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The low frequency of plasma cells and the lack of specific 
cell surface markers has been a major obstacle for a 
detailed characterization of plasma cells in normal human 
bone marrow. Multiparameter flow cytometry enabled the 
identification of plasma cells in normal bone marrow 
aspirates. The plasma cells were located in a unique 
position in the correlation of forward light scattering, 
orthogonal light scattering, and immunofluorescent-la- 
beled CD38. The identity of the sorted cell populations was 
confirmed by microscopic examination of Wright‘s stained 
slides and slides stained for cytoplasmic immunoglobulin 
using polyclonal antibodies reactive with light chains: ie, 
anti-rc fluorescein isothiocyanate and antiX phycoerythrin 
(PE). The purity of the sorted plasma cells was greater than 
97% (n = 4). The average frequency of plasma cells in 
normal bone marrow aspirates was low-0.25% of the 
nucleated cells (n = 7)-but surprisingly consistent be- 
tween individuals (SD = .05: range 0.14% to  0.30%). A 
detailed analysis showed two distinct populations of plasma 
cells: (1 ) A population relatively smaller by forward light 

H E  BONE MARROW is the site of early B-lymphocyte T maturation in humans.’ Immunoglobulin gene rear- 
rangement, the presence of intracellular immunoglobulin 
(Ig), and the changes of the antigenic cell surface profile 
during early B-lymphocyte maturation have been extensively 

Four sequential maturational stages have been 
identified in human B-lymphocyte differentiation by means 
of flow cytometry, each characterized by the synchronous 
loss or acquisition of multiple-cell surface antigens.9s10 Al- 
though early antigen-independent B-cell maturation is well 
defined, little is known about normal terminal B-cell differen- 
tiation in response to antigens. Most studies describing 
differentiation into plasma cells have been assessed by in 
vitro stimulation of B lymphocytes,”.I2 whereas characteriza- 
tion of normal plasma cells in situ are i n f r e q ~ e n t . ~ . ’ ~  Most 
information regarding plasma cells has resulted from the 
extrapolation from malignant m y e l o m a ~ . ’ ~ - ~ ~  

The difficulties in identification of plasma cells as com- 
pared with B lymphocytes in normal marrow are a result of 
the low frequency of the plasma cells and the loss of the 
typical B-cell surface antigens on these cells. Although the 
CD38 antigen is one of the antigens expressed by human 
plasma c e l l ~ , ’ ~ . ’ ’ , ~ ~  this antigen is not specific for plasma cells 
and expressed on a large variety of other cells such as 
basophils,23 monocytes,23 early monomyeloid cells,24 early B 
 lymphocyte^,'^.^^ early T  lymphocyte^,'^,^^.^^ natural killer 
cells,26 and activated T cells.” 

In this study we demonstrate the use of high-resolution, 
multiparameter flow cytometry to identify plasma cells 
uniquely using their location in a three-dimensional space 
created by forward light scattering, orthogonal light scatter- 
ing, and CD38 fluorescence intensity. The specific identifica- 
tion of normal plasma cells in human bone marrow permitted 
an extensive characterization of the antigens expressed on 
the normal plasma cells. 

scattering expressed CD22, CD35, and slgE and was 
identified as early plasma cells (ie, lymphoplasmacytoid), 
and (2) a population larger by forward light scattering 
lacked these markers and was identified as mature plasma 
cells. The antigenic profile of the normal plasma cells was 
determined in two-color immunofluorescence studies. The 
expression of cell surface immunoglobulin G (IgG), IgA, IgE, 
IgD, IgM. and the cell surface antigens CDIO, CDI 1 b, CD13, 
CDllc. CD14, CD15, CD16, CD19, CD22, CD20. CD33, 
CD35, CD45, and HLA-DR was determined on the plasma 
cells. A significant heterogeneity in cell surface antigen 
expression was observed within the plasma cell popula- 
tion. Unexpectedly, myeloid-specific cell surface antigens 
such as CD33 and CD13 and the early B-cell antigen 
identified by CDIO were expressed on a proportion of 
plasma cells. These observations imply that the association 
of myeloid and early B-cell markers described in multiple 
myeloma may not be associated with the neoplasia but is a 
normal phenomenon. 
0 1990 by The American Society of Hematology. 

