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Differential Mechanism for Differentiation into Immunoglobulin-secreting Cells in
Human Resting B Lymphocyte Subsets Isolated on the Basis of Cell Density
Noboru Suzuki, Yuji Ueda, and Tsuyoshi Sakane
Third Division, Department of Internal Medicine, Shimane Medical University, Izumo, Shimane 693, Japan

Abstract

Wehave investigated differential mechanism for differentia-
tion of human peripheral blood resting B cells to Ig-secreting
cells. Purified resting B cells were further fractionated into
subsets by discontinuous density gradients of Percoll, and pro-
liferation and differentiation responses to Staphylococcus
anreus Cowan I (SAC) and/or T cell-derived soluble factors
were studied.

High density resting B cells were stimulated to proliferate
vigorously in response to SAC, but were poorly differentiated
by SAC in presence of T cell factors. In contrast, low density
resting B cells failed to proliferate in response to SACand/or
T cell factors; these cells could, however, be induced by stimu-
lation with SAC plus T cell factors to become cells actively
secreting Ig. These results indicate that there may exist heter-
ogeneity in the human resting B cells: one subset of resting B
cells (B cells with low density) can differentiate directly into
Ig-secreting cells without the need for proliferation, and an-
other subset (B cells with high density) can proliferate actively
without subsequent differentiation into Ig-secreting cells.

To address whether these resting B cell subsets belong to
the same lineage, only high density B cells recovered from
circulating resting B cells were first stimulated for 7 d with
SAC, refractionated on Percoll gradients, and differentiation
response of the refractionated B cells to SACand T cell factors
was examined. B cells shifting toward low density fraction were
located in the resting status and could differentiate in response
to SACplus T cell factors. These results indicate that some of
B cells with high density belong to the same cell lineage as
those with low density and they must first proliferate before
differentiation.

Introduction

In the past several years, there has emerged a new conceptual
framework for viewing the mechanism by which resting B
lymphocytes are activated during an antigenic encounter, and
the proliferation and differentiation events occur after the ini-
tial stages of activation (1-5). Although never explicitly stated,
the framework can be readily outlined in animal (1, 2) as well
as human models (3-5). Resting B cells become activated via
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cross-linking of membrane Ig receptors by affinity-purified
anti-Ig antibodies or Ig cross-linking materials such as Staphy-
lococcus aureus Cowan I (SAC)' as polyclonal analogs for an-
tigen (6-9), or via occupancy of membrane Ig receptors by
antigens and cognate T cell interactions involving the Ta anti-
gens of resting B cells (10-12). Activation of resting B cells via
either mechanism results in functional expression of receptors
for soluble proliferation and/or differentiation factors (1-5,
13-15), so that a major fraction of B cells that once are acti-
vated can be driven through proliferation and differentiation
to Ig secretion solely with aid of the appropriate soluble factors
(1-5, 13-15). However, it has remained an area of controversy
whether the proliferation event is a prerequisite to the B cell
differentiation, without which subsequent responsiveness to
soluble differentiation factors and maturation to Ig-secreting
cells do not occur (16-19), or alternatively, whether after the
initial activation of B cells, some, but not all, of the B cells
could directly mature to Ig-secreting cells without undergoing
the proliferation event (4, 20-31).

In the present studies, we have addressed these questions
using human B cell subsets separated by a centrifugation of
Percoll discontinuous density gradient. B cell subsets were
cultured with SAC in presence or absence of T cell-derived
soluble factors, and their proliferation and Ig production mea-
sured. Wehave found that (a) some subsets of resting B cells
(that sediment in a low density fraction) can not proliferate in
response to SAC and/or soluble factors, but rather directly
differentiate into Ig-secreting cells in presence of SAC plus
soluble factors; (b) another subsets of resting B cells (that sedi-
ment in a high density fraction) can be induced by SAC or
SACplus soluble factors to proliferate vigorously, but not to
differentiate effectively into Ig-secreting cells; and (c) these
high and low density B cells could belong at least in part to the
same cell lineage because stimulation of the high density B
cells by SACcauses some of them to transit to the low density
B cells, which in turn differentiate into Ig-secreting cells in
response to SACplus soluble factors.

Methods
Cell separations. Peripheral blood mononuclear cells from healthy
volunteer donors were separated into T cells and non-T cells by means
of a sheep red blood cell-rosette technique. B cells were obtained by
further depletion of T cells remaining in the non-T cell fraction by
complement-mediated cell lysis with OKT3 monoclonal antibody
(Ortho Pharmaceutical, Raritan, NJ). This was followed with depletion
of monocytes by removal of cells adhering to petri dishes and by
compJement-mediated cell lysis with OKMI monoclonal antibody
(Ortho Pharmaceutical). Ali these purification procedures were re-

peated twice and have been described in detail elsewhere (32, 33).
The resultant B cell population contained no T cells, < 0.2% cells

