin, embedded in paraffin, cut
to 5-Minsections, and mounted on glass slides. Immunohistochemistry
processing was as outlined by Hsu et al. (27) using Avidin-Biotin-
Complex Kits (Vector Laboratories, Burlingame, CA). All primary
antibody incubations (10-50 Mgof purified MoAb/ml) were carried out
for l h at 37'C in a humidified chamber; the subsequent incubations

were 30 min each.
Radioimmunoassay. Indirect RIA of MoAb binding to cells were done

in quadruplicate in antibody excess (10-40 Mgof purified MoAb ml)
to allow detection of antigens expressed in low amounts. An indirect
technique using affinity purified rabbit anti-rat IgM and I25l-protein A
(specific activity, 35-50 MCi/Mg)was used with glutaraldehyde fixed
target cells (25). Results are expressed as

Binding ratio =
cpm sample - cpm negative control

cpm negative control
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Based on data generalized from prior studies (14), a binding ratio
greater than 2 was scored as positive.

Indirect Immunofluorescence by Flow Cytometry. The percentage of
cells binding the monoclonal antibodies and the relative fluorescence
of antibody binding cells was performed by indirect immunofluores-
cence using an EPICS V FACS (Coulter Electronics, Hialeah, FL) (28).
Single cell suspensions of live cultured tumor cells obtained by gentle
trituration (although we noted no effect on antigen expression after
trypsin exposure; we used mechanical dissociation only), only, and were
incubated with 50 p\ of purified monoclonal antibody (40 ng/ml) for
30 min and the cell suspensions were washed twice. Next the cells were
incubated with a secondary rabbit anti-rat IgM antibody (Miles Labo
ratories, Elkhart, IN) for 30 min, washed twice, and then stained with
a fluoresceinated goat anti-rabbit IgG tertiary antibody (Litton Bionet-
ics, Kensington, MD). For controls, tumor cells were incubated with
IgM purified from rat serum or with bovine serum albumin using the
same secondary and tertiary antibodies. All staining procedures were
carried out at 4Â°C.Relative fluorescence of 2 x 10' cells was recorded

using a laser wavelength of 488 nm with 200 mw, at a voltage setting
of 600, and a log amplifier.

For DNA content analysis, cells were stained for MoAb binding,
washed 3 times in cold phosphate buffered saline (140 mmol NaCl,

Table I Characteristics of SCLC lines studied

CelllineNCI-HI
23*NCI-N231*NCI-H437MNCI-H450MNCI-HI

87*NCI-H60*NCI-H69*NCI-HI

28*NCI-N390*NCI-H378NCI-H209*NCI-H462*NCI-H463NCI-HI

46*NCI-H449*-''NCI-N592*NCI-H249*NCI-H4321'NCI-H433''NCI-H434''NCI-H435''OriginLNCLNLNLNPEPEPEPEPEPEBMBMBMBMBMBMBMScNScNScNScNPrevious

therapy"NoNoYesYesNoYesYesYesYesYesNoNoNoYesYesYesYesYesYesYesYesL-dopa
(units/mg/

protein)5171930.9657221162796463423352114347982044931.26.29.09.5Time

in
culture

(mo)24241212366060484812301010361241812121212

" Including chemotherapy and radiotherapy.
* Cell lines tested with all 7 MoAbs.
' LN, lymph node; PE, pleural effusion; BM, bone marrow; ScN, s.c. node.
d Cell lines started from the same patient.

200 mmol NaPO4 [mono and dibasic], pH 7.4), and fixed in cold 95%
ethanol. The cells were then stained with 50 Mgpropidium iodide/ml
he presence of boiled RNase according to the method of Crissman et
al. (29). Cell cycle stage distribution analysis of DNA histograms was
done with a computerized program utilizing the trapezoidal analysis
method described by Ritch et al. (30).

RESULTS

Immunohistochemical Analysis of Patient Tumor Samples.
Using 7 different MoAbs, the antigenic expression of SCLC
cells was evaluated in 7 fresh clinical specimens. Results are
indicated in Table 2. Of note, in all cases tested, within a tumor,
some tumor cells were antigen positive while others were anti
gen negative. In fact, in only 3 specimens did the MoAbs react
with more than 75% of the tumor cells (example in Fig. 1/4),
while in most of the specimens a variable but smaller fraction
of tumor cells expressed the antigens, indicating intratumor
heterogeneity (example in Fig. IB). While all of the MoAbs
(except 612-D5) stained at least some of the tumors, each MoAb
had a distinctive reaction with the tumor panel, indicating that
the 7 MoAbs detected 7 different epitopes on these fresh
specimens, and demonstrating intertumor heterogeneity.

