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Immunophenotypic Aberrations, DNA Content, and Cell Cycle
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ABSTRACT: We describe the immunophenotypic and gross DNA defects in 55 patients with myeloma
patients with monoclonal gammopathy and review the literature on this subject (MedLine, 1994–2000). O
confirmed previous reports indicating that in myeloma nearly all marrow plasma cells are abnormal (98.76 8.1%).
In monoclonal gammopathy the fraction of abnormal plasma cells was 35.06 32.8%. In both myeloma an
monoclonal gammopathy, the most frequent aberrant phenotypic features consisted of absence of exp
CD19, strong expression of CD56, and decreased intensity of expression of CD38; aberrant expression
CD20, CD22, or CD28 was observed in less than one-third of myeloma cases. The vast majority of case
or more phenotypic aberrations. In the DNA studies, 7% of myeloma cases were biclonal and 93% of ca
monoclonal. In those studies with only one plasma cell mitotic cycle, 37% had normal DNA content and 63
aneuploid (hyperploid, 61%; hypoploid, 2%). The mean percentages of plasma cells in S- and G2M pha
4.96 8.5 and 4.46 6.9%, respectively. Thirty-eight percent of cases had more than 3% of plasma cells in S
In monoclonal gammopathy, the DNA index of abnormal plasma cells ranged from 0.89 to 1.30 and the pe
of diploid (31%) and aneuploid (69%) cases was not different from the results found in myeloma. The diff
in percentage of abnormal plasma cells in S- (7.46 8.6%) and G2M-phases (2.46 1.7%) in patients wit
monoclonal gammopathy were not statistically significant.© 2000 Academic Press
Key Words:plasma cells; DNA; immunophenotype; myeloma, monoclonal gammopathy.
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INTRODUCTION

Plasma cell dyscrasias comprise a numbe
diseases including myeloma and essential m
clonal gamopathy (1–5). Essential monoclo
gammopathy or monoclonal gammopathy of
known significance, here designated “MG,” i
term used to designate patients with a monocl
protein without other criteria for myeloma, ma
roglobulinemia, amyloidosis or other lymphop
liferative disorder and without other conditio
that may be associated with a secondary m
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ua D Manuel II, s/n, 4050 Porto, Portugal. Fax: 351-22-6004808.
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2 Service of Clinical Hematology, Centro Hospitalar de Vila Nova de Gaia,

634
clonal gammopathy (6–17). Follow-up studies
vealed that a large fraction of patients with M
evolve into myeloma or another lymphoplasm
cytic disorder. The actuarial probability of mal
nant transformation is estimated to be aro
5–10, 15–20, 25–35, and 30–40% at 5, 10 and
and 25 years (11–17). There is no a reliable si
variable to predict this transformation.

Prognostic factors in myeloma are related
the tumor mass (b2-microglobulin, reactive C

rotein and lactic dehydrogenase) and to the c
cteristics of the myelomatous plasma cells (p

atologia, Unidade de Citometria, Hospital Geral de Santo An´nio,
m.lima@ip.pt or mmc.lima@clix.pt.
e Santo Anto´nio, Porto, Portugal.
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mablastic morphology), effects on normal hem
topoiesis (cytopenias), renal function (creatini
the performance status, and response the to
ment (18–32). Some of these factors were id
tified more than two decades ago and were us
classical staging schemas (18–24). Other v
ables, including b2-microglobulin, reactive C

rotein, interleukin 6 (IL 6), IL 6 receptor an
minopterine were described more recently (
2). Plasma cell labeling-index (LI) and Ki-
roliferation index were also described as v
bles useful in discriminating between myelo
nd MG and to distinguish myeloma cases w
oor prognosis from stable myeloma patients
uiring no immediate therapy (33–41). Diffic

ies in implementing these assays for the clin
aboratory have limited their usefulness. DN
nalysis and immunophenotypic studies are
ore available. Phenotypic and DNA abnorm

ies proved to be useful in predicting the clini
ggressiveness and response to therapy (42, 4
ell as in distinguishing between MG and m
loma (44, 45). Other variables that may impr
ccuracy in predicting both progression of M
nd prognosis of myeloma patients are cyto
etic abnormalities (46–52), activation of on
enes or inactivation of tumor suppressor ge
53–57), imbalance between apoptosis-suppre
nd -inducer proteins (58, 59) and multidrug
istance gene expression (41, 60, 61).