1. Abbreviations used in this paper: Ara-C, cytosine arabinoside; PFC,
plaque-forming cell; SAC, Staphylococcus aureus Cowan I.
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reactive with OKM5monoclonal antibody (Ortho Pharmaceutical),
and > 90% cells bearing surface-membrane 1g. Moreover, the B cells
obtained did not respond at all to PHA(Wellcome Research Laborato-
ries, Wellcome Reagent Ltd., Beckenham, England) and Con A (Phar-
macia Fine Chemicals, Div. of Pharmacia Biotechnology International
AB, Uppsala, Sweden) even if cultures were performed at high enough
cell density (1 X 10' cells/well) and optimal mitogen concentrations
(PHA, 1 Ag/ml; Con A, 10 gg/ml). Mean±SE counts per minute of
unstimulated B cells, PHA-stimulated B cells, and Con A-stimulated B
cells from 16 different normal donors were 772±120, 726±136, and
730±112, respectively.

Monocytes were obtained by collecting the non-T cells adhering
firmly to petri dishes. Monocyte preparations consisted of > 95% cells
that were reactive with OKM5antibody.

Preparation of partially purified T cell-derived soluble factors. Pe-
ripheral blood mononuclear cells from different healthy subjects (2.5
X 106/ml) were stimulated for 48 h with PHA(1 gg/ml). The superna-
tants were collected and purified by several chromatographic steps as
described elsewhere (34, 35). In brief, after ultrafiltration, the superna-
tants were concentrated by (NH4)2SO4 precipitation, subsequently fur-
ther purified by (NH4)2SO4 fractionation, and then dialyzed. The dia-
lyzed active material was passed over an anion-exchange chromato-
graphic column (DEAE-Sepharose). Helper factor activity that can
drive activated B cells to proliferate and to secrete Ig eluted as a broad
peak centered at - 0.07 MNaCl. The helper factor-containing mate-
rial was further purified using gel filtration with Ultrogel, and sequen-
tial polyacrylamide gel electrophoresis containing SDS. The resultant
material was designated partially purified T cell-derived soluble fac-
tors. The characterization of the factors obtained has been described
previously (34, 35). The factors obtained had neither PHA activity,
IL-l activity, or interferon y activity; they contained B cell growth
factor activity and B cell differentiation factor activity as well as IL-2
activity when measured by using an assay system as described else-
where (32, 33).

Density gradient separation of B cells. B cells were further separated
by centrifugation on discontinuous Percoll density gradients according
to the method of Dagg et al. (36, 37). Briefly, 5 X 107-l5 X 107 B cells,
suspended in 2.5 ml of 30% Percoll (Pharmacia Fine Chemicals) were
layered onto the gradients ranging from 45 to 60% Percoll in 5%
increments of 2.5 ml in 15-ml centrifuge tubes (Iwaki Glass, Tokyo,
Japan). The gradients were centrifuged at 3,000 g for 5 min at 40C.
Cells at each interface were removed with a pasteur pipette. The layer
between 45 and 50%Percoll is the low density fraction; between 50 and
55%, the intermediate density fraction; and between 55 and 60%, the
high density fraction.

Assayfor proliferative responses of SAC-stimulated B cell subsets. 5
X 104 B cells of individual fractions were stimulated with various
concentrations of SAC, but usually 0.002% vol/vol, for various periods
of time in presence or absence of partially purified T cell-derived
soluble factors (25% vol/vol). Triplicate cultures in 96-well round-bot-
tomed microtiter plates (Costar Data Packaging Corp., Cambridge,
MA) were performed in a total volume of 200 ,ul and incubated at 37°C
in a humidified atmosphere of 5%C02/95% air. Proliferative responses
were measured by the incorporation of [methyl-3H]thymidine (5 Ci/
mmol; Amersham Corp., Arlington Heights, IL) over the last 20 h of
the culture (32, 33).

Assayfor plaque-forming cell (PFC) responses ofSAC-stimulated B
lymphocyte subsets. The culture to induce Ig-secreting cells was estab-
lished in a l-ml vol in 12 X 75 mmplastic tubes (Falcon Labware Div.,
Becton-Dickinson & Co., Oxnard, CA) with 2 X 101 fractionated B
cells, various concentrations of SAC(usually 0.002% vol/vol), and 400
Ml partially purified T cell-derived soluble factors. The triplicate cul-
tures were incubated for various periods of time. Cells were then har-
vested, washed three times in Hanks' balanced salt solution, and as-
sayed for number of IgM-producing cells. Number of IgM-producing
cells was detected in a reverse hemolytic PFCassay (38) and the results
were expressed as the mean of PFC/ 106 B cells in the original culture
(32, 39).

In certain experiments, B cells sedimenting in the high density layer
were stimulated by SAC for 3 or 7 d. Thereafter, these stimulated B
cells were again applied onto the Percoll density gradients and frac-
tionated according to their density. These refractionated B cells were
then tested for their proliferative and PFCresponses to the stimulation
with SACand/or T cell factors. In other experiments, cultures assayed
for proliferation and differentiation of fractionated B cells were set in
presence of DNAsynthesis inhibitor, cytosine arabinoside (Ara-C), to
evaluate the role of replication of B cells played in their terminal
maturation (see below).

