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Identification and Characterization of Plasma Cells in Normal Human Bone
Marrow by High-Resolution Flow Cytometry

By Leon W.M.M. Terstappen, Steen Johnsen, Ine M.J. Segers-Nolten, and Michael R. Loken

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 immunofiuorescent-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-x fluorescein isothiocyanate and antiA 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

HE BONE MARROW is the site of early B-lymphocyte
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
studied.”® 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.>'® 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,'"'? whereas characteriza-
tion of normal plasma cells in situ are infrequent.*'> Most
information regarding plasma cells has resulted from the
extrapolation from malignant myelomas.'*%

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 cells,'>*% this antigen is not specific for plasma cells
and expressed on a large variety of other cells such as
basophils,”® monocytes, early monomyeloid cells,? early B
lymphocytes,”* early T lymphocytes,'*** natural killer
cells,” 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.

Blood, Vol 76, No 9 (November 1), 1990: pp 1739-1747

scattering expressed CD22, CD35, and silgE 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 immunofiuorescence studies. The
expression of cell surface immunoglobulin G (IgG), IgA, IgE,
IgD, IgM., and the cell surface antigens CD10, CD11b, CD13,
CD11¢c, CD14, CD15, CD16, CD19, CD22, CD20, CD33,
CD36, 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 CD10 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.

© 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 (10~* mol/L
EDTA, 10~? mol/L KHCQ;, 0.17 mol/L. NH,CL in water [pH
7.3]) 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 10’/mL. Twenty microliters of pretitered monoclonal antibodies
(MoAbs) were added to 100 uL of cell suspension. After incubating
for 20 minutes on ice, the cells were washed once with 3 mL of the
PBS solution at 4°C. The staining procedure was repeated in the
succeeding step. The MoAbs used were CD16 (anti-Leu-11a 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), CDI15 (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), CD11b (anti-Leu-15 PE), CD10 (CALLA PE),
CD13 (anti-Leu-M7 PE), and CDllc (anti-Leu-M35 PE). All
MoAbs were purchased from Becton Dickinson Immunocytometry

From Becton Dickinson Immunocytometry Systems, San Jose,
CA.

Submitted April 30, 1990; accepted June 21, 1990.

Address reprint requests to Leon W.M.M. Terstappen, MD, PhD,
Senior Scientist, Becton Dickinson Immunocytometry Systems,
2350 Qume Dr, San Jose, CA 95131.

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. section 1734 solely to
indicate this fact.

© 1990 by The American Society of Hematology.

0006-4971/90/7609-000433.00/0

1739


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org at UNIVERSITEIT TWENTE on March 6, 2009. For personal use only.

1740

Systems ([BDIS] San Jose, CA). FITC-conjugated polyclonal
antibodies used were directed against human IgG, IgM, IgD, IgE,
IgA, and «, and the PE-conjugated polyclonal antibody was directed
against human X. These antibodies were purchased from TAGO
(Burlingame, CA). The pellet of the immunofluorescent-labeled
cells was resuspended in | mL of 1% paraformaldehyde in PBS.
LDS-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 resuspended in RPMI 1640
containing 10% fetal calf serum (FCS).

Flow cytometry. Flow cytometric analysis was performed on a
FACScan (BDIS). Data acquisition was performed with the FACS-
can Rescarch Software (BDIS), whereas the analysis of the five
dimensional data was performed with the PAINT-A-Gate software
(BDIS).”"** Forward light scattering, orthogonal light scattering,
and three fluorescence signals were determined for each cell and
stored in listmode data files.

The cell sorting was performed on a FACStar Plus (BDIS). Cells
were sorted into RPMI containing 10% FCS. The sorted cells were
centrifuged for S minutes at 200 g and resuspended in 100 u. RPMI
1640 containing 10% FCS. Cytospin preparations were made with a
Shandon Cyto-centrifuge (Southern Product Ltd, Astmoor, En-
gland): for each cytospin preparation 10,000 sorted cells were used.
The slides of each sort were stained with Wright's stain or fixed (95%
ethanol, 5% glacial acetic acid at —20°C) and stained with x FITC
and A PE polyclonal antibodies. The slides were examined with a
light or fluorescence microscope.

