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Abstract

Bone marrow cells of 82 patients with multiple myeloma were

subjected to flow cytometric analysis of DNAand cytoplasmic
immunoglobulin (CIg) content using propidium iodide and
direct immunofluorescence assays. Except for two patients
with nonsecretory myeloma, there was conformity in the im-
munoglobulin type derived from immunoelectrophoresis and
plasma cell CIg staining. One patient with nonsecretory my-

eloma exhibited monotypic CIg staining, while the second
showed no reaction. In eight patients with IgG lambda myeloma,
the same tumor cells contained both lambda and kappa light
chains, suggesting the productive rearrangement of both light
chain genes. 14 patients with previously unrecognized plasma
cells of low RNA content, all of whom were resistant to
chemotherapy, were identified by CIg staining. By revealing
previously unrecognized plasma cells with low RNA content,
CIg analysis identified more patients with treatment-refractory
myeloma.

Introduction

The plasma cells of patients with multiple myeloma usually
contain an abnormal DNAand an increased RNA content,
permitting the quantitation of plasma cells by flow cytometry
(1-3). Higher response rates to both initial and salvage therapy
have been noted with increasing RNAcontent (4, 5), and a

shorter survival time has been found in patients with marked
bone marrow plasmacytosis (4). A typical feature of plasma
cells is the presence of cytoplasmic immunoglobulin (CIg).'
Wehave developed a flow cytometric assay for the concurrent
analysis of DNAand CIg content in order to quantify plasma
cells when studies of DNAand RNAcontent could not provide
a clear distinction from normal cells. Whether CIg staining
might clarify the biology of plasma cells in patients with
nonsecretory disease or with other atypical clinical features
was also evaluated.

Methods

Studies were performed in 82 patients with advanced stages of multiple
myeloma including 23 without prior therapy. The bone marrow of all
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1. Abbreviations used in this paper: CIg, cytoplasmic immunoglobulin;
CV, coefficient of variation.

patients contained at least 7% plasma cells on routine morphological
examination. For flow cytometry studies, bone marrow aspirates were
separated by Hypaque-Ficoll gradient centrifugation (6). Interphase
cells were collected and washed once in phosphate-buffered saline. One
aliquot of cells was always stained with the metachromatic dye acridine
orange for concomitant DNAand RNAanalysis using a mercury arc
flow cytometer (Phywe Co., Gottingen, Germany) (7). Routinely,
10,000 cells were analyzed and tumor cells gated on the basis of
abnormal DNAand RNAcontent (1, 4). In this manner, tumor cell
DNAand RNAindex values were derived from the relation to normal
lymphocytes (specifically, the ratio of median fluorescence channel
numbers of tumor to normal diploid cells) (1). The proportion of cells
with abnormal DNA and/or RNA content in the entire sample was
also determined.

A second bone marrow aliquot was processed for biparametric
DNA-CIg analysis with an EPICS V flow sorter (Coulter Electronics,
Inc., Hialeah, FL). Cells were fixed in 70% ice-cold ethanol for at least
24 h. Single cell suspensions were then exposed separately to anti-
light-chain and anti-heavy-chain reagents (fluorescein-conjugated F(ab')2
fragments; Capell Laboratories, Westchester, PA) at dilutions of 1:200
(0.1 mg/ml) and counterstained for DNAwith propidium iodide (8).
In three instances of dual light chain reaction, different antisera were
evaluated in the same manner (Tago Inc., Burlingame, CA).

Successive flow cytometric analyses were performed on 10,000
cells, each stained for both light chains, and, in a subset of patients,
stained also for two heavy chains (typically, IgG and IgA). Except for
eight instances of dual light chain reaction, marked differences in
staining intensity were observed between pairs of samples stained for
light and heavy chains (see Fig. 1). In the "80% of patients with
DNA-abnormal stemlines, bright CIg fluorescence was usually limited
to aneuploid cells, while residual diploid cells showed the same dim
fluorescence observed after staining with the opposite light chain
reagent. The proportion of tumor cells was readily determined by
applying an electronic gating procedure to the brightly stained cells
with an abnormal DNAcontent (Fig. 1). To obtain a measure of CIg
content for each patient, a CIg index was computed from the ratio of
median CIg fluorescence intensities of aneuploid and diploid GI cells
of the same sample.