Antigenic Expression on Independent Tumor Cell Lines by
RIA. The binding of the 7 MoAbs to a panel of SCLC lines
(each MoAb tested on at least 10 cell lines) was studied by RIA
(Fig. 2A). Quantitative differences in antibody binding between
different cell lines were observed. For example, the binding
ratios obtained with MoAb 534-F8 differ more than 10-fold in

Table 2 Monoclonal antibodies binding to SCLC clinical samples by
immunohistochemistryMono

clonal
antibodies"534-F8

624-A12
624-A3
625-E3
603-F6
2H-H7
612-D5Direct

tumor samples (fraction
of tumor cells positive*)

frompatientAntigenLNFP

IIIe
LNFP IIIe

Glycolipid
Glycolipid
GlycolipidProtein

tA1

0
0
0
0
2
0B0

3
0
4
0
3
0C0

2
2
0
0
1
0D1

0
2
0
0
3
0E1

0
3
0
1
3
0F4

1
3
0
0
3
0G4

2
3
0
3
2
0

' 534-F8 and 624-A12 recognize different epitopes on LNFP HI; 624-A3,625-
E3, and 603-F6 recognize different epitopes on glycolipid molecules, not yet
identified.

*0. no positive tumor cells detected; 1, <25% of tumor cells are positive; 2,

>25%, <50%, of tumor cells are positive; 3. >50%, <75% of tumor cells are
positive; 4, >75%, s 100% of tumor cells are positive.

c LNFP III, lacto-A'-fucopentaose III.

4Â»Â»Â».

Fig. 1. Immunohistochemical staining of formalin-fixed sections of two different SCLC clinical samples with MoAb 534-F8, indicating A, roughly all tumor cells
are stained, x 300; B. one focus of antigen positive cells with many antigen negative cells nearby, x 300.
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Fig. 2. /I, radioimmune binding of 7 MoAbs to independent SCLC cell lines.
Each dut represents an individual cell line binding value. Binding ratio values
(ordinate) are on a log scale. B, radioimmune detection of antigens bound by the
different MoAbs on independent SCLC lines. Each dot represents an individual
MoAb binding value. Binding ratio values (ordinate) are on a log scale.
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Fig. 3. Histogram of immunofluorescence (logarithmic intensity) after labeling
cell line NCI-HI46 with 3 different rat IgM MoAbs and a nonspecific rat IgM
(negative control).

the various cell lines. The antigens detected by the MoAbs are
expressed on at least 70% of the SCLC lines tested, and the
antigen density varied markedly between different tumor lines.
The antibodies had at most a 55-fold range of binding ratio
(MoAb 534-F8) with a minimum range of 16-fold (MoAb
612D5). Using the same panel of antibodies with 14 cell lines
the maximum range of binding ratio was 100-fold (H 450), and
the minimum range was 20-fold (H 592) (Fig. 2B). For instance,
the binding ratios for cell line NCI-HI23 with the 7 MoAbs
varied between 4 and 32 (Fig. 2B). Thus, each antigen was
expressed independently from the others. Finally, no difference
on the antigenic expression was observed in cell lines derived
from untreated and relapsed patients or in cell lines derived
from different metastatic sites (data not shown).

Cell Sorter Analysis of Antigenic Expression and Relation to
Cell Cycle Phase. Using a FACS indirect immunofluorescence
assay, SCLC lines were tested with the 7 MoAbs under a
saturating amount of antibody to determine (a) the percentage
of cells in the population binding each antibody, and (/>) to
quantitate the intensity of binding to the antigen positive cells.

Fig. 3 shows representative results obtained with 3 of the 7
MoAbs assayed using cell line NCI-HI46. All MoAbs reacted
with some of the tumor cells, but the percentage of positive
cells varied widely (e.g., 625-E3 bound more cells than did 624-
A12). In addition, the degree of antigenic expression varied for
each of the different MoAbs. For example, the fluorescence
intensity of cells stained positively with 625-E3 was more than
1 log greater than the intensity of fluorescence of cells stained
positively with 624-A12. These results suggest that each anti
body reacted with independent cell surface antigens. Moreover,
for a given MoAb, there was also a wide range of antigen
expression within a tumor cell line. For example, as shown in
Fig. 3, the most brightly stained cells with 625-E3 have more
than a log greater fluorescence intensity than do the least
brightly stained cells.