Cell staining. Cell staining with monoclonal antibodies and data
analysis were performed as previously described, with certain modifi-
cations (40). Cells were incubated with aggregated human IgG (Sigma
Chemical Co., St. Louis, MO) for 45 min at 370C (to prevent Fc
fragment binding), washed, and allowed to react with optimal concen-
trations of mouse monoclonal antibodies, OKT3, OKM1, OKT9(an-
tibody to transferrin receptors; Ortho Pharmaceutical), anti-Tac, and
anti-B 1 (Coulter Diagnostics, Coulter Electronics, Inc., Hialeah, FL).
Fluorescein-conjugated F(ab')2 fragment of affinity-purified goat anti-
mouse IgG (Tago, Inc., Burlingame, CA) was then used as a developing
antibody. Cells were also directly stained with fluorescein-conjugated
F(ab')2 fragment of goat anti-human Ig (u, 6, and M + y + a chains)
obtained from Cappel Laboratories, Cochranville, PA. Stained cells
were analyzed by flow microfluorimetry using a FACStar (B-D FACS
System, Mountain View, CA) or a Ortho Spectrum III (Ortho Diag-
nostic Systems, Inc., Raritan, NJ).

Inhibitor. Wide range of concentrations of DNAsynthesis inhibitor
Ara-C (0.5-0.005 Ag/ml) was used (41). Ara-C was added to cell cul-
tures, at dosage described, in the beginning of culture, and maintained
in the cultures throughout the culture period. At the end of culture, cell
viability was always estimated by trypan blue dye exclusion and ex-
pressed as the ratio of number of viable cells at the end of culture to
number of cells in original culture.

Result

Characterization of B lymphocyte subsets separated by Percoll
density gradient centrifugation. Purified B lymphocytes were
fractionated on Percoll discontinuous density gradients. The
relative cell number distribution of B lymphocytes in each
gradient fraction was as follows: 5±3% of the B cells sedi-
mented in the layer between 30 and 45%Percoll, 15±7% in the
layer between 45 and 50% Percoll, 48±11% in the layer be-
tween 50 and 55% Percoll, and 30±8% in the layer between 55
and 60% Percoll (each value represents the mean from 12
normal subjects±SD).

The relative size of cells (cell diameter) within the B cell
subsets as compared with the average size of the total B lym-
phocyte population was calculated from the forward-angle
light scatter analysis using FACStar, and the results are sum-
marized in Table I. With a transition from the higher density
fraction to the less dense fraction of Percoll discontinuous
density gradients, there was a progressive increase in cell size;
cells sedimenting in the layer between 55 and 60% Percoll
(high density fraction) and those, in the layer between 45 and
50% Percoll (low density fraction) were of small and large B
cells, respectively.

Mostly, all B cells sedimenting into the high density frac-
tion (fraction between 55 and 60%Percoll) expressed both IgM
and IgD on their surfaces; in contrast, they did not express at
all OKT9and Tac antigens on the surfaces, both of which are
known to be markers of activated B cells (40, 42, 43) (Table I).
There was increasing proportion of surface IgM+, IgD- B cells
with a transition into less dense fractions (Table I). However,
OKT9+ and/or Tac+ B cells were not detectable even among

262 N. Suzuki, Y. Ueda, and T Sakane



Table L Characteristics of B Cell Subsets Separated by Percoll Density Gradient Centrifugation*

Surface markers Cell size by Proliferation
forward- Surface in response Cell cycle analysis"

Surface Transferrin angle light IgM'D-/ Spontaneous to T cell
Fraction Ig+ Bl+ OKT3+ OKMI+ Tac+ receptor+ scatter IgM+D+ proliferation5 factorsi Go/GI S+(G2/M)

% % % % % % Acpm X 10-3/5 X IO cells' % %

High density
(55-60%) >90 >90 <1 <1 <1 <1 25.3 <0.01 0.4 0.4 >99 <1

Intermediate
density (50-55%) >90 >90 <1 <1 1 1 33.3 0.02 0.3 0.5 >99 <1

Low density
(45-50%) >90 >90 <1 <1 2 2 37.3 0.18 0.2 0.4 >99 <1

30-45%** >70 >70 1 <20 2 ND 41.0 0.17 0.1 0.6 >99 <I

* Results represent the mean of five experiments. * Spontaneous proliferation was measured by the incorporation of [3H thymidine during the I st 20 h of culture.
*T cell-derived soluble factors and [3H]thymidine were added to cultures of B cells, and proliferative responses were measured by the incorporation of [3Hlthymi-
dine during the following 20 h. "l Cell cycle analysis was performed by using ethidium bromide staining. ' Acpm was calculated by subtracting background counts
per minute (counts per minute of cultures containing medium alone) from counts per minute of cultures containing B cells with/without T cell-derived soluble fac-
tors. ** A sufficient number of cells from a layer between 30 and 45% Percoll was not available to measure the proliferation and differentiation responses by SAC
in the following study, and thus, this fraction was not designated.