For the remaining DNA-diploid samples, both the percentage of
plasma cells and their CIg index were determined in comparison with
the nonspecific staining pattern of cells reacted with the opposite light
chain antiserum. Specifically, kappa and lambda distribution curves
were superimposed electronically to identify the lower level of specific
CIg fluorescence. The CIg index was then computed from the ratio of
median intensities of specific and nonspecific (opposite light chain)
fluorescence. The degree of heterogeneity of CIg content among plasma
cells from the same patient was expressed as a coefficient of variation
(CV) of the monotypic CIg distribution. The CV(percent) was computed
from the ratio of the standard deviation and the mean of CIg
fluorescence channel numbers times 100.

There were eight patients with dual cytoplasmic light chain expres-
sion. In the six aneuploid cases, all DNA-abnormal cells demonstrated
both kappa and lambda staining. This finding and fluorescence micro-
scopic evaluation (after double-staining with fluorescein- and rhodamine-
conjugated antisera) indicated that the same plasma cells reacted with
both light chain antisera. As in the majority of cases with monotypic
CIg staining, the CIg index was computed in relation to dimly stained
normal diploid cells. In the two cases of diploid myeloma with dual
light chain staining, assessment of the degree of marrow plasmacytosis
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and of the CIg index was performed in comparison with normal bone
marrow samples separately stained with kappa and lambda light chain
antisera.

Results

Fig. 1 shows a typical example of bivariate flow cytometric
DNA-CIg analysis of bone marrow cells from a patient with
IgG kappa myeloma. A bright staining reaction was observed
in hyperdiploid cells using anti-gamma and anti-kappa sera,
but not with anti-alpha and anti-lambda reagents. A second
example illustrates a patient with concurrent multiple myeloma
and acute myelogenous leukemia (Fig. 2). Compared with
normal marrow, two discrete DNA stemlines (diploid and
hyperdiploid) with markedly increased RNA content were
identified. Using light chain antisera, only the hyperdiploid
DNAstemline contained monoclonal CIg of kappa type, and
hence, represented the myeloma tumor population; the diploid
DNA stemline showed similar weak staining reactions with
both kappa and lambda reagents and represented the leukemic
clone.

Table I summarizes the relationship between CIg and
immunoelectrophoretic results. Concordance of light chain
phenotypes was observed in 80 of 82 patients, including 18
patients on whom additional heavy chain analyses were con-
ducted. Two patients lacked a monoclonal protein by immu-
noelectrophoresis, but showed marrow involvement micro-
scopically (25 and 42%) and by DNA-RNA flow cytometry
(18 and 69%). One patient had kappa staining within the
cytoplasm ("low secretor"), while the second showed no de-
tectable anti-light-chain reaction ("low producer"). A third
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Figure. 1. Myeloma phenotyping by CIg flow cytometry. Bone mar-
row cells were stained with anti-heavy and anti-light chain reagents
and counterstained for DNAwith propidium iodide. Note the posi-
tive reaction of hyperdiploid GI cells (window 1) only with anti-
gammaand anti-kappa and not with anti-alpha and anti-lambda
antisera, confirming the presence of IgG kappa monoclonal protein.
The CIg index as a measure of plasma cell CIg content was com-
puted in relation to nonspecific fluorescence (window 2).
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Figure 2. Comparison of DNA-RNAand DNA-CIg analysis in a
patient with concurrent myeloma and acute myeloid leukemia
(AML). Upper panels represent DNA-RNAhistograms; lower panels
show DNA-CIg histograms. Compared with normal bone marrow
with a prevalence of diploid cells with low RNAcontent (upper left),
both diploid and hyperdiploid DNAstemlines with markedly in-
creased RNAcontent were found in a patient with both myeloma
and AML(upper right). DNA-CIg analyses with anti-lambda and
anti-kappa reagents revealed monoclonal kappa expression in the
hyperdiploid DNAstemline, whereas diploid cells showed nonspecific
staining. Hence, the hyperdiploid clone represented Myeloma, and
the diploid cells with high RNAcontent represented AMLcells (see
reference 7). Compared with the example in Fig. 1, nonspecific
fluorescence (lower left) is shifted toward higher channel numbers due
to instrument setting. The CIg index of specific kappa fluorescence is
relatively low (lower right).

Table I. Immunoglobulin Typing by Immunoelectrophoresis
and CIg Analysis using Flow Cytometry

CIg flow
cytometry Immuhoelectrophoresis

Light chain Kappa Lambda No reaction
Kappa 45 1*
Lambda 35
No reaction 11:

Heavy chain§ G A D No reaction
G 11
A 5
D 1

* Low secretor.
i Low producer.
§ Subset of 18 patients in whomheavy chain analyses were also con-
ducted.

Patient with lambda light chain in cytoplasm and urine; however,
gammaheavy chain was only detected in cytoplasm and not in
serum.
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patient with a positive reaction of cells for lambda light chain
and with Bence Jones proteinuria also exhibited cytoplasmic
IgG in the absence of a monoclonal serum peak.

Fig. 3 illustrates the correlations between the proportions
of tumor cells identified by DNA-RNA or DNA-CIg flow
cytometry and those enumerated by morphology for the 77
patients in whom all three assays were available. Both cyto-
metric assays showed similar degrees of plasmacytosis in the
48 patients with DNAaneuploidy, where abnormal cells were
clearly separated from normal cells (R = 0.83, P
< 0.001) (Fig. 3 A). Among the 29 patients with diploid
myeloma, there were 8 patients with a DNA-RNA pattern
indistinguishable from normal marrow but a monoclonal light
chain reaction was evident in 5-69% of cells (median, 26%).
These cells corresponded to plasma cells on microscopic
examination (Fig. 3 B). One patient with nonsecretory myeloma
showed 60-70% plasma cells with high RNA content but
lacked a monotypic CIg pattern ("low-producing myeloma").
There were also 6 patients with aneuploid myeloma, in whom
a second diploid DNAstemline with 5-20% plasma cells was
uncovered by monotypic CIg staining (four kappa and two
lambda) (Fig. 4). ThUs, the combined analysis of DNA-CIg
and DNA-RNA permitted the identification of previously
unrecognized cell populations with low RNAcontent in -20%
of our patients.

Eight patients with a discrete DNA-RNAabnormality had
plasma cells which expressed both kappa and lambda light
chains. Immunoelectrophoresis revealed monoclonal IgG
lambda in all instances. An example of such double-staining
is illustrated in Fig. 5 with three different DNAstemlines in
the diploid, the low degree hyperdiploid, and the tetraploid

range, all of which expressed kappa, lambda, and IgG immu-
noglobulin (the latter not shown). Fluorescence microscopy
revealed concurrent kappa and lambda reactions in the same
plasma cells. The dual light chain reaction was confirmed in
three patients using a different source of anti-light-chain
antisera.

There was marked variation in the CIg staining per plasma
cell in individual patients, which was expressed as a CV
ranging from 30 to 80% (median, 50%). To compare the CIg
content per cell among different patients, a CIg index was
defined from the ratio of the median fluorescence intensities
of specific vs. nonspecific anti-light-chain reactions. Among
23 patients studied at diagnosis, the CIg index ranged from 2
to 27, with a median value of 10. There was no correlation
between the RNA and the CIg index, but the CIg index
decreased with increasing marrow tumor infiltrate (R = -0.25,
P < 0.01).