We describe the major phenotypic and D
berrations found in a series of 55 patients
ntreated myeloma and 50 patients with MG
valuate the value of plasma cell phenotyping
stablishing the differential diagnosis between t
ntities. We also review the literature on this sub
nd discuss the biology of plasma cell disorder

ATERIALS AND METHODS

atients and Samples

Data presented are derived from 55 pati
ith untreated myeloma and 50 patients with M
tudied at the Hospital Geral de Santo Anto´nio,
orto, Portugal (57 males, 48 females; median
f 61 years, range 29–95 years). Marrow sam

ere collected into EDTA-K3 and cell concentra-

635
-

s

r

ion was determined and adjusted with phosp
uffered saline to give 5–153 106 cells/ml. The

mean percentage of plasma cells was 2.26 1.9%
(0.2–6.0) and 276 29% (2–77%) of all nucleate
marrow cells for MG and myeloma, respectiv
(mean 6 standard deviation, minimum–ma

um). Patients with myeloma had,10, 10–20
nd.20% plasma cells, in 12, 12, and 31 ca
espectively.

mmunophenotypic Studies

Immunophenotyping was performed in all
yeloma patients and in a subset of 40 MG

ients, using a direct immunofluorescence te
ique. Briefly, 100ml of whole blood containin

between 0.5 and 23 106 nucleated cells wa
incubated for 15 min at room temperature in
darkness with saturating amounts of the mono
nal antibodies indicated below. Lysis of red blo
cells and fixation of the leukocytes was then p
formed, processing samples in the Q-Prep w
station using Immunoprep (Beckmann Coul
Miami, FL).

The following three-color panel (FITC/P
PE-Cy5) was used in both MG and myelom
CD138/CD56/CD38 and CD10/CD19/CD38.
myeloma two additional staining were perform
in order to better characterize plasma cells: CD
CD22/CD38 and CD45/CD28/CD38. The sou
of antibodies were as follows: CD19, CD2
CD22, and CD38 (Beckman Coulter); CD28 a
CD56 (Becton–Dickinson, San Jose´, CA); CD138
(ImmunoQuality Products); and CD45 (Da
A/S, Glostrup, Denmark).

DNA Studies

DNA studies were performed in 55 patie
with myeloma and in a subset of 27 patients w
MG using a two step- washing method develo
in our laboratory. This method is based on
use of both FITC-conjugated primary (antig
specific) and secondary (anti-immunoglobu
antibodies, a strategy that increases the F
signal of CD38-positive cells without an app
ciable increase in nonspecific staining. This p

cedure obviated difficulties usually imposed by
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the decrease of expression of cell surface anti
when cells are simultaneously stained for D
(data not shown). As a first step cells were in
bated with 10ml of FITC-conjugated mouse an

uman CD38 (Cytognos, Salamanca, Spain)
5 min at room temperature, protected from lig
nd washed twice in phosphate-buffered sa
s a second step 20ml of FITC-conjugated rabb

anti-mouse immunoglobulins (Dako) was ad
and cells were incubated under the same co
tions. Once this incubation period was comple
cells were washed once in buffered saline
then processed with DNA-Prep either autom
cally (DNA-Prep workstation) or manually, a
cording to the manufacturer’s instructions (Be
man Coulter). Briefly, 100ml of DNA Prep LPR
(reagent to lyse red cells and permeabilize
membranes) was added and vortexed for 8 s;
that, 2 ml of DNA-Prep stain (propidium i
dide–PI solution with RNAse) were added a
vortexed for 10 s. Finally, the samples were
cubated at 4°C in the darkness for 15 min be
acquisition.

Data Acquisition and Analysis

Data acquisition was carried out in a EPIC
XL-MCL flow cytometer (Beckman Coulte
equipped with a 15-mW air-cooled 488-nm arg
laser, using the XL2 software program (Beckm
Coulter). Instrument alignment and standard
tion were performed daily and electronic comp
sation was used to remove spectral overlap
normal blood sample was processed in par
every day and the red fluorescence high vol

FIG. 1. Fraction of abnormal plasma cells in pa
was adjusted to place the mean channel of the

636
G0/G1 peak of normal blood lymphocytes at
channel 2006 10. Information on a minimum o
1.53 103 plasma cells was acquired and store
list mode data for each staining.