B cells sedimenting in the low density fraction (layer between
45 and 50% Percoll) (Table I).

Cell cycle analysis of the B cell subsets was also performed.
Preparations of B cell subsets were processed for cellular DNA
analysis as described elsewhere (39, 44). B cell subsets were
fixed with 99% ethyl alcohol, washed twice, and incubated at
370C with RNase, 40 U/ml, for 1 h (39, 44). The cellular
materials were then stained in a single step with a staining
solution containing ethidium bromide, using the low-salt pro-
cedure described by Vindel0v (44). Thereafter, the materials
were analyzed on an Ortho Spectrum III, and a minimum of 1
X 104 cells were accumulated for each DNAhistogram. It was
shown that > 99% of the cells in each of all the fractions had
accumulated in GO/GI phase of cell cycle (Table I). The results
indicate that even large B cells (sedimenting in the less dense
fraction) in peripheral blood are located in GO/GI phase of cell
cycle and do not enter S phase. Regarding this point, we also
measured spontaneous incorporation of [3H]thymidine by the
individual B cell subsets during the 20 h. No detectable
amounts of [3H]thymidine incorporation were observed by
cells in any fractions of Percoll density gradients (Table I).
Moreover, addition of partially purified T cell-derived soluble
factors (Table I) or recombinant IL-2 (Takeda Pharmaceutical
Corp., Osaka, Japan) (data not shown) to the individual B cell
subsets did not lead to blastic transformation of the B cells.
The overall results presented here indicate that B cells sedi-
menting in individual layers of Percoll discontinuous density
gradients are resting B cells.

Proliferative responses of B cell subsets to SAC. It has been
generally accepted that SAC can activate resting B cells in a
polyclonal manner to undergo proliferation and, when pro-
vided with adequate T cell-derived soluble factors, to main-
tain a proliferative state and secrete Ig (8, 9). Wehave investi-
gated which B cell subsets separated by centrifugation of Per-
coll discontinuous density gradients have a preferential ability
to proliferate in response to SAC. To this end, 5 X 104 B cell
subsets were stimulated for various periods with 0.002% SAC
(Fig. 1). Peak incorporation of [3H]thymidine in both B cells
sedimenting in the high density fraction and those sedimenting
in the intermediate density fraction was found at 3 d of cul-
ture; the magnitude of SAC-induced response by B cells in the

high density fraction was much greater than that by B cells in
the intermediate density fraction. In contrast, B cells in the low
density fraction consistently incorporated only little [3H]thy-
midine in response to SACduring 7 d of culture. Similar re-
sponsiveness pattern by B cell subsets was also observed over a
wide range of SACconcentrations (data not shown). Thus, B
cells sedimenting in higher density fractions can be contribut-
ing the cells that undergo proliferation in response to SAC.
The above notion was further supported by the following find-
ings. First, cell numbers recovered from the SAC-stimulated
cultures of cells in the fraction of high density B cells were 16
X 104/original cultures; in the fraction of intermediate density
B cells, 1 1 X I04; and in the fraction of low density B cells, 6

= high density B cells
=J intermediate density B cells
M low density B cells

Culture Period (Days)

Figure 1. Proliferative responses of human peripheral blood B cell
subsets fractionated on Percoll to SAC. 5 X 104 Percoll-fractionated
B cells were incubated for the indicated periods with SAC(0.002%
vol/vol), and proliferative responses were measured by incorporation
of [3H]thymidine during the last 20 h of culture. Acpm was calcu-
lated by subtracting counts per minute of unstimulated cultures from
counts per minute of SAC-stimulated cultures. Data represent the
mean Acpm + SE of four separate experiments using four different
normal donors.
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28 ~ Figure 2. Proliferative re-
i 2 sponses of Percoll-fraction-

2m n )4atedB cells to SACplus T
20 cell-derived soluble factors.

1E 5 X 104 Percoll-fraction-
5 1| ated B cells were cultured

14
8 12 with SAC(0.002% vol/vol)
leoin the presence of partially
8 purified T cell-derived sol-

uble factors (25% vol/vol)
i 2 i< _ for the indicated periods,

2 3 4 and proliferative responses
Culture Period (DaYs) were measured by incorpo-

ration of [3H]thymidine
during the last 20 h of culture. Acpm was calculated by subtracting
counts per minute of B cells alone from counts per minute of SAC
plus T cell factor-stimulated B cells. Data represent the mean
Acpm + SE of four separate experiments using four different normal
donors. o, High density B cells; ., intermediate density B cells; a,
low density B cells.

X 101. The recovered B cell numbers could reflect the differ-
ence in proliferative capacity of individual B cell subsets. Sec-
ond, the proliferative response of the higher density B cells to
SAC fell to background levels by day 5 of culture (Fig. 1).
When T cell-derived soluble factors were added at the begin-
ning of SAC-stimulated culture, the proliferative state of the
higher density B cells could be sustained even on day 7 (Fig. 2).
Note here again that even in the presence of T cell factors, low
density B cells lack the ability to proliferate in response to SAC
regardless of culture periods (Fig. 2).