The percentage of cells reacting with each antibody varied
considerably between cell lines, with no binding in some in
stances and >99% of cells binding in other instances. While
some of the cell lines were not recognized by some of the
antibodies, all of the small cell lines tested reacted with at least
one of the antibodies. Some cell lines of non-lung cancer origin
(e.g., the T-cell lymphoma lines Hut 102 and Hut 78) did not
bind any of the antibodies. These lines and the nonreactive
small cell lines were used as negative control cell lines. Exam
ples of the results obtained with 4 MoAbs tested on independent
cell lines (6-13 cell lines for each MoAb), are shown in Fig. 4.
The cell lines exhibited a range of cells expressing antigen (from
1-90% for 612-D5 to 55-95% for 624-A3).

To determine whether the heterogeneity of antigenic expres
sion is related to variation in binding in the various phases of
cell cycle, the percentage of cells expressing antigens in GÃ¬,S,
and 62 + M phases was assayed using dual parameter FACS
analysis. A representative example is shown in Fig. 5. Cells
reacting with 2H-H7 (2H-H7 positive) and cells not reacting
(2H-H7 negative) had identical DNA histograms (Fig. 5C) with
equal percentages of cells in G,, S, and G2 + M. Similarly, the
percentage of cells binding 2H-H7 is nearly identical for cells
in G,, S, and G2 + M (Fig. 5D). The percentage of NCI-H146
cells bound by all the 7 MoAbs in the different cell cycle phases
are summarized in Table 3. While the mean fluorescent inten
sity of the different antibody binding varied as much as 1 log
(channel 16 compared to channel 29), the percentage of antigen
positive cells was consistent throughout the cell cycle. In addi
tion, the cell cycle independence was observed in multiple cell
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Fig. 4. FACS indirect immunofluorescence analysis of antigenic expression of

independent SCLC lines by MoAbs. Each dot represents an individual cell line.
The percentage of fluorescent cells (ordinate) is on a log scale.
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Fig. 5. A, isometric plot of correlated analysis of immunofluorescence (loga
rithmic scale) and DNA (linear scale). K. contour plot of correlated immunoflu
orescence and DNA from the same sample. C, DNA histograms of cells positive
and negative for the antigen detected by MoAb 2H-H7. D, histogram of immu
nofluorescence for cells in G,, S, and G2 + M, obtained by integrating between
appropriate limits, in the dual analysis.

lines and included cells from the line NCI-H249 (see below).
Thus, the results show that the heterogeneity of binding was
not cell cycle related.

Antigenic Expression in Clonally Related Lines. The antigenic
expression of clonally related cell lines was then studied to
determine whether heterogeneity of antigenic expression also
exists between clonal lines and whether these differences are
clonally stable. The antigenic expression of 18 clonal lines
derived from established cell lines (NCI-H60 and NCI-H69)
and 15 clonal lines directly cloned from a clinical sample (NCI-
H249 clones) were studied by RIA and indirect immunofluo
rescence assays. Quantitative differences in antigen expression
were less marked between clonally related lines than between

lines from different tumors (Fig. 6A; NCI-H60 clones). Signif
icant differences in antigen expression were still found within
a given clonal line. For example, the frequency of antigen
positive cells as detected by MoAbs 534-F8 and 603-F6 differed
over a 10-fold range on either clonal lines derived from NCI-
H60 or NCI-H69. Less striking differences were seen for the
antigen detected by MoAb 2H-H7 (Fig. 6B). However, of most
importance, the FACS analysis indicated that the clonal and
presumably genetically identical lines were not predominantly
antigen positive or antigen negative, but consisted of antigeni-
cally heterogeneous populations. These results suggest that
either regeneration of heterogeneity of antigenic expression
itself is a heritable feature, or that other nonheritable factors
are responsible for antigenic heterogeneity of clonal lines.

Antigenic Expression in Tumor Lines Derived from Different
Sites in the Same Patient. Tumor cells harvested from different
metastatic sites in the same patient may represent the growth
of subpopulations (potentially clonal) from the same primary
tumor. The antigenic expression of 9 SCLC lines derived from
different metastatic sites of 3 patients was studied by FACS
analysis (Fig. 7). Two cell lines derived from different metastatic
sites of the same patient (A) were very similar. In contrast, 5
cell lines derived from different metastatic sites of one patient
and 2 cell lines from a third patient differed markedly in their
antigenic expression. These differences were more evident for
some MoAbs than for others. However, in nearly all cases the
metastatic deposits contained antigen positive and antigen neg
ative tumor cells. Thus, heterogeneity of antigenic expression
exists between different metastatic sites in the same patient,
and within tumor cells in the same metastatic deposit.