MATERIALS AND METHODS 

Cell preparation. Bone marrow aspirates were obtained from 
consenting normal adult volunteers. For lyses of erythrocytes, 1 vol 
of blood was diluted with 14 vol of a lysing solution mol/L 
EDTA, mol/L KHC03, 0.17 mol/L NH,CL in water [pH 
7.31) and gently mixed. Cells were lysed for 3 to 5 minutes and 
centrifuged at 200g for 5 minutes at room temperature. The pellet 
was resuspended in a volume of RPMI 1640 (Whittaker, Walkers- 
ville, MD) 14 times larger than the original bone marrow volume 
and centrifuged at 200g for 5 minutes. This washing step was 
repeated twice and the cells were finally resuspended in phosphate- 
buffered saline (PBS) containing 1% bovine serum albumin and 20 
mmol/L HEPES (pH 7.3). The cell concentration was adjusted to 
1 x 107/mL. Twenty microliters of pretitered monoclonal antibodies 
(MoAbs) were added to 100 pL of cell suspension. After incubating 
for 20 minutes on ice, the cells were washed once with 3 mL of the 
PBS solution at 4OC. The staining procedure was repeated in the 
succeeding step. The MoAbs used were CD16 (anti-Leu-1 la fluores- 
cein isothiocyanate [FITC]), CD19 (anti-Leu-12 FITC), CD22 
(anti-Leu-14 FITC), CD20 (anti-Leu-16 FITC), HLA-DR FITC, 
CD45 (Hle-1 FITC), CD14 (anti-Leu-M3 FITC), CD15 (anti- 
Leu-M1 FITC), CD15 (L16 FITC), CD35 (CR I FITC), Ig isotype 
controls conjugated to phycoerythrin (PE) and FITC, CD33 (anti- 
Leu-M9 PE), CDllb (anti-Leu-15 PE), CDlO (CALLA PE), 
CD13 (anti-Leu-M7 PE), and CDllc (anti-Leu-MS PE). All 
MoAbs were purchased from Becton Dickinson Immunocytometry 
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Systems (IRDISI San Jose. CA). FITC-conjugated plyclonal 
antibodies used were directed against human IgG. IgM. lgD. lgE. 
IgA. and X .  and the PE-conjugated plyclonal antibody was directed 
against human A. These antibodia were purchased from TAG0 
(Hurlingame. CA). The pellet o f  the immunofluorwlent-labeled 
cells was resuspended in I mL of 1% paraformaldehyde in PRS. 
I.DS-751 was added to the fixed cell suspension in  order to exclude 
non-nucleated and damaged cells from the measurements by gating 
on fluorescence intensity typical for intact nucleated cells." For cell 
sorting. cells were not fixed but were rauspended in  R P M l  1640 
containing 10% fetal calf serum (FCS). 

Flow cytometric analysis was performed on a 
FACScan (RDIS). Data acquisition was performed with the FACS- 
can Research Software (RDIS). wheras the analysis o f  the five 
dimensional data was performed with the PAINT-A-Gate software 
(RDIS)." '' Forward light scattering. orthogonal light scattering. 
and three fluorcsccnce signals were determined for each cell and 
stored in  listmode data film. 

The cell sorting was performed on a FACStar Plus (BDIS). Cells 
were sorted into R P M l  containing 10% FCS. The sorted cells were 
centrifuged for 5 minu taa t  2OO~and rauspended in  IOOrL R P M l  
1640 containing 10% FCS. Cytospin preparations were made with a 
Shandon Cyto-centrifuge (Southern Product Ltd. Astmoor. En- 
gland); for each cytospin preparation 10.OOO sorted cells were used. 
The sl idaof each sort were stained with Wright's stain or fixed (95% 
ethanol, 5% glacial acetic acid at  - 20%) and stained with I FlTC 
and A PE plyclonal antibodies. The sl ida were examined with a 
light or fluorescence microscope. 

F/ow cyromrrry. 

RESULTS 

Idenrijcorion of plasma cells in human hone marrow 
using jlow cyromerry. The low frequency of the plasma 
cells and the lack of specific cell surface antigens have been 
significant impediments for an accurate identification of 

plasma cells. Thcse limitations could be overcome by identi- 
fying normal human plasma cells by combining two high- 
rcsolution. light-scattering parameters with the quantitative 
expression of the CD38 antigen on a flow cytometer. Dam- 
aged and non-nucleated cells were excluded from the measure- 
ments by gating on the cells with intermediate LDS-751 
fl uorescencc.:' 

Figure I (A through C) shows three two-parameter 
projections correlating forward light scattering. orthogonal 
light scattering, and CD38 antigen expression. The orthogo- 
nal light scattering signals were transformed using a polyno- 
mial function in  order to increase the resolution between the 
nucleated cell populations.:' In  this figure. the plasma cells 
were located in ii unique position in the correlation of the 
three parameters and arc black. whereas all other cells 
remain gray. Only six black-colored dots of 5.OOO were 
identified as plasma cells in  Fig I (A through C). For 
comparison the positions of mature neutrophils (N), mono- 
cytes (34). lymphocytes (L). and relatively mature nucleated 
erythroid cells (E)  arc indicated in the figures."'." 

To elTectively enrich the plasma cells. the neutrophils and 
relative mature nucleated erythroid cells were excluded from 
the measuremenis by applying an electronic gate on the two 
light-scattering parameters as illustrated in Fig I (D through 
F). The apparent increase in frequency of the plasma cells is 
demonstrated by the increased number of black cells as 
compared with the gray-colored cells. The positions of 
immature monomyeloid (IM). immature B-lymphocytes ( IR) .  
and natural killer cells (NK) are indicated in these displays 
(Fig 1. D through F; defined by MoAbs and light scattering 
properties: data not shown). 
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Fig 1. MontHiution of Manu &Is. A 
normal bone marrow c d l  preparation m s  
stained with CD38 and a ~ l y z e d  on a FACS- 
can. (A through CI Three two-parameter 
projections offorward light scattermg. trans- 
formed orthogonal light Mattering. and CQ38 
antigen expression. The plasma cells are 

8 ? 88 black. whereas all other cells remain gray. 
Only six black cells of 6,ooO are identified as 
plasma cells. For comparison the positions of 
mature neutrophils IN). monocytes (MI. lym- 
phocytes (L). and relatively mature nucle- 
ated erythroid cells ( € 1  are indated .  (0 
through F) Identical projections as shown in 
A through C. but applylng a gate on the two 
light scattering parameters to  increase the 

8 8 relative number of plasma cdls. This relative 
increase is v iswl imd by the incr.ssed num- 
ber of black cells as compared with gray 
cells. Here the positions of immature mono- 
myeloid (IM). immature B lymphocytes OB). : 102 1:TI ;;;;TI and through natural I) Identical killer cells projections INK) are indated .  as shown (0  in 
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A further enrichment of the relative number of plasma 
cells was obtained by excluding all cells not brightly cxpress- 
ing the CD38 antigen i n  combination with the light- 
scattering gate. The plasma cells. indicated as black dots. arc 
identified as a homogeneow cluster of cells illustrated in Fig 
I (G through I ) .  

Confirmation of the /low cytometric identification of 
plasma cells. The cells. identified as plasma cells in Fig 1. 
were sorted then placed on microscope slides using a cytocen- 
trifuge and stained with Wright's stain. A typical example of 
the purified Wright-stained cells revealed a homogeneous 
population of cells with the characteristic morphology of 
plasma cells (Fig 2). Further evidence of the identity of these 
cells was obtaincd by intracellular staining of the sorted cells 
with polyclonal antibodies directed against the light chains, 
ic, antihuman I( FITC and antihuman A PE. All cells stained 
with either K FITC or A PE. not both. The purity of the sorted 
plasma cells in  four different sorts was 93%. 100%. 99%. and 
997. respectively. In the sorted cell fractions not expressing 
the CD38 antigen and in the cell fractions dimly expressing 
the CD38 antigen. no plasma cells could be found based on 
visual counts of I .OOO. 

Frequency of plasma cells in normal human hone marrow. 
The frequency of plasma cells in seven normal bone marrow 
aspirates was determined using the approach illustrated in 
Fig I .  The frequency of plasma cells was low. averaging 
0.25% ( n  = 7). but relatively constant between individuals 
(range 0.14% to 0.30'3. SD = 0.05). To examine the repro- 
ducibility of such determinations. the percentage of plasma 
cells was repeated in 17 separate preparations of a single 
bone marrow aspirate. The within-sample coclficient varia- 
tion (CV) of 4 9  (range 0.22% to 0.26%) is remarkable for a 
population of such low frequency. 

Two 
distinct populations of plasma cells could be observed when 
other VoAbs were used to further characterize the plasma 

Identification of two populations of plasma cel1.c. 

F b  2. Tho cdl population inforrod as pbmu d l s  in Fig 1 -0 

m o d .  An oxamplo of Wright's-stained m o d  colla is Illwtratod 
hore. All colls had a small. excontric nuclour, elockliko dispersed 
chromatin. and dark bluo cytoplasm with porinuclrr cloaring 
typical for pleama colls. Two lymphopksmacytoid cells among the 
plasma colts are indicntod with arrows. 

cells. In the experiment illustrated in Fig 3. a normal bone 
marrow cell preparation was stained with CD38 PE in 
combination with either FITC-conjugated CD22 (Fig 3. C 
and D), antihuman IgE (Fig 3. E and F). HLA-DR (Fig 3. G 
and H). or an irrelevant antibody (Fig 3. A and R). In  Fig 3A 
the correlation between the light scattering parameters is 
shown and in Fig 3R the correlation betwccn CD38 and the 
FlTC-conjugated irrelevant antibody is illustrated. A bound- 
ary was established using the negative control to identify the 
positively stained cells. Plasma cells that were unstained 
appear black. while those that passed this boundary arc 
colored blue. Note the appearance of few blue-colored cells in 
Fig 3. A and R. 

The expression of cell surface CD22 on plasma cells is 
illustrated in Fig 3. C and D. The plasma cells that did not 
express CD22 were depicted black whereas the plasma cells 
which bound CD22 arc colored blue. Note that all the blue 
(CD22' ) cells arc considerably smaller by forward light 
sattering as compared with the black (CD22 ) cells (Fig 
3C). The frequency of the CD22' plasma cells ranged from 
15% to 37% of all plasma cells (mean 25%. n = 7. Table I ) .  

Microscopic examination of sorted plasma cells showed 
that the plasma cclls expressing CD22' had the typical 
morphologic featura of lymphoplasmacytoid cells (typical 
examples are indicated with arrows in Fig 2). whereas the 
CD22 cells showed the morphology of typical mature 
plasma cells (Fig 2). The intracytoplasmic density of Ig light 
chains detected by standard fluorescence microscopy was 
considerably less in the CD22 populations as compared with 
the CD22 plasma cell population. This further confirmed 
the distinction between "early" lymphoplasmacytoid plasma 
cells and "late" mature plasma cells. 

The expression of cell surface IgE on plasma cells illus- 
trated in Fig 3. E and F was studied. The plasma cells with no 
detectable IgE arc depicted black whereas the plasma cells 
bearing IgE arc colored blue. Note that the same site 
distinction in light scattering was observed among plasma 
cells positive for IgE as was seen for CD22. indicating that 
the same population was detected. The frequency of the IgE' 
plasma cells was close to that found of the CD22' plasma 
cells (range 14'3 to 38%. mean 24%. n = 7. Table I ) .  

A similar size dikrence was observed for the plasma cells 
expressing CD35' as compared with CD35 (data not 
shown). CD23 (Fcc,) could not be detected on either of the 
populations. 

For a comparison, the expression of HLA-DR was studied 
in the same experiment. illustrated in Fig 3. G and H. The 
plasma cells not expressing HLA-DR arc depicted black. 
whereas the plasma cells cxpressing HLA-DR arc colored 
blue. In this case. nocorrelation with either the small or large 
plasma cell population was observed; the blue and black cells 
were overlapping in the correlation of both light scatter 
para meters. 

The presence of Ig heavy 
chains on the cell surface of the normal plasma cells was 
studied by staining bone marrow cells with CD38 PE and 
FITC-conjugated polyclonal antibodies directed against hu-  
man IgG. IgV. IgD. IgE. and IgA. In Fig 4 the presence of 
cell surface IgG. IgM. and IgD on a typical normal bone 

Cell surface characreri:arion. 
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Fig 3. Two populations of 
normal plasma cells exhibit dif- 
ferent phenotypes. A normal 
bone marrow cell preparation 
was stained with CD38 PE and 
an irrelevant FITC-conjugated 
antibody, CD22 FITC, human 
IgE FITC, and HLA-DR FITC, 
respectively. (A and B) The cor- 
relation of light-scattering pa- 
rameters and CD38 with an 
FITC-conjugated irrelevant an- 
tibody. The plasma cells are 
depicted black. A boundary was 
set based on this negative con- 
trol. (C and D) Expression of 
call-surface CD22 by plasma 
cells. The plasma cells not ex- 
pressing CD22 appear as black 
whereas the plasma cells ex- 
pressing CD22 are depicted as 
blue. Note that all these cells 
were considerably smaller as 
assessed by forward light scat- 
tering. (E and F) Expression of 
cell-surface IgE by plasma cells. 
The plasma cells with no de- 
tectable IgE are depicted black 
whereas the plasma calls bear- 
ing IgE are colored blue. Note 
that the population discrimina- 
tion based on light scattering is 
similar for plasma cells express- 
ing CD22, as it is for IgE, indicat- 
ing that the same population is 
detected. (G and HI Expression 
of HLA-DR by plasma cells. The 
plasma cells not expressing 
HLA-DR are depicted black 
whereas the plasma cells ex- 
pressing HLA-DR are colored 
blue. In this case no correlation 
with either the small or large 
population was observed. The 
blue and black colored cells are 
mixed in the correlation with 
both light scatter parameters. 
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Table 1. Antigenic Profile of Normal Human Plasma Cells 

Minimum Maximum 
Antibody Mean(%) SD (%) (%I 

FITC conjugated Ig control 
CD 16 (Leu- 1 1 a) 
CD 19 (Leu- 12) 

CD20 (Leu-16) 

CD45 (Hle-1) 
CD14 (Leu-M3) 
CD 15 (Leu-M 1) 
CD15 (L16) 
CD35 (CR 1) 
PE conjugated Ig control 

CD 1 1 b (Leu- 15) 
CD 10  (CALLA) 

CD 1 1 c (Leu-M5) 

CD22 (Leu-1 4) 

HLA-DR 

CD33 (Leu-MS) 

CD 13 ( L ~ u - M ~ )  

3 2.6 0 
5 3.2 2 

17 11.8 3 
25  7.5 15 
2 0  26.5 4 
3 2  19.0 13 
5 8  20.0 2 8  

6 7.3 0 
3 1.5 1 
1 1.4 0 

21  1.1 2 
5 4.8 0 

14 11.7 3 
4 1  22.1 16 
26  17.8 4 
16 8.4 3 
4 3  14.8 2 2  

8 
9 

4 0  
3 7  
7 9  
6 0  
94  
17 
5 
3 

36 
13 
3 3  
73 
55 
25  
6 5  

Results are percent of plasma cells expressing the antibody; results of 
seven samples analyzed. 

marrow cell preparation is illustrated. In Fig 4A the correla- 
tive display of both light scattering parameters is shown; the 
neutrophils and relatively mature erythroid cells were ex- 
cluded from the measurement. As a negative control, the 
correlative display of CD38 antigen expression and an 
irrelevant FITC-conjugated MoAb is shown in Fig 4B. The 
plasma cells are depicted black, whereas all other cells 
remain gray. 

The presence of cell surface IgG on bone marrow cells was 
studied as illustrated in Fig 4, C and D. Cell surface IgG 
could be detected on a large proportion of the plasma cells 
(compare black cells in Fig 4B with those in 4D). In contrast, 
monocytes, colored yellow, have a different location in the 
correlation of both light-scattering parameters, stain with 
IgG FITC (presumably through Fc receptor bound IgG), 
and express lower levels of the CD38 antigen.23 A subpopula- 
tion of mature B lymphocytes expressing cell surface IgG, 
which lack the CD38 antigen, were colored red. These cells 
were distinct from NK cells (IgG bound through Fcy) 
because N K  cells express the CD38 antigen.26 

In the experiment illustrated in Fig 4E and F, the presence 
of cell surface IgM was studied. A relatively small proportion 
of the plasma cells had detectable surface IgM (compare Fig 
4B with 4F). Early B lymphocytes are depicted blue; these 
cells coexpress CD38 and cell surface IgM,22.24 as well as 
CDlO (data not shown). As compared with the blue-colored 
B lymphocytes, the red-colored, more mature B lymphocytes 
did not express the CD38 antigen but expressed cell surface 
IgM. 

In the experiment illustrated in Fig 4, G and H, the 
presence of cell surface IgD was studied. Virtually none of 
the black colored plasma cells expressed cell surface IgD. 
The relative number of blue-colored B lymphocytes was 
clearly decreased as compared with the blue IgM-colored 
cells (Fig 4, E and F). The latter is indicative for a later 
expression of cell surface IgD on B lymphocytes as compared 
with IgM.32 The red-colored mature B-lymphocytes are 

further differentiated; these cells do not express the CD38 
antigen but express cell surface IgD. 

The variation in expression of cell surface immunoglobulin 
on normal human plasma cells was determined for seven 
donors and illustrated in Table 2. In addition, the expression 
of a variety of cell surface antigens on normal human plasma 
cells was determined in seven normal donors (Table 1). At 
least 500 plasma cells were analyzed by flow cytometry for 
each determination of the number of plasma cells that 
expressed or lacked a specific antigen. 

DISCUSSION 

The analysis of the composition of human bone marrow 
aspirates is complicated by the presence of multiple cell 
lineages in bone marrow aspirates as well as a variety of 
maturational stages within each cell lineage. The introduc- 
tion of multiparameter flow cytometry accelerated the stud- 
ies on normal hematopoietic cell 
Normal human erythroid, megakaryocyte, monomyeloid, 
and early B-cell differentiation have been studied extensively 
in bone marrow aspirates.3.9.'0.30*31336-37 Alth ough normal early 
B-cell differentiation is well d o c ~ m e n t e d , ~ " ~ ~ ~ ~  little is known 
of the terminal differentiation of the B lymphocytes into the 
plasma cells resident in the bone 

In this study we report the identification and characteriza- 
tion of the end stage of B-cell differentiation, ie, the plasma 
cell by high-resolution flow cytometry. The plasma cells 
could be uniquely identified by their location in a three- 
dimensional space created by forward light scattering, trans- 
formed orthogonal light scattering, and quantitative CD38 
expression. The plasma cells could be identified in purities 
greater than 99% as analyzed by cell sorting. In the fractions 
depleted of the plasma cells, no plasma cells could be found, 
indicating that the majority of, if not all, plasma cells in 
normal human bone marrow aspirates could be accounted 
for. The high purity of the plasma cells obtained by high- 
resolution flow cytometry opened the opportunity to study 
the cell surface phenotypes of normal plasma cells. 

The average frequency of the plasma cells in normal bone 
marrow aspirates was low: 0.25% of nucleated bone marrow 
cells with a remarkable small interdonor variation 
(SD = .OS). The frequency of the plasma cells are in 
agreement with earlier studies enumerating plasma cells 
using fluorescence and light micro~copy.~~' The small interdo- 
nor variation permits the usage of this technique to detect 
abnormal high frequencies of plasma cells in bone marrow 
aspirates. 