PFCresponses of B cell subsets to SACin presence of T cell
factors. The in vitro IgM-PFC responses to SACin presence or
absence of T cell-derived soluble factors were also examined
for B cells in individual fractions. WhenSACwas added to B
cells in absence of T cell factors, IgM-PFC responses were not
induced at all in B cells from any fractions (data not shown).
As shown in Fig. 3, the addition of both SACand T cell factors
to cultures of either B cells sedimenting in the low density
fraction or those in the intermediate fraction resulted in con-
siderable IgM-PFC responses; only marginal PFC responses,
however, occurred in the B cells with high density. This was
true regardless of SAC concentrations (data not shown) and
culture periods (Fig. 3). These data suggest that there may exist
differential activation mechanisms in B cell subsets. Small,
high density resting B cells preferentially proliferate in re-
sponse to SACin an antigen-mimic fashion; the bulk of these
B cells, however, can not be subsequently driven by SAC to
differentiate into Ig-secreting cells even in presence of T cell
factors. On the contrary, although the cells in the fraction of
large, low density resting B cells appear to lack the ability to
proliferate in response to SACregardless of presence of T cell
factors, they can differentiate into Ig-secreting cells directly in
response to SACplus T cell factors.

To further characterize the possible role of proliferation in
differentiation of the cells in the fraction of low density B cells
to Ig-secreting cells, we added varying concentrations of DNA
synthesis inhibitor Ara-C to cultures of B cell subsets. As noted
in Table II, addition of 2 0.05 gg/ml of Ara-C resulted in
complete abrogation of SAC-induced proliferation by cells in
the fractions of high and intermediate density B cells. The
same concentrations (2 0.05, g/ml) of Ara-C also completely
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Figure 3. SAC-induced IgM-PFC responses by Percoll-fractionated B
cells. 2 X 105 Percoll-fractionated B cells were stimulated with SAC
(0.002% vol/vol) in the presence of partially purified T cell-derived
soluble factors (40% vol/vol) for the indicated periods. The number
of cells secreting IgM was measured using a reverse hemolytic PFC
assay. Only IgM-PFC responses were measured because the Ig bind-
ing characteristics of staphylococcal protein A that SACwould dis-
play in an insoluble form to act, at least in part, as B cell activators,
might interfere with reverse hemolytic PFCassay for IgG-producing
cells (5, 32). The mean PFC responses + SE of four separate experi-
ments using four different normal donors are shown. a, High density
B cells; a, intermediate density B cells; a, low density B cells.

blocked the differentiation of intermediate density B cells. In
contrast, SACstimulation in presence of T cell factors induced
considerable PFC responses by cells in the fraction of low
density B cells even under influence of 0.05 ,ug/ml of Ara-C.
Preferential cytotoxicity of Ara-C for cells in the fractions of
higher density B cells could not explain the above observations
because there was no difference in cell viability recovered from
cultures of low density B cells added at certain concentrations
of Ara-C as compared with that recovered from cultures of
high density B cells added at corresponding concentrations of
Ara-C. The findings suggest that there may exist two types of B
cell differentiation pathway as mentioned by Mayer (29): a
proliferation-dependent pathway, analogous to the traditional
scheme of B cell differentiation, and a proliferation-indepen-
dent mechanism by which specific B cell subsets can be moved
to terminal maturation phase without expansion of the B cell
clone.

Involvement of monocytes in B cell proliferation and differ-
entiation. Many previous observations have documented in
literature (2, 45) that macrophage or macrophage product acts
directly on B cells and plays a necessary role both in the prolif-
eration of activated B cells and in the generation of Ig-secreting
cells. These observations indicate that adding back of mono-
cytes to SAC-stimulated B cell cultures may cascade for prolif-
eration of low density B cells and for differentiation of high
density B cells. To clarify this problem, autologous monocytes
were introduced at a final concentration of 5% to SAC-stimu-
lated cultures of B cell subsets. These cell mixtures were incu-
bated in absence or presence of T cell factors, and the prolifer-
ative responses or PFCresponses were measured on day 3 or 5,
respectively.