DISCUSSION

Seven monoclonal antibodies that detect different epitopes
on the surface of human SCLC were used to study the hetero
geneity of antigen expression in a panel of SCLC tumor sam
ples, cell lines, and clones using immunohistochemistry, radi-
obinding, and indirect immunofluorescence assays. The results
of these studies have shown that: (a) the determinants detected
by the 7 MoAbs are expressed on many of the SCLC samples;
(b) large quantitative differences in antigen expression exist
between tumor samples from different patients; (c) the antigens
are, in general, expressed independently of one another; (d)
within tumor samples taken directly from patients, and cell
lines derived from different metastatic sites in the same patients,
antigen positive and antigen negative cells exist; (e) cloning
studies show that clonal derivitives also contain antigen positive
and negative cells rather than being predominantly antigen
positive or negative; (/) finally, cell cycle analysis revealed that
antigen expression is not cell cycle related.

Other workers have found heterogeneity of antigen expres
sion detected with MoAbs in breast cancer, colon cancer, osteo-
genic sarcoma, melanoma glioma, and neuroblastoma (1-9, 31,
32). While heterogeneity in antigen expression may be related
to different expressions in the various phases of the cell cycle
as has been shown for melanoma (1), no such differences were
observed in SCLC. In addition, clonal analysis of melanoma
antigens revealed clones to be antigen positive or negative rather
than heterogeneous (9). The reasons for these differences be
tween melanoma and SCLC associated antigens are currently
unknown. Recently, nonheritable intraclonal heterogeneity of
surface antigen expression of B-cell idiotypic tumor antigen,
that is not cell cycle related, but spontaneously developing
within a tumor clone, was described by Taupier et al. (33). The
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Table 3 Monoclonal antibodies binding to a SCLC (NCI-H146) line in different
cell cycle phases

Monoclonal
antibodies534-F8624-A12612-D5624-A3625-E3603-F62H-H7Meanfluorescence"28162726292120%

of positivecellsG,82297065625246S84357468655750G2

+M87337873715954

" Channel of positive cells.
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Fig. 6. A, radioimmune binding of 7 MoAbs to NCI-H60 clonal lines. Each
dot represents an individual clonal line. Binding ratio values (ordinate) are on a
log scale, li, FACS indirect immunofluorescence analysis of antigenic expression
of NCI-H60 and NCI-H69 clonal lines by MoAbs. Each dot represents a clonal
line. Percentage of fluorescent cells (ordinate) is on a log scale.

heterogeneity of antigen expression within clonal lines of SCLC
appears most similar to this B-cell model and like this B-cell
model persisted after cloning.

The mechanism of generating heterogeneity of antigen
expression is debated. Fiddler and Hart (12, 13) suggested that
the environment may modify the biological properties of tumor
cells, including their metastatic properties. In fact, we have
found SCLC lines derived from different metastatic sites both
from different patients and from the same patients to have
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Fig. 7. FACS indirect immunofluorescence analysis of antigenic expression of
SCLC metastatic cell lines. Each symbol represents individual cell lines derived
from the same patient. Percentage of fluorescent cells (ordinale) is on a log scale.

similar degrees of antigenic heterogeneity which is maintained
after long term culture. Thus, for our antigens, this mechanism
seems unlikely. Poste et al. (34) suggested that the diversity of
metastatic cells is related to phenotypic instability and clonal
destabilization within a tumor cell population, regardless of
whether tumors are unicellular or multicellular in origin. They
found that "early" mÃ©tastasesof a melanoma line were formed

by homogeneous cells, while later mÃ©tastaseswere formed by
tumor cells with heterogeneous properties. This suggested the
emergence of variants during the lifetime of individual lesions.
Both the direct SCLC patient samples and the cell lines were
obtained from tumor cells late in the life history of the tumor
and showed a similar degree of heterogeneity to that found in
Poste et al. "late" melanoma mÃ©tastases.Whether heterogene

ity of antigenic expression in metastatic deposits is a general
finding in human tumor remains to be defined.

In summary, we have found considerable heterogeneity of
expression of SCLC associated surface antigens between and
within tumors that persists in tumor cell clones. Such hetero
geneity of antigen expression appears to be a fundamental
property of tumor cells and needs to be taken into account in
planning clinical applications of these antibodies. We point out
that normal adult bronchial epithelium and kidney proximal
tubules did not show immunohistochemical staining evidence
of antigenic heterogeneity with these monoclonal antibodies
(15). It remains to be determined whether the generation of
antigenic heterogeneity is only seen in tumor cells or represents
a normal differentiation process. Nevertheless, a combination
of MoAbs that react with different antigenic determinants may
be needed to identify and treat all neoplastic cells within a
tumor. Further studies in our laboratory will explore the use of
panels of MoAbs representing multiple target antigens in an
effort to identify and treat all neoplastic cells within a tumor.
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