Immunophenotypic analysis was perform
using the XL2 software (Beckman Coulte
Briefly, plasma cells were first identified based
the expression of CD138 antigen and high le
of expression of CD38; then, normal and abn
mal plasma cells were identified and character
for the expression of each antigen and the frac
of each plasma cell population was calcula
Criteria used for distinguished normal and abn
mal plasma cell populations were based on
expression of CD38, CD19, and CD56 and w
previously described in detail elsewhere (44,

For DNA analysis, cell doublets were e
cluded and CD38-brightly positive plasma c
and CD38-dim normal residual marrow cells w
gated separately in the SSC/CD38 histogram
DNA content and cell cycle distribution of ea
cell population were analyzed individually us
the Multicycle software (Phoenix Flow System
San Diego, CA). The DNA index was calcula
as the ratio of the modal channel of G0/G1 p
of the CD38 brightly positive plasma cells a
that of the CD38-dim residual normal marrow ce
Plasma cells were considered aneuploid when
DNA index was out of the range 0.95–1.05.

RESULTS

Immunophenotype

As illustrated in Fig. 1, when all patients w

with MG (white columns) and myeloma (black colum
plasma cell dyscrasias were considered together,
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the fraction of BM plasma cells that had an
normal immunophenotype was highly varia
ranging from 0 to 100%.

In patients with MG, a large fraction of ma
row plasma cells had a normal immunophe
type. Indeed, the fraction of abnormal plas
cells was only 35.06 32.8 (0.0–96.0) and wa
greater than 95% in only 1 case. The typ
phenotypic features observed in MG are show
Fig. 2. Absence of expression of CD19 (100

FIG. 2. Illustrative dot plots showing normal plasm
rom normal individuals, myeloma and MG patients.
and strong expression of CD56 (90%) together

637
with a decreased expression of CD38, were
most important phenotypic features in dis
guishing the abnormal plasma cell populat
Abnormal plasma cells usually had a sligh
higher size and granularity, as evaluated by
ward-scatter and side-scatter, respectively (
not shown). In the only case in which abnorm
plasma cells were not detected in the BM, B-c
were monoclonal, although there were nei
clinical nor other laboratory criteria for the dia

ls (red dots) and abnormal plasma cells (blue dots) in
a cel
nosis of a B-cell lymphoproliferative disorder.
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In contrast to that observed in MG, abnorm
plasma cells comprised 98.76 8.1% (40–100%
of total marrow plasma cell in myeloma patien
only one case having less than 95% of abno
plasma cells. Illustrative examples of monoclo
and biclonal myeloma cases are shown in Fig
As in MG, the most frequent phenotypic abe
tions were the absence of expression of C
(94%), the expression of CD56 (77%) and
creased expression of CD38 (70%) (Fig. 3
Other phenotypic abnormalities occurred less
quently and included: expression of CD10 (28
expression of CD28 (21%); expression of CD
(15%) and expression of CD22 (6%). As show
Fig. 3B, the vast majority of cases (93%) had
or more aberrant immunophenotypic features
two cases two different abnormal plasma cell p
ulations were identified.

DNA Content and Cell Cycle Distribution

From a total of 27 cases of MG in which DN
analysis was performed, 18 cases had imm
phenotypic studies whereas the remaining
cases did not. Information on DNA content a
cell cycle distribution of abnormal plasma ce
was conclusive in only 16 of 27 cases analyzed
the remaining 11 cases it was not possible
distinguish an abnormal plasma cell cycle fr

FIG. 3. Type (A) and number (B) of phenotypic a
normalities found in myelomatous plasma cells.
the normal one. These cases were: seven cases id
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which the fraction of phenotypically abnorm
plasma cells was very low (less than 10%
plasma cells), in which only a diploid cell cyc
was observed, and four cases in which immu
phenotypic studies were not available and o
one diploid cell cycle was observed. In 27 M
cases studied the DNA index ranged from 0.
1.30 (1.076 0.10) and the cell cycle distributio
was as follows: G0/G1 phases 91.26 8.4%
68.2–100.0), S phase 6.16 7.0% (0.0–25.2) an
2/M phases 2.76 2.8 (0.0–13.2). If only th
ell cycles that corresponded were conside
bnormal plasma cells the following valu
ere obtained: G0/G1 phases 90.26 9.6%

68.3–97.8%), S phase 7.46 8.6 (0.0–25.2) an
2/M phases 2.46 1.7 (0.0–6.5). In this cas
NA index ranged from 0.89 to 1.30 (1.096
.13) five cases had a normal DNA content an
ere aneuploid (10 hyperploid and 1 hypoplo

n cases classified as aneuploid, two plasma
ycles were simultaneously identified: one, an
loid, corresponding to the abnormal plasma c
nd the other, diploid, corresponding to resid
ormal plasma cells.