RESULTS

Identification of plasma cells in human bone marrow
using flow cytometry. The low frequency of the plasma
cells and the lack of specific cell surface antigens have been
significant impediments for an accurate identification of
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plasma cells. These limitations could be overcome by identi-
fying normal human plasma cells by combining two high-
resolution, 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 g.mng on the cells with intermediate LDS-751
fluorescence.’

Figure 1 (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 a unique position in the correlation of the
three parameters and are black, whereas all other cells
remain gray. Only six black-colored dots of 5,000 were
identified as plasma cells in Fig 1 (A through C). For
comparison the positions of mature neutrophils (N), mono-
cytes (M), lymphocytes (L), and relatively mature nucleated
erythroid cells (E) are indicated in the figures.”"'

To effectively enrich the plasma cells, the neutrophils and
relative mature nucleated erythroid cells were excluded from
the measurements by applying an electronic gate on the two
light-scattering parameters as illustrated in Fig 1 (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 (IB),
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).

Fig 1. Identification of plasma cells. A
normal bone marrow cell preparation was
stained with CD38 and analyzed on a FACS-
can. (A through C) Three two-parameter
projections of forward light scattering, trans-
formed orthogonal light scattering, and CD38
antigen expression. The plasma cells are
black, whereas all other cells remain gray.
Only six black cells of 5,000 are identified as
plasma cells. For comparison the positions of
mature neutrophils (N), monocytes (M), lym-
phocytes (L), and relatively mature nucle-
ated erythroid cells (E) are indicated. (D
through F) Identical projections as shown in
A through C, but applying a gate on the two
light scattering parameters to increase the
relative number of plasma cells. This relative
increase is visualized by the increased num-
ber of black cells as compared with gray
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A further enrichment of the relative number of plasma
cells was obtained by excluding all cells not brightly express-
ing the CD38 antigen in combination with the light-
scattering gate. The plasma cells, indicated as black dots, are
identified as a homogeneous cluster of cells illustrated in Fig
1 (G through I).

Confirmation of the flow cytometric identification of
plasma cells. The cells, identified as plasma cells in Fig I,
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 homogencous
population of cells with the characteristic morphology of
plasma cells (Fig 2). Further evidence of the identity of these
cells was obtained by intracellular staining of the sorted cells
with polyclonal antibodies directed against the light chains,
ic, antihuman x FITC and antihuman X PE. All cells stained
with either x FITC or A PE, not both. The purity of the sorted
plasma cells in four different sorts was 93%, 100%, 99%, and
99%, 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 1,000.

Frequency of plasma cells in normal human bone marrow.
The frequency of plasma cells in seven normal bone marrow
aspirates was determined using the approach illustrated in
Fig 1. The frequency of plasma cells was low, averaging
0.25% (n = 7), but relatively constant between individuals
(range 0.14% t0 0.30%, 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 coefficient varia-
tion (CV) of 4% (range 0.22% 10 0.26%) is remarkable for a
population of such low frequency.

Identification of two populations of plasma cells. Two
distinct populations of plasma cells could be observed when
other MoAbs were used to further characterize the plasma

a2*d

Fig2. The cell population inferred as plasma cells in Fig 1 were
sorted. An example of Wright's-stained sorted cells is illustrated
here. All cells had a small, excentric nucleus, clocklike dispersed
chromatin, and dark blue cytoplasm with perinuclear clearing
typical for plasma cells. Two lymphoplasmacytoid cells among the
plasma cells are indicated with arrows.
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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 B). In Fig 3A
the correlation between the light scattering parameters is
shown and in Fig 3B the correlation between CD38 and the
FITC-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 are
colored blue. Note the appearance of few blue-colored cells in
Fig 3, A and B.

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 are colored blue. Note that all the blue
(CD22") cells are considerably smaller by forward light
scattering as compared with the black (CD22 ) cells (Fig
3C). The frequency of the CD22" plasma cells ranged from
15% t0 37% of all plasma cells (mean 25%, n = 7, Table 1).

Microscopic examination of sorted plasma cells showed
that the plasma cells expressing CD22° had the typical
morphologic features 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 are depicted black whereas the plasma cells
bearing IgE are colored blue. Note that the same size
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% to 38%, mean 24%, n = 7, Table 1).