A detailed analysis of the normal bone marrow plasma cell 
population demonstrated the existence of two populations of 
plasma cells, ie, early lymphoplasmacytoid plasma cells and 
late mature plasma cells. The lymphoplasmacytoid cells were 
distinguished from the mature plasma cells by their rela- 
tively low forward light scattering and the expression of 
CD22, CD35, and sIgE. The morphologic features of the 
lymphoplasmacytoid cells and their lower density of intracy- 
toplasmic Ig light chains strongly suggest that these are early 
plasma cells. The presence of sIgE on the lymphoplasmacy- 
toid cells was surprising and suggested the presence of 
low-affinity receptors for IgE, which have been shown to 
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Fig 4. Cell-surface Ig ex- 
pression of normal bone mar- 
row calls. Bone marrow cells 
were stained with CD38 PE and 
an irrelevant FITC-conjugated 
antibody. FITC-conjugated poly- 
clonal antibodies directed 
against human IgG, IgM. and 
IgD, respectively. (A and B) The 
correlated display of light-scat- 
tering parameters and display 
of CD38 antigen expression 
with an irrelevant FITC-conju- 
gated antibody. The plasma 
cells are depicted black, where- 
as all other calls remained gray. 
The neutrophils and relatively 
mature erythroid cells were ex- 
cluded by light scattering from 
the measurement. (C and D) 
The presence of call-surface 
IgG on bone marrow cells. Cell- 
surface IgG could be detected 
on a large proportion of the 
plasma calls (compare black 
cells in Fig 48 with those in Fig 
5D). The monocytes (colored 
yellow) occupied a characteris- 
tic location in the correlation of 
light-scattering parameters, 
stained with IgG FlTC through 
Fc receptor bound IgG, and ex- 
pressed the CD38 antigen. A 
subpopulation of mature B lym- 
phocytes expressing cell-sur- 
face IgG and lacking CD38 are 
colored red. (E and F) The pres- 
ence of cell-surface IgM on bone 
marrow cells. A relatively small 
proportion of the plasma cells 
had detectable surface IgM 
(compare Fig 48 with Fig 4F). 
Immature B lymphocytes, are 
colored blue. coexprassed CD38 
and cell surface IgM. Mature B 
lymphocytes, colored red, did 
not express the CD38 antigen 
but expressed cell-surface IgM. 
( 0  and HI The presence of cell- 
surface IgD on bone marrow 
cells. Virtually none of the black 
plasma cells expressed cell- 
surface IgD. The relative num- 
ber of blue-colored immature B 
lymphocytes is clearly de- 
creased as compared with Fig 
4, E and F. The more mature 8 
lymphocytes that are colored 
red did not express the CD38 
antigen but did express cell- 
surface IgD. 
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Table 2. Cell-Surface Ig Expression of Normal Human 
Plasma Cells 

Mean Minimum Maximum 
Antiboh/ (%I  SD (%I (%I 

lg control 3 2.6 0 8 
IgG 52 14.8 29 67 
Isn 33 11.1 17 46 
IgE 24 9.9 14 38 
IgD 7 3.8 02 12 
IgM 35 24.5 1 1  78 

Results are percent of plasma cells expressing the antibody: results of 
seven samples analyzed. 

appear after B-cell activation in vitro." The absence of 
staining with anti-CD23 MoAbs on plasma cells could be a 
result of IgE occupying the receptor. However, it is possible 
that the presence of sIgE might be a result of IgE production 
in these plasma cells. Determination of the heavy chain 
production of the plasma cell populations will answer this 
question but has not yet been performed. 