As shown in Table III, most of the high density B cells
could not be driven to differentiate into Ig-secreting cells even
in the presence of autologous monocytes. Also, low density B
cells supplemented with autologous monocytes did not prolif-
erate in response to SAC stimulation. These results further
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Table 11. Effects of Ara-C on the Proliferation and Differentiation of SAC-stimulated B Cell Subsets*

B cell subsets

High density Intermediate density Low density
SAC Ara-C (55-60%) (50-55%) (45-50%)

Ag/ml

SAC-induced proliferationt 0 0 0.2 0.2 0.2
(cpm x 10-3/5 x O" B cells) + 0 14.7 5.2 0.6

+ 0.5 0.1 0.2 0.2
+ 0.05 0.5 0.4 0.2
+ 0.005 5.3 3.7 0.5

SAC+ T cell
factors Ara-C

11g/ml

SAC-induced differentiation§ 0 0 0 0 0
(PFCX 10-2/106Bcells) + 0 6 42 117

+ 0.5 0 0.2 0
+ 0.05 0.3 0.7 40
+ 0.005 4 24 127

SAC+ T cell
factors Ara-C

ttg/ml

Cell viability" (viable cells at the end of culture 0 0 8.0 6.4 7.6
X 10-4/2 X 105 cells in original culture) + 0 15.7 10.7 6.2

+ 0.5 3.1 2.1 3.9
+ 0.05 7.0 6.5 6.9
+ 0.005 14.1 10.2 8.2

* Varying concentrations of Ara-C were added to cultures assayed for proliferation and differentiation of B cell subsets fractionated on Percoll
during the entire period of culture. Values are the mean of five different experiments. * B cells were stimulated for 3 d with SAC (0.002%
vol/vol), and proliferative responses were measured by the incorporation of [3H]thymidine over the last 20 h of culture. § B cells were cultured for
5 d with SACplus T cell-derived soluble factors (40% vol/vol), and IgM-producing cells were measured in a reverse PFCassay. 1l B cells were
cultured for 5 d with SACplus T cell factors, and cell viability was estimated by trypan blue dye exclusion at the end of culture.

indicate that distinct functional properties of B cell subsets
reflect intrinsic characteristics of individual B cell subsets and
are not due to complete depletion of monocytes.

Relation of low density B cells to high density B cells. Be-
cause the above experiments demonstrated that B lympho-
cytes that undergo proliferation in response to SACare, at least
in part, different from those that do differentiation into Ig-se-
creting cells, it was of interest to determine whether low den-
sity B cells and high density B cells belong to the same cell
lineage or to distinct cell lineages. To analyze the relationship
between high and low density B cells in normal human periph-
eral blood, only high density B cells were first recovered by
centrifugation of Percoll density gradients from freshly iso-
lated B cells, stimulated for 3 or 7 d with SAC, and recentri-
fuged on Percoll density gradients. Thereafter, refractionated B
cells were further incubated for 5 d with SAC and/or T cell
factors, and measured for their PFC responses. As shown in
Figs. 4 and 5, cells originally sedimenting in the fraction of
high density B cells showed a shift toward lesser density frac-
tions after stimulation with SAC for 3 or 7 d. Moreover, cells
shifting toward the fraction of low density B cells after an
incubation of high density B cells for 3 d with SAC could
differentiate into Ig-secreting cells either in response to T cell

factors alone or in response to SACplus T cell factors (Fig. 4).
Note here that the B cells being moved to the low density
fraction after SACstimulation for 3 d can incorporate massive
amounts of [3H]thymidine spontaneously (spontaneous incor-
poration of [3H]thymidine by low density B cells derived from
3-d SAC stimulation of high density B cells in three normal
subjects: 15,725±2,362 cpm [mean±SD]), so that they must
have entered S phase through GI progression. Probably, T cell
helper factors could drive the B cells in the cell-cycle progres-
sion to differentiate into Ig-secreting cells without additional
SAC stimulation. In contrast, only few cells shifting toward
low density B cells after an incubation of cells in the high
density with SACfor 7 d differentiated into Ig-secreting cells in
response to T cell factors alone (Fig. 5). Their differentiation
required restimulation with SACand T cell factors (Fig. 5) as
has been observed in freshly isolated low density B cells. Here,
the low density B cells derived from 7 d-SAC stimulation of
high density B cells showed only little spontaneous [3H]thymi-
dine incorporation during the 1st 20 h of culture as has also
been observed in freshly isolated low density B cells (spontane-
ous incorporation of [3H]thymidine by low density B cells
derived from 7 d-SAC stimulation of high density B cells in
three normal subjects; 173±71 cpm). The above results suggest
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Table III. Role of Monocytes in the Proliferation
and Differentiation of SAC-stimulated B Cell Subsets

SAC-stimulated cultures

B cell subsets

Addition of High density Low density
B cell responses monocytes (55-60%) (45-50%)

Proliferation* (Acpm X 10-3/5 0 10.4±0.2 0.3±0.1
X l04 B cells originally placed in + ND 0.3±0.1
culture)

Differentiation into Ig-secreting 0 0.8±0.2 17.8±0.5
cellst (IgM-PFC X 10-3/106 + 0.7±0.2 ND
B cells originally placed in
culture)

* 5 X 104 B cell subsets were stimulated for 3 d with SACin presence or ab-
sence of 5%autologous monocytes. Proliferative responses were measured by
incorporation of [3H]thymidine during the last 20 h of culture. Acpm was cal-
culated by subtracting counts per minute of unstimulated cultures from counts
per minute of SAC-stimulated cultures. Data represent the mean Acpm±SEof
four separate experiments using four different normal donors.
* 2 X 105 B cell subsets supplemented with or without 5%autologous mono-
cytes were stimulated with SACin the presence of partially purified T cell fac-
tors for 5 d. The number of cells secreting IgM was measured using a reverse
hemolytic PFC assay. The mean PFC responses±SE of four separate expen-
ments using four different normal donors are shown.

that a small population of SAC-induced Ig-secreting cells
could originate from cells in the fraction of the high density B
cells, and thus, that cells in the fraction of high density B cells,
at least in part, belong to the same cell lineage as those in the
fraction of low density B cells.