Normal residual marrow cells had the follo
ng cell cycle distribution: G0/G1 phases 88.36
.0% (77.7–98.8%), S phase 9.46 4.2% (1.1–
8.4%) and G2/M phases 1.76 0.9% (0.0–3.9%

In patients with myeloma, the DNA index
he abnormal plasma cell population ranged f
.78 to 1.54%. Four cases (7%) were biclo
two of them corresponding to those being a
lassified as biclonal based on immunopheno
ng) and 51 cases (93%) monoclonal. Of th
ases having only one plasma cell cycle, 19 (3
ad an normal DNA content, whereas the rem

ng were aneuploid (hyperploid, 31 cases (61
ypoploid, 1 case (2%). Illustrative PI/CD38 d
lots of normal marrow plasma cells and diplo
yperploid, hypoploid and biclonal myelomato
lasma cells are show in Fig. 4. Cell cycle dis
ution was as follows: G0/G1 phases 90.26
3.9% (12.1–98.8%), S phase 4.96 8.5%
0.0–46.5%) and G2/M phases 4.46 6.9% (0.0–
0.0%). Thirty eight percent of cases had a
entage of plasma cells in S phase higher than

Normal residual marrow cells had cell cy

nistribution similar to that found in MG: G0/G1



no-
gh
ma

of
re
as

ant
my-
each
this
ells
me
ture
69,

s do
ess
ally
20,

rast
ally
ay
ark-
y-
(78,

s in
on-
ells
40
y-
that

ery-
as

i-
the
NA
a

ric
ro-
ob-
ls,
cal
we
evi-
an

pre-
er-
s not
ses
ma
2).

tant
nt

trix
nce
ra-
)—

he
ells
(red
d

Lima et al. Blood Cells, Molecules, and Diseases (2000)26(6) December: 634–645

doi:10.1006/bcmd.2000.0342, available online at http://www.idealibrary.com on
phases 90.46 5.3% (77.4–99.2%), S phase 7.46
4.7% (0.1–19.9%) and G2/M phases 1.96 1.3%
(0.0–5.5%).

DISCUSSION AND REVIEW
OF THE LITERATURE

Immunophenotypic and DNA Abnormalities
of Malignant Plasma Cells

Many studies have focused on the immu
phenotypic aberrations of myeloma althou
comparative studies with normal marrow plas
cells are less frequent (62–67). Expression
CD138 and very strong reactivity for CD38 a
the best markers for identifying myelomatous
well as normal plasma cells (68–71). Aberr
immunophenotypic features are frequent in
elomatous plasma cells and the frequency of
abnormality has been similar to that found in
series. Normal and myelomatous plasma c
usually do not express CD45 although so
cases, especially those with a more imma
morphology, may be CD45-positive (63, 67,

FIG. 4. Illustrative CD38/PI dot plots showing t
DNA content and cell cycle distribution of plasma c
(blue or green dots) and normal residual marrow cells
dots) in diploid (A), hyperploid (B), hypoploid (C), an
biclonal (D) plasma cell disorders.
72–74). Myelomatous plasma cells usually do not
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express CD19, whereas normal plasma cell
(66, 75, 76). Malignant plasma cells may expr
other B-cell associated markers that are usu
negative in normal plasma cells, such as CD
CD21 and CD22 (63, 67, 69, 72–75). In cont
to normal, myelomatous plasma cells are usu
strongly positive for CD56, although they m
not express other natural killer associated m
ers, including CD16 and/or CD57 (75, 77). M
elomatous plasma cells do not express CD34
79), whereas CD117 is expressed on cell
nearly one third of myeloma cases (80). A c
siderable fraction of myelomatous plasma c
express CD10 (81, 82), CD28 (83, 84), and CD
(83, 85), and in a minor fraction of patients m
elomatous plasma cells also express markers
have been associated to the myelomonocytic,
throid, and megakaryocytic lineages, such
CD13, CD14, CD15, and CD33 (72, 86–88).

Until recently, flow cytometric DNA quant
fication and cell cycle analysis were limited by
fact that most studies were based on single D
staining, limiting its application to samples with
high proportion of plasma cells. Multiparamet
DNA analysis using double staining with p
pidium iodide and anti-CD38 overcame this pr
lem by allowing DNA analysis of plasma cel
specifically (102, 103). Using a different techni
approach for DNA studies in plasma cells,
obtained results similar to those reported pr
ously; the majority of myeloma cases have
abnormal DNA content and hyperploid cases
dominate over hypoploid (104–111). The p
centage of abnormal plasma cells in S phase i
higher in myeloma than in MG and in both ca
the percent of cells in S phase is lower in plas
cells than in normal hematopoietic cells (45, 10