A similar size difference was observed for the plasma cells
expressing CD35° as compared with CD35 (data not
shown). CD23 (Fce,,) 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 are depicted black,
whereas the plasma cells expressing HLA-DR are colored
blue. In this case, no correlation 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
parameters.

Cell surface characterization. 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, IgM, IgD, IgE, and IgA. In Fig 4 the presence of
cell surface IgG, IgM, and IgD on a typical normal bone
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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
cell-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 cells bear-
ing IgE are colored blue. Note
that the population discrimina-
tion based on light scattering is
similar for plasma cells express-
ing CD22, asiit is for IgE, indicat-
ing that the same population is
detected. (G and H) 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.


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org at UNIVERSITEIT TWENTE on March 6, 2009. For personal use only.

PLASMA CELLS IN NORMAL HUMAN BONE MARROW

Table 1. Antigenic Profile of Normal Human Plasma Cells

Minimum  Maximum

Antibody Mean (%} SD (%) (%)
FITC conjugated Ig control 3 2.6 0 8
CD16 (Leu-11a) 5 3.2 2 9
CD19 (Leu-12) 17 11.8 3 40
CD22 (Leu-14) 25 7.5 15 37
CD20 (Leu-16) 20 26.5 4 79
HLA-DR 32 19.0 13 60
CD45 (Hle-1) 58 20.0 28 94
CD14 (Leu-M3) 6 7.3 o] 17
CD15 (Leu-M1) 3 1.5 1 5
CD15 (L16) 1 1.4 ] 3
CD35 (CR1) 21 1.1 2 36
PE conjugated Ig control 5 4.8 o] 13
CD33 {Leu-M9) 14 11.7 3 33
CD11b (Leu-15) 41 22.1 16 73
CD10 (CALLA) 26 17.8 4 55
CD13 (Leu-M7} 16 8.4 3 25
CD11c {Leu-M5) 43 14.8 22 65

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.”® 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 NK cells express the CD38 antigen.?®

In the experiment illustrated in Fig 4E and F, the presence
of cell surface [gM 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,?*?* as well as
CDI10 (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.*> The red-colored mature B-lymphocytes are

1743

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 differentiation,>*1%23.28:3033-36
Normal human erythroid, megakaryocyte, monomyeloid,
and early B-cell differentiation have been studied extensively
in bone marrow aspirates.>*!93031:3637 Although normal early
B-cell differentiation is well documented,?'** little is known
of the terminal differentiation of the B lymphocytes into the
plasma cells resident in the bone marrow.*"

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 = .05). The frequency of the plasma cells are in
agreement with earlier studies enumerating plasma cells
using fluorescence and light microscopy.” 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 cells. 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 cells remained gray.
The neutrophils and relatively
mature erythroid cells were ex-
cluded by light scattering from
the measurement. (C and D)
The presence of cell-surface
IgG on bone marrow cells. Cell-
surface IgG could be detected
on a large proportion of the
plasma cells (compare black
cells in Fig 4B with those in Fig
5D). The monocytes (colored
yellow) occupied a characteris-
tic location in the correlation of
light-scattering parameters,
stained with IgG FITC 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 4B with Fig 4F).
Immature B lymphocytes, are
colored blue, coexpressed CD38
and cell surface IgM. Mature B
lymphocytes, colored red, did
not express the CD38 antigen
but expressed cell-surface IgM.
(G and H) 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 B
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
Antibody (%) SD (%) (%)
Ig control 3 2.6 o] 8
1gG 52 14.8 29 67
IgA 33 11.1 17 46
IgE 24 9.9 14 38
IgD 7 3.8 02 12
igM 35 245 11 78

Results are percent of plasma cells expressing the antibody; resuits 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 [gG, although significant interdonor variation
was observed (Table 2).® The percentage of plasma cells
expressing different heavy chains often exceeded 100%,
indicating that more than one immunoglobulin was ex-
pressed by the plasma cells as described by MacKenzie.*

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 CD10 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 marrow.“** 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.'*%
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 at different levels on the positive cells is different
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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 RNA 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*, CD207) and lost
before sIgD is present on the cell surface, (CD34~, CD10*,
CD20+).>!° The CD38 antigen density on the plasma cells is
re-expressed during terminal maturation (at levels at 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 (<0.01%) 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,”” 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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