Note here, however, that if one calculates simply number
of the PFC on the basis of the data shown in Figs. 4 and 5,
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Figure 4. SAC-induced IgM-PFC responses by Percoll-fractionated B
cells after preincubation of B cells sedimenting in a high density frac-
tion on Percoll for 3 d with SAC. B cells that had sedimented in a
high density fraction on the Percoll gradients were stimulated for 3 d
with SAC(0.002% vol/vol) and refractionated by the Percoll density
gradients. Refractionated cells were then tested on their differentia-
tion responses by SAC(0.002% vol/vol) and/or T cell-derived solu-
ble factors (40% vol/vol). The results are shown as the mean PFCre-
sponses + SE of four separate experiments using four different nor-
mal donors.
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Figure 5. SAC-induced IgM-PFC responses by Percoll-fractionated B
cells after preincubation of B cells sedimenting in a high density frac-
tion on Percoll for 7 d with SAC. Experimental procedures were
those of Fig. 3 except that high density B cells were preincubated for
7 d with SAC. The results are shown as the mean PFC responses
+ SE of seven separate experiments from seven different normal
donors.

> 4,000 of PFC should appear from the high density B cells
recovered from circulating B cells. Nevertheless, these high
density B cells did generate only < 1,000 PFC in response to
SACplus T cell factors (Fig. 3, and Tables II and III). Also,
relevant are findings demonstrating that after refractionation
of SAC-stimulated high density B cells for 3 or 7 d on Percoll
density gradients, refractionated high density B cells, interme-
diate density B cells, and low density B cells were combined at
a 2:3:5 or 3:3:4 ratio, respectively. These cell mixtures were
recultured for another 5 d in the presence of T cell factors
alone (for the former cell mixtures) or SACplus T cell factors
(for the latter cell mixtures) and PFC responses were mea-
sured; only < 2,000 PFC were developed in both types of the
cell mixtures (data not shown). Possible explanation for these
results are that high enough cell density of B cells that can be
easily driven to become Ig-secreting cells (B cells with low
density) and cell-to-cell interactions among them are needed
to generate maximal PFC responses.

Of particular interest that emerged from the above experi-
ments is the fact that SAC-stimulation could induce differen-
tiation of two discrete B cell subsets via two distinct activation
pathways: small, high density resting (preproliferated) B cells
are induced by SACto proliferate (Fig. 1), and the proliferating
cells are in turn stimulated to secrete Ig in response to T cell
factors (Fig. 4); large, low density resting (postproliferated) B
cells are stimulated by SAC in presence of T cell factors to
differentiate into Ig-secreting cells without active proliferation
(Figs. 3 and 5).

Discussion

The present study demonstrates a functional heterogeneity in
human peripheral blood B lymphocytes. By using density gra-
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dient separation techniques, human peripheral blood B lym-
phocytes can be divided into at least two fractions based on
their differential ability at replication and differentiation into
Ig-secreting cells in response to SAC and/or T cell factors.
Small, high density resting B cells preferentially proliferate in
response to SACwith subsequent poor differentiation into Ig-
secreting cells even in presence of T cell factors; in contrast,
large, low density resting B cells appear to lack proliferation
when stimulated with SAC, nevertheless they are induced by
SACin presence of T cell factors to produce Ig. These distinct
functional properties are not due to complete depletion of
monocytes because adding back of monocyte to cultures of the
high density and low density B cells results in neither differen-
tiation of the former cells nor proliferation of the latter cells
(Table III). The experiments using DNAsynthesis inhibitor
Ara-C further indicate that active proliferation is not an oblig-
atory prerequisite for maturation of the low density B cells to
Ig-secreting cells. Similar results regarding the functional het-
erogeneity of density-separated B cells have been also reported
in murine systems as well as human systems (46-49).

With regard to characteristics of intermediate density B
cells, it remains to be elucidated whether they constitute a
unique subset that can be distinguished from the high and low
density B cell subsets, or alternatively, whether they are simply
a combined subset of these two subsets. Considering differen-
tial sensitivity to Ara-C in the intermediate density B cells and
either low or high density B cells, it is possible that interme-
diate density B cells are functionally different from other B cell
subsets. Experiments to further address this issue are currently
under investigation.

In accordance with our findings, some subsets of human B
cells have been described to differentiate into Ig-secreting cells
without cell division (20, 21, 24, 25, 27-31). Necker et al.
showed that in humans an antibody against transferrin recep-
tors that blocks cell division can not completely block in vitro
Ig production of B cells induced by protein A and T cell factors
(24). Further, previous reports from Andersson and Melchers
have suggested that although resting murine B cells (isolated
on the basis of cell density) can not proliferate in response to B
cell replication and maturation factors, they can differentiate
directly into Ig-secreting cells without the need for cell division
(22). BCL1 cells are also known to be capable of secreting Ig
after activation, in absence of cell division (18, 26).

The conflicting views regarding the point whether cell di-
vision is essential for the induction of Ig secretion may reflect
the differential subsets of resting B cells triggered in in vitro
system. After activation, resting B cells located in a preprolif-
erated state must first proliferate before differentiation (i.e.,
cells sedimenting in a fraction of high density B cells), whereas
resting B cells located in a postproliferated state must be stimu-
lated to directly differentiate into Ig-secreting cells without the
need for proliferation (i.e., cells sedimenting in a fraction of
low density B cells). To support the existence of the latter cells,
we indeed found that B cells sedimenting into the low density
fraction (which marginally respond in proliferation to SAC
stimulation) can differentiate into Ig-secreting cells in response
to SAC plus T cell factors even in presence of Ara-C. With
regard to the existence of the former cells, B cells that have
been moved to a fraction of low density B cells by SAC-stimu-
lation of high density B cells for 7 d and have reverted to
resting state can differentiate into Ig-secreting cells in response
to SACplus T cell factors. The results presented here suggest

that previous analysis on the relation of cell replication to
differentiation using whole B cells or B cell clones should be
reconsidered in view of the B cell subpopulations as defined by
their activation stages.

Wehave also demonstrated in this paper that B cells in a
low density fraction were inducible from B cells in a high
density fraction with in vitro stimulation of SAC. The results
indicate that both human B cells in the high density fraction
and those in the low density fraction belong, at least in part, to
the same cell lineage. Some of B cells in the high density frac-
tion could be activated by SAC to be moved to less dense
fractions; the low density B cells in the cell cycle progression
(i.e., low density B cells after incubation of high density B cells
with SAC for 3 d) can differentiate into Ig-secreting cells in
presence of T cell factors alone and do not require restimula-
tion with SACfor their differentiation. Low density B cells that
have already reverted to and reaccumulated in resting B cells
(i.e., low density B cells derived from high density B cells
stimulated for 7 d with SAC) never differentiate into Ig-secret-
ing cells in response to T cell factors alone; stimulation with
SACand T cell factors are necessary for their differentiation.
Thus, responsiveness patterns of in vitro induced low density
B cells from SAC-stimulated high density B cells for 7 d appear
to be quite similar to those of freshly isolated low density B
cells. The results presented here could explain, at least in part,
the previous observations that the high density B cells make a
very small but detectable PFCresponse (Fig. 3 and Table II).

Although SAChas been thought to be a pure B cell mito-
gen that can stimulate small, resting B cell populations to un-
dergo proliferation and, when provided with adequate T cell-
derived soluble factors, stimulate the same resting B cell popu-
lations to secrete Ig (33, 39), the present study provides
evidence that SAC can indeed induce differentiation of two
discrete B cell subpopulations via two distinct activation path-
ways: small, preproliferated resting B cells are induced by
SAC-stimulation to differentiate into Ig-secreting cells through
vigorous proliferation step; on the contrary, large, postprolif-
erated resting B cells can differentiate without replication in
response to SACand T cell factors. Therefore, the usual mea-
sure via SAC-induced proliferation and differentiation for
evaluation of B cell function could represent a function of
genuine resting B cells (located in a preproliferated state) and
that of partially activated B cells (located in a postproliferated
state), respectively. Moreover, this proposition that high and
low density B cells belong in genuine resting B cells and par-
tially activated B cells, respectively, may be further supported
by difference in the ratio of IgM+IgD-/IgM+IgD' between the
high and low density B cells. The increase in IgM+/IgD' ratio
has been considered by Cohen et al. (50, 51) and Kuritani et al.
(37) to indicate advanced B cell maturity because lipopolysac-
charide-activated murine B cells display a similar characteris-
tic (51) and human B cells responsive to pokeweed mitogen
that is considered to act on partially activated B cells belong to
a surface IgD- subpopulation (37). Therefore, the increased
ratio of surface IgM+IgD-/IgM+IgD' in the low density B cells
indicates that although they belong in the resting B cells, they
must be located in partially activated status. The high density
B cells that bear IgM+IgD' on surfaces could be located in
genuine resting status.

In summary, B cells localized in certain activation stages
could differentiate directly into Ig-secreting cells without pro-
liberation events. Normal human circulating so called "resting
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B cells" could contain, at least in part, such B cells. The dis-
section of the B cell populations responsible for replication
and/or differentiation should provide new insight into the ex-
istence of functional subsets of human B cells as well as B cell
activation processes. Further clarification of these issues'may
give an important clue to the pathogenesis of diseases involved
in abnormalities of B cell activation, such as autoimmune
diseases, immune deficiencies, and immune aberration asso-
ciated with aging.
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