Immunophenotypic and DNA Abnormalities,
Disease Expression, and Prognosis

Adhesion molecules may have an impor
role in determining the localization of maligna
plasma cells in the marrow extracellular ma
and in extramedullary spread (89–96). Imbala
of molecules implicated in plasma cell prolife
tion—such as CD40 and CD117 (85, 97, 98

and of proteins that regulate apoptosis—including
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p26/bcl2 and CD95/Fas (56, 57, 59)—may als
crucial for plasma cell survival and may be i
plicated in the pathogenesis of malignant g
mopathy by prolonging the survival of plas
cells and increasing the chance of acquiring a
tional gene defects. Some of the antigens a
rantly expressed on myelomatous plasma
may have prognostic implications and expres
of CD10, CD20, CD28, CD45, myelomonocy
markers, and surface immunoglobulins correl
with aggressive biological and clinical charac
istics, as did the absence of expression of C
and VLA-5/CD49e (72–74, 77, 81, 83, 84,
99–101). Disease progression may be accom
nied by immunophenotypic changes, such a
increase of expression of CD28 and CD86 (
Expression of proteins associated with multid
resistance phenotype may determine nonres
siveness to therapy (41, 61).

Abnormalities in plasma cell DNA conte
and cell cycle distribution may also have imp
tant prognostic implications in myeloma (10
112). Survival is significantly longer in hype
ploid compared with diploid myeloma (45, 10
111). Hypoploid or biclonal myeloma apparen
have a worst prognosis and higher resistanc
chemotherapy, when compared to those havi
diploid or a hyperploid DNA content in plasm
cells (107, 108, 111), although some recent
questioned this finding (112). The percentage
phase plasma cells is an independent progn
factor in myeloma cases; a high number o
phase plasma cells (higher than 2 or 3%, dep
ing on the study) predicts a poor prognosis (1
114).

Progression of MG to Myeloma

Studies of the phenotypic differences betw
MG and myeloma plasma cells (44, 45, 76)
tablished that virtually all marrow plasma ce
from patients with myeloma have an abnor
phenotype, characterized by a slightly lower
activity for CD38, strong expression of CD56 a
absence of expression of CD19, in contras
normal plasma cells, which are CD38-stron
positive/CD56-negative/CD19-positive. Patie

with MG have two clearly defined plasma cells p
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populations, one identical to normal plasma c
and the other having an immunophenotype sim
to myelomatous plasma cells (44, 45). Our res
support these observations indicating that
fraction of residual normal plasma cells is a po
erful variable to use for the discrimination of M
and myeloma patients. The fact that MG a
myeloma form a spectrum of plasma cells dis
ders in which the monoclonal plasma cell po
lation progressively occupy the entire plasma
pool in marrow might suggest that MG patie
having a higher proportion of abnormal plas
cells are those with a higher probability of dev
oping myeloma in a shorter period of time. T
surmise is consistent with transformation to m
eloma as a multi-step process (115–118).
state of the B-cell differentiation in which the fi
oncogenic event lead to a monoclonal expan
occurs probably in a mature B-cell that has b
in contact with antigen (119). However, as in
case of MG, monoclonal plasma cell expans
occurs without clinical manifestations and ad
tional mutational events are required in orde
develop clinical features of malignancy. The f
that MG patients acquire chromosomal chan
gradually within several related plasma cell s
clones (120) and that some chromosomal ab
malities, such as monosomy 13, are assoc
with transition of MG to myeloma also suppo
this hypothesis (46, 47). Oncogenes also pla
role in the conversion of MG into myeloma
well in the proliferation and survival of maligna
plasma cells (53–57). For instance, loss or ina
vation of Rb1 and p53 tumor suppressor (54)
mutational activation of N- and K-ras oncoge
(55, 57) are frequent findings in myeloma but
in MG, suggesting that these molecular eve
occur late during the process of oncogenesis.
adhesion molecules that mediate interactions
tween plasma cells and marrow stroma cells
stimulate production of cytokines (121–123) m
also be important in this process. IL 6 ha
crucial role in maintaining plasma cell prolife
tion (124) whereas IL1b leads to osteoclast ac
ation and osteolysis and can increase the ex
ion of adhesion molecules and induce IL 6
retion by either autocrine (plasma cells)

aracrine (stromal cells) mechanisms (125). An-
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giogenic cytokines such as vascular endoth
growth factor and basic fibroblast growth fac
expressed by myeloma cells may also be invo
(126). Recent data also suggest that a virus
posi-associated virus–HHV-8) may be associ
with development of myeloma (127). Long-te
follow-up of MG patients will determine if a hig
fraction of abnormal plasma cells should be c
sidered as an index of an imminent transforma
into myeloma.
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