The presence of cell surface Igs was studied on the 
majority of normal plasma cells. No distinction was made 
between Fc receptor bound and transmembrane Ig. In 
concordance with other studies, the majority of the plasma 
cells expressed IgG, although significant interdonor variation 
was observed (Table 2).' The percentage of plasma cells 
expressing different heavy chains often exceeded loo%, 
indicating that more than one immunoglobulin was ex- 
pressed by the plasma cells as described by Ma~Kenzie .~ '  

Although the frequency of the plasma cells in the donors 
studied was rather constant, the plasma cell population 
within and between normal donors was extremely heteroge- 
neous with respect to the cell surface antigen expression. 
Only the CD15 and CD16 antigens could not be detected on 
normal plasma cells, whereas all other antigens studied could 
be found on a variable number of plasma cells. Most 
remarkable was the expression of myeloid antigens such as 
CD33 and CD13, as well as the early B-cell antigen CDlO on 
some plasma cells. 

In acute lymphocytic leukemia (ALL) as well as acute 
myeloid leukemia (AML) combinations of antigens can be 
found on the leukemic cells that do not have a counterpart in 
normal human bone The studies reporting on 
cell surface expression of plasma cell malignancies suggested 
that antigens were aberrantly expressed in myeloma in an 
analogous fashion to that described in ALL and AML.'3p20 
The present study clearly indicates the presence of myeloid 
as well as early B-cell antigens on normal plasma cells, not 
just on the malignant counterpart. The presence of these 
antigens on normal plasma cells was surprising. The fact that 
these antigens were not found on all plasma cells and were 
expressed a t  different levels on the positive cells is different 

from other antigens identifying distinct maturational stages. 
It is possible that these myeloid and or early B lymphoid 
antigens on plasma cells are not functional but are products 
of small amounts of residual R N A  present in the cells, which 
is amplified through transcription because of the tremendous 
protein synthesis occurring in the plasma cells. The pheno- 
typic heterogeneity within the normal plasma cells limits the 
ability of defining myeloma cells based on aberrant expres- 
sion of antigens. 

In this study we have shown that during B-cell maturation 
the CD38 antigen is lost; ie, CD38 is present on the earliest 
recognizable B cells (CD10+, CD34+, CD20-) and lost 
before sIgD is present on the cell surface, (CD34-, CDlO', 
CD20*).9.'0 The CD38 antigen density on the plasma cells is 
re-expressed during terminal maturation (at levels a t  least 
tenfold higher as compared with the immature B lympho- 
cytes). Because we have not detected cells expressing the 
relatively late B cell antigens CD21 and CD22, which also 
expressed CD38 (a phenotype expected for activated B cells), 
either the frequency of such activated B cells is below the 
detection limit (t0.01%) or activation of the B-lymphocytes 
occurs outside the bone marrow and the antigen-primed B 
cells migrate back to the bone marrow for Ig secretion. In 
vitro studies have shown that resting splenic B cells do not 
express the CD38 antigen, but after stimulation the CD38 
antigen appears in synchrony with the appearance of plasma 
cells.'* In view of these observations, and the studies in mice 
that the majority of serum IgG results from bone marrow 
plasma cells,45 we favor the hypothesis that early B-cell 
differentiation occurs within the bone marrow, but the virgin 
B-lymphocytes leave the bone marrow compartment return- 
ing to the bone marrow as early plasma cells after antigen 
stimulation. Improvement of the knowledge of the migration 
patterns of normal B-lymphocytes is imperative for a better 
understanding of the preferential localization and migration 
patterns of B-cell malignancies. This study provides the 
means to specifically identify early and late plasma cells in 
normal human bone marrow, thereby opening new prospec- 
tives to explore the expression of distinct adhesion molecules 
(homing receptors) on the cells surface of cells along the 
B-cell lineage. Assessment of the tissue-specific ligands 
(vascular adressins) for the adhesion molecules then predict 
the preferential migration pattern of the identified cell 
population. 

A major advantage of the multiparameter flow cytometric 
approach to assess B-cell differentiation is that one not only 
can identify plasma cells and their precursors but also can 
sort each identified population on a single-cell basis, permit- 
ting functional studies in which the behavior of normal and 
abnormal (myeloma) plasma cell populations can be com- 
pared. 
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