Wealso examined the clinical implications of CIg analysis.
Among the 23 previously untreated patients, neither CIg index
nor CIg dispersion (CV) correlated with response to chemo-
therapy. By CIg analysis, we had identified 14 patients with a
low RNA index (less than four times the RNA content of
normal lymphocytes) in diploid plasma cells, either as their
sole tumor cell population (8 patients) or in addition to an
aneuploid DNA stemline (6 patients). Five individuals in
each category were evaluated after 1-3 mo of resistance to
initial chemotherapy (primary unresponsive disease); the re-
maining patients were studied at diagnosis, and none responded
to standard chemotherapy. Thus, CIg analysis unmasked diploid
plasma cells with low RNAcontent, which was associated with
complete resistance to preceeding or subsequent chemotherapy.

A B

A

A

A

A
A AA A

A .

A*A A

A AS0 A

a

* * ~*: A-AAAA A&
A A& AA

AA *A *A SA

A

0

0

C)

t
A

S

A

.

A
A A

A

AA
A*.

A A A

A

AA 0 AAA

A~~~~

A
0 AAA A

0 0
A A

0 A

0

a

* 0
* A*

0 0*A
A*A A

A A A A

AA A 0 0

A
0

00

A*0

0 20 40 60

%Abnormal Cells (DNA-GIg)

801 10

Figure 3. Correlations between the proportion of tumor cells in the
bone marrow identified by flow cytometry of DNA-RNAand DNA-

CIg as well as by microscopy. (A) Close concordance between DNA-

RNAand DNA-GIg cytometric assays in aneuploid myeloma (v).
Among the 29 diploid cases (., o), there were 8 with undetectable
plasma cells on DNA-RNAhistograms (A) but with monotypic CIg
staining (o), consistent with monoclonal plasma cells (B). *, o, o;

20 40 60 80

%Abnormal Cells (DNA-Cg)

Diploid, n = 29, r = 0.40, P < 0.01. &; Aneuploid, n = 48, r = 0.83,
P < 0.01. (B) Correlation between marrow plasmacytosis by micros-

copy and by DNA-CIg cytometry. One patient lacked a monotypic
CIg reaction, but had a high RNAcontent with typical plasma cell

morphology (o). o, ., o; Diploid, n = 29, r = 0.75, P < 0.01. A,

Aneuploid, n = 48, r = 0.62, P < 0.01.
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Figure 4. Biclonal myeloma DNAstemlines identified by DNA-CIg
flow cytometry. (A) DNA-RNAanalysis demonstrates only one cell
population with increased RNAand DNAcontent, as typically found
in myeloma (4). (B) Monoclonal light chain reaction with anti-kappa
serum in bob diploid and hyperdiploid DNAstemlines. (C) Nonspe-
cific staining with anti-lambda serum.
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Discussion

Plasma cells represent the last phase of B lymphocyte differ-
entiation and are readily identified by the presence of monotypic
immunoglobulin in the cytoplasm (CIg) and, more recently,
by monoclonal antibodies reacting specifically with the surface
membrane of plasma cells (9, 10). While flow cytometry has
been used to probe the lymphocyte differentiation pathway,
this method has not been applied to assess the biologic and
clinical relevance of CIg in patients with multiple myeloma
(1 1). Using a direct immunofluorescence technique, there was

excellent agreement between immunoelectrophoresis and CIg
flow cytometry in immunoglobulin phenotyping. In conjunction
with morphology and DNA-RNAflow cytometry, DNA-CIg
analysis helped define special categories of "low-secretory" and
"low-producing" myeloma.

There were eight instances of concurrent kappa and lambda
reaction in the same aneuploid cells. This observation must
be interpreted with caution, as all eight patients produced
lambda light chains. The dual staining reaction, however, was

confirmed in three patients using a different reagent; in one of
those examined further, we only eliminated the lambda, but
not the kappa staining of the doubly stained cells by preincu-
bation with free lambda light chains. Thus, our findings seem

consistent with those rare reports of coexpression of kappa

B
3

1 2

4j 4

e.... .... .... .... _.._.
)L 'a

-

-c 3 1

2

I; !

_.... ............. .... ....._..... _.S . ............. , , ... __~~~~~~~~~~~~~
DNA DNA

D

FITC RITC

Figure 5. Dual light chain expression in myeloma. (A) DNA-RNA
analysis reveals three discrete populations with diploid (1), low degree
hyperdiploid (2), and near tetraploid DNAstemlines (3), with typi-
cally increased RNAcontent in populations (2) and (3). (B), (C)
DNA-CIg analysis demonstrates positive reactions in all three DNA

stemlines with both kappa (B) and lambda (C) reagents. (D), (E) On
microscopic inspection of doubly stained cells (kappa-fluorescein iso-
thiocyanate, D; lambda-rhodamine isothiocyanate; E), the same
plasma cells react with both light chain reagents.
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and lambda light chains by the same tumor cells (12-14).
Interestingly the dual light chain expression was only observed
in lambda-secreting myeloma. This fits the concept of a
hierarchy of light chain activation, where kappa gene rear-
rangement precedes that of lambda (15, 16). Among 18 B cell
samples examined from patients with chronic lymphocytic
leukemia and long term Epstein-Barr virus-transformed normal
human B cell lines, lambda constant region genes remained
in the germ line configuration in all eight samples producing
kappa light chains (16). In contrast, 10 lymphocyte samples
producing lambda light chains showed deletion of both kappa
constant region alleles in 9 instances and productive rearrange-
ment of 1 kappa allele in 1 B cell line. The latter case indicates
the possibility of productive rearrangement of both light chain
genes in lambda-secreting cells. Our CIg flow cytometric data
suggest that this event may occur in as many as 10% of
patients with myeloma.

There was close conformity in the degree of bone marrow
involvement by tumor cells using morphologic and flow cy-
tometric assays. The latter have the advantage of objectivity
and reproducibility. DNA-CIg analysis identified some patients
with apparently normal bone marrow on DNA-RNAstudies,
whose plasma cells were now recognized with a very low RNA
content. This assay also revealed diploid plasma cells with a
low RNA content in addition to aneuploid cells previously
demonstrated by DNA-RNAanalysis. Both of these observa-
tions are of major importance because of the established
resistance to chemotherapy of myeloma patients either with a
low RNAindex or multiple DNAstemlines (4, 5, 17).

As we had noted with RNAcontent, the CIg content per
plasma cell varied markedly within and among patients. In
previously untreated patients, increasing bone marrow plas-
macytosis was associated with a decrease in CIg index and
RNA index (18), which might reflect less differentiated and
perhaps more aggressive features of myeloma. The resistance
to chemotherapy of low RNA index myeloma has been
established (4, 5, 17) and may be related in part to a greater
degree of RNA heterogeneity with increasing tumor burden
(18, 19). Similar inferences cannot yet be made for CIg index
and CIg dispersion in view of the small number of patients
evaluated at diagnosis.

In summary, DNA-CIg flow cytometry aids in several
aspects of myeloma research and clinical management. We
were able to recognize patients with "low-secretory" and "low-
producing" disease. The biological significance of CIg dispersion
and the coexpression by the same tumor cell of both light
chains requires further study. The importance of objective and
quantitative assessment of the degree of marrow tumor infil-
tration has been demonstrated (4, 17). DNA-CIg analysis is
superior to DNA-RNAcytometry for assessing marrow plas-
macytosis because monoclonal CIg is more specific for abnormal
plasma cells. In conjunction with DNA-RNAflow cytometry,
CIg analysis permitted the identification of more patients with
a poor prognosis, whose plasma cells either had a low RNA
content, biclonal DNAabnormalities, or both.
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