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Commitment of B Lymphocytes to a Plasma Cell Fate Is
Associated with Blimp-1 Expression In Vivo'

Cristina Angelin-Duclos,* Giorgio Cattoretti,” Kuo-I Lin,* and Kathryn Calame®*

B lymphocyte-induced maturation protein-1 (Blimp-1) is a transcriptional repressor that is sufficient to trigger terminal differ-
entiation in the B cell lymphoma BCL-1. In this study, we have determined the expression pattern of Blimp-1 in vivo in primary
and secondary lymphoid organs of humans and immunized mice. Blimp-1 is expressed in plasma cells derived from either a
T-independent or T-dependent response in plasma cells that have undergone isotype switching and those resulting from secondary
immunization. Blimp-1 is also present in long-lived plasma cells residing in the bone marrow. However, Blimp-1 was not detected
in memory B cells. This expression pattern provides further evidence of a critical role for Blimp-1 in plasma cell development,
supporting earlier studies in cultured lines. Significantly, Blimp-1 was also found in a fraction (4-15%) of germinal center B cells
in murine spleen and human tonsils. Blimp-1 expression in the germinal center is associated with an interesting subset of cells with
a phenotype intermediate between germinal center B cells and plasma cells. In the mouse, Blimp-1" germinal center B cells peak
at day 12 postimmunization and disappear soon thereafter. They are not apoptotic, some are proliferating, they express germinal
center markers peanut agglutinin or CD10 but not Bcl-6, and most express CD138 (syndecan-1), IRF4, and cytoplasmic Ig.
Together, these data support a model in which B cell fate decisions occur within the germinal center and Blimp-1 expression is

critical for commitment to a plasma cell, rather than a memory cell, fate. The Journal of Immunology, 2000, 165: 5462-5471.

aive B lymphocytes develop continuously from pluripo-
N tential progenitors in the bone marrow and migrate to

peripheral lymphoid organs where they encounter Ags.
Binding of cognate Ag initiates a complex set of events that ulti-
mately results in formation of both Ag-specific memory B cells
and Ab-secreting plasma cells (1-3). Plasma cells, which represent
the terminal stage of B cell development, are effector cells that
secrete large amounts of Ab, no longer express MHC class II or
respond to T cell help and do not divide.

The decision to become a plasma cell occurs at varying times
and in different sites during a humoral immune response (4). Ex-
posure of B cells to T-independent (TI)*> Ags activates prolifera-
tion and formation of foci of Ab-forming cells (AFC) in periarte-
riolar lymphoid sheaths (PALS) of secondary lymphoid organs.
These plasma cells secrete Abs with relatively low affinity for Ag,
usually of the IgM class, and are short-lived. Following exposure
to T-dependent (TD) Ags, two distinct paths of B cell development
are possible. The first is similar to the TI response and involves
rapid clonal expansion of activated B cells which form foci of AFC
in the T cell-rich areas of lymphoid organs, providing immediate
Ag clearance. These early foci of AFC, which mainly produce
low-affinity Abs, peak 8—10 days after immunization and then re-
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gress rapidly (5, 6). The alternate developmental choice for TD-
activated B cells is entry into a lymphoid follicle to establish a
germinal center (GC) (5, 7, 8). GC B cells, in association with
follicular dendritic cells and Ty, cells, undergo rapid proliferation,
somatic hypermutation, and affinity maturation. B cells that exit
the GC adopt one of two fates: they become either memory cells
or plasma cells (9—-11). Plasma cells, that develop in the GC, mi-
grate to the bone marrow (12—14) where they secrete high-affinity
Abs and where they may persist for many months in the absence
of further proliferation (1, 15, 16). Upon secondary exposure to TD
Ags, circulating or marginal zone memory cells proliferate both in
T cell-rich regions and in GCs of spleen and lymph nodes. This
secondary response leads rapidly to development of plasma cells
secreting Abs with high affinity for Ag (17).

Little is known about the molecular mechanisms that determine
the development of B cells following exposure to cognate Ag,
particularly those involved in the choices between a short-lived
plasma cell vs GC development or plasma vs memory fate follow-
ing the GC reaction. We are studying the role of a transcriptional
repressor called B lymphocyte maturation protein-1 (Blimp-1) in
terminal B cell development. Although several transcription fac-
tors (NF-«B/Rel, BSAP, PU.1, Spi-B, and Aiolos) are important
for early steps in B cell lymphopoiesis and others (Oct-2, OCA-B,
IRF4, E2A, and Bcl-6) are required for activated or GC B cells (18,
19), Blimp-1 is the only transcription factor known to be expressed
in B cell lines representing mature or plasma cells but not in lines
representing earlier stages of B cell development (20, 21).

Blimp-1 is a 98-kDa protein containing five Kruppel-type zinc fin-
gers that confer sequence specific DNA binding (22, 23). Based on
studies in B cell lines, Blimp-1 has been postulated to be a master
regulator of terminal B cell differentiation. In the BCL-1 lymphoma
model of differentiation from a mature B cell to a plasma cell, ectopic
expression of Blimp-1 is sufficient to cause terminal differentiation
evidenced by loss of surface Ig, IgM secretion, expression of synde-
can-1 on the cell surface, and cessation of cell division (20, 24, 25).
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Blimp-1 acts as a direct transcriptional repressor of the c-myc gene
(24) and the CIITA gene® in B cells.

Although studies in cell lines suggest that Blimp-1 is likely to
play a key role in plasma cell development, the expression pattern
of Blimp-1 in normal B cells has not been studied. The data re-
ported here show that Blimp-1 is expressed in plasma cells result-
ing from TI Ags, in plasma cells from both primary and secondary
responses to TD Ags, and in long-lived plasma cells resident in the
bone marrow. This is consistent with its previously suggested role
as a regulator of terminal B cell differentiation. In addition, we
show that Blimp-1 is not expressed in memory cells but is ex-
pressed in a small subset of GC B cells that have a partial plasma
cell phenotype. These data suggest that expression of Blimp-1 is
important for the commitment of GC B cells to a plasma cell fate.

Materials and Methods

Immunization

C57BL/6 (The Jackson Laboratory, Bar Harbor, ME) mice 810 wk old
were immunized i.p. with 25 ug of (4-hydroxy-3-nitrophenyl)acetyl (NP)-
Ficoll in 0.1 ml of saline (0.85% NaCl) or 100 ug of NP-keyhole limpet
hemocyanin (KLH) alum precipitated (Biosearch Technologies, Novato,
CA) in 0.2 ml of saline. Secondary immunization was done with 100 ug of
alum-precipitated NP-KLH. Four weeks elapsed between primary and sec-
ondary immunization.

Antibodies

Rabbit polyclonal anti-Blimp-1 was kindly provided by Mark Davis (20).
Anti-CD138 (antimouse syndecan-1) and anti-B220 were purchased from
PharMingen (San Diego, CA); anti-peanut agglutinin (PNA) and anti-
PNA-biotin were obtained from Vector Laboratories (Burlingame, CA);
anti-Ki-67 (clone TEC-3), anti-CD10 (clone 56C6), anti-CD20 (clone
L26), anti-CD138 (antihuman syndecan-1), and anti-CD23 were purchased
from Serotec; HRP-streptavidin and alkaline phosphatase (AP)-streptavi-
din were obtained from Dako (Carpinteria, CA); anti-A and all secondary
Abs, biotin or AP conjugated, were purchased from Southern Biotechnol-
ogy Associates (Birmingham, AL); anti-CD3-biotin and anti-CD20-FITC
were obtained from Becton Dickinson (Mountain View, CA); anti-CD38-
biotin was obtained from Caltag (South San Francisco, CA); and anti-IgD-
FITC was purchased from Dako.

Immunohistochemistry

Spleens were removed at indicated times after immunization and fixed in
1% paraformaldehyde overnight at 4°C, embedded in paraffin blocks, and
processed by routine methods. Dewaxed sections were microwaved in 10
mM EDTA (pH 8) for 15 min (26), cooled, blocked with 3% human AB
serum (Sigma, St. Louis, MO), and incubated overnight with appropriate
dilutions of primary Abs and control sera. Sections were stained by a dou-
ble-immunoenzyme technique using the biotin-avidin-peroxidase system
and AP system. First, a rabbit anti-mouse Blimp-1 polyclonal (1:1000) or
control serum was used. The sections were washed in washing buffer (TBS:
50 mM Tris (pH 7.5) and 0.1% Tween 20) and counterstained with 1:200
diluted, biotin-conjugated, mouse and human serum-adsorbed goat anti-
rabbit Ab (Southern Biotechnology Associates). Finally, HRP-streptavidin
was added and, after washing, developed with aminoethylcarbazole (Sig-
ma). After color development the sections were incubated with the second
primary Ab for 2-16 h at room temperature, at the dilutions suggested by
manufacturers. Following washing, sections were incubated with the ap-
propriate secondary Ab either biotin or AP conjugated (1:200 dilutions); in
the former case, sections were finally incubated with streptavidin-AP (1:
300 dilution). AP was developed by fast blue and napthol AsBi-phosphate
(Sigma) substrate. Slides were lightly counterstained with hematoxylin.

Double immunofluorescence to detect Blimp-1 and Ki-67

Following treatment of paraffin-embedded spleen sections as described for
immunohistochemistry, sections were blocked in TBS-3% serum for 10
min at room temperature. Blimp-1 antiserum (1:1000 dilution) was incu-
bated overnight. Sections were washed five times with TBS-0.1%Tween 20
and incubated for 45 min with anti-rabbit IgG-biotin conjugated; following
quenching of endogenous peroxidase, streptavidin-HRP (1:500 dilution)
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was added for 45 min. The Blimp-1 signal was enhanced with the tyramide
amplification system (NEN Life Science Products, Boston, MA); sections
were incubated with TBS-1% BSA prior addition of tyramide-biotin di-
luted 1:500 into Holmes buffer for 30 min. At this step, rat anti-Ki-67 (1
ng/ml) was added for overnight incubation. After washing, sections were
incubated with FITC (tetramethylrhodamine isothiocyanate)-conjugated
goat anti-rat (red color) Ig. A second round of primary and secondary Ab
incubation (1 h each) was performed, followed by a 45-min incubation with
streptavidin-7-amino-4-methylcoumarin-3-acetic acid to detect Blimp-1
(blue color). After final washings, coverslips were applied on sections us-
ing Vectashield (Vector Laboratories).

Double immunofluorescence to detect Blimp-1 and IRF4

Double immunofluorescence was performed on human tonsil sections by
incubating fixed slides with the two primary Abs: rabbit anti-Blimp-1 and
mouse anti-IRF4 (27). After overnight incubation, sections were washed
and stained with both tetramethylrhodamine isothiocyanate-conjugated
goat anti-rabbit Ab and FITC-conjugated goat anti-mouse Ab. A second
round of primary and secondary Ab incubation (1 h each) was performed
to enhance specific staining. After final washings, coverslips were applied
on sections using Vectashield (Vector Laboratories).

In situ TUNEL assay

The TUNEL assay was performed using an in situ detection kit following
the manufacturer’s instructions (Boehringer Mannheim GmbH, Mannheim,
Germany) with the following modifications. Tonsil sections were fixed and
stained with Blimp-1 Ab as described in immunohistochemistry methods.
Sections were then labeled with 50 ul (3-fold diluted in appropriate buffer)
of the TUNEL reaction mixture for 60 min at 37°C, washed, and then
incubated for 30 min with 50 ul of converter AP. The slides were rinsed
and incubated for 10 min at room temperature with 100 ul of fast blue/
napthol AsBi phosphate solution.

Isolation of IgD~, CD38~, CD20™ memory cells

Human tonsils taken from patients during routine tonsillectomy were finely
minced and the resulting cell suspension was subject to depletion of T cells
by rosetting with sheep RBC. Partially purified B cells were incubated for
20 min with biotin-conjugated mouse Abs against CD3, CD38, and IgD
and with FITC-conjugated mouse Ab against CD20. Following washes,
cells were incubated for 15 min with streptavidin-APC. FITC-CD20",
APC-(CD38/CD3/IgD)~, FITC-CD20~, and APC-(CD38/CD3/IgD)"e"
were sorted using FACStar (Becton Dickinson Immunocytometry Systems,
San Jose, CA). Sorted cells were cytocentrifuged for 5 min at 800 rpm on
microscope slides, dried at room temperature for 1 h, fixed for 10 min in
10% buffered Formalin and 10 min in methanol, and then stained with
Blimp-1 polyclonal Ab as described for immunohistochemistry.

Results
Blimp-1 is expressed in plasma cells formed during a TI
response

We wished to confirm Blimp-1 expression in plasma cells formed
in vivo during an immune response and also wished to determine
whether Blimp-1 expression varied in plasma cells formed during
a TI or TD response. A recent report using in vitro culture has
suggested that Blimp-1 expression is limited to TI responses (28).
To determine whether Blimp-1 is expressed in short-lived, low-
affinity plasma cells generated in response to a TI Ag, mice were
immunized with NP (3) coupled to Ficoll (NP-Ficoll). This im-
munogen produces a TI response which is genetically restricted in
C57BL/6 mice to production of Abs that predominately contain A
light chains (14).

Mice were sacrificed 10 days after immunization and paraffin-
embedded spleen sections were stained with Abs recognizing
Blimp-1, A chains, and syndecan-1 (Fig. 1). The specificity of
Blimp-1 antiserum used in all our experiments was confirmed by
blocking with recombinant Blimp-1 protein before immunohisto-
chemistry (data not shown). Blimp-17 (nuclear staining shown in
red) and syndecan-1" (surface staining shown in blue) cells were
detected in PALS of the spleen where foci of AFC are normally
found (Fig. 1A). Ninety-four percent of the syndecan™ cells
present in the PALS were Blimp-1" and 97% of Blimp-17 cells
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FIGURE 1. Immunohistochemical staining for Blimp-1 in spleen sections of mice immunized with TI Ag NP-Ficoll. A, Nuclear Blimp-1 staining (red)
and surface syndecan-1staining (blue) detect double-positive plasma cells. B, Blimp-1 (red) and A (blue) staining detects double-positive cells.

were found to be syndecan™. These cells represent Ig-secreting
plasma cells (29). When spleen sections were stained for expres-
sion of A light chain, large clusters of A™ cells (blue staining) were
detected in the PALS of immunized mice but not in control mice,
where A" cells represented <5% of Ig-expressing cells (data not
shown). Thus, the A" cells represent plasma cells that resulted
from immunization with the TI Ag NP-Ficoll. Nuclear Blimp-1
expression was detected in 85% the A" cells (red nucleus sur-
rounded by cytoplasmic staining for A) and 94% of the syndecan™
cells (Fig. 1B). Analysis of serial sections showed that some cells
appear to be Blimp-1— because the plane of the section does not
pass through the center of the nucleus, thus not allowing detection
of Blimp-1. These data show that Blimp-1 is expressed in plasma
cells derived from a TI response to NP-Ficoll.

Blimp-1 is expressed in plasma cells formed during a TD
immune response

To investigate the expression of Blimp-1 in plasma cells resulting
from a TD Ag, C57BL/6 mice were immunized with NP hapten
conjugated with KLH. Splenic sections were analyzed by immu-
nohistochemistry at intervals during the response.

Ten days after immunization, clusters of Blimp-17 cells (nucle-
ar staining shown in red) were observed in PALS and red pulp of
the spleen. Ninety-seven percent of Blimp-1"* cells were synde-
can-1* (Fig. 2A). B cells showing strong expression of B220
(B220M#") (surface staining shown in blue) were negative for
Blimp-1 expression (left, Fig. 2B), whereas B220~ "™ cells were
Blimp-17(Fig. 2B), consistent with a plasma cell phenotype (17).

The immune response to NP-KLH in C57BL/6 mice is geneti-
cally restricted (30, 31): the majority of primary Abs bear the A
light chain (32) and use the V186.2 V,; gene segment (30). The
pattern of the response is also well characterized (5). Six days after
immunization, foci of A cells appear in the extrafollicular areas of
lymphoid organs along one face of the T cell-rich areas of the
PALS; these represent short-lived plasma cells that survive for a
few days and secrete low-affinity IgM (5). These foci decrease in
size after day 8; the cells become increasingly dispersed and lose
their intimate association with the PALS (5).

When spleen sections obtained from mice 6 days after immu-
nization were analyzed by immunohistochemistry, clusters of A™
Blimp-17" cells were observed along the PALS (Fig. 2C). These
cells are also syndecan-1* (Fig. 2D) and most likely represent
short-lived plasma cells that arise during the early phase of a TD
response (17). A" Blimp-1" cells were also detected 12 and 15
days after immunization in PALS (data not shown) and red pulp

when the A" cells start to lose intimate association with PALS (5).
Thus, Blimp-1 is expressed in the short-lived terminally differen-
tiated plasma cells that arise during the primary immune response
to the TD Ag NP-KLH. Spleen sections from immunized animals
were also stained to detect cytoplasmic expression of non-IgM
isotypes in plasma cells. Blimp-1 protein was observed in the nu-
clei of IgG1" and IgA™ plasma cells (data not shown). Thus,
Blimp-1 expression is not limited to the IgM-secreting cells and
Blimp-1 is expressed in plasma cells that have undergone isotype
switching. Blimp-1 was also observed in syndecan™ plasma cells
in human tonsils (see Fig. 7), adenoids (data not shown), and
lymph nodes (Fig. 2E).

Plasma cells that arise from the GC reaction migrate to the bone
marrow where they survive without undergoing any further pro-
liferation and are responsible for long-term Ab production (14, 16,
33). Mouse bone marrow cells and sections from human bone mar-
row were stained with Blimp-1 and syndecan-1 Abs. Blimp-1"*
(nuclear staining in blue) syndecan™ (surface staining in red) cells
were detected both in mouse (data not shown) and human bone
marrow (Fig. 2F). Thus, Blimp-1 is expressed in long-lived plasma
cells that home to the bone marrow.

Blimp-1 is expressed in plasma cells formed during a secondary
immune response but not in memory B cells

The GC reaction produces memory B cells as well as plasma cells.
Upon secondary stimulation with Ag, memory cells proliferate and
differentiate into Ig-secreting plasma cells. To understand the in-
volvement of Blimp-1 in response to secondary stimulation,
C57BL/6 mice, previously immunized with NP-KLH, were
boosted 1 mo after primary immunization. This immunization pro-
tocol gives a strong secondary IgG1 response (34). Spleen sections
from boosted animals, along with spleen sections from control
mice (not boosted), were analyzed for cytoplasmic IgG1 (blue) and
nuclear Blimp-1 (red). Spleens from animals receiving a secondary
immunization show large clusters of IgG1™ plasma cells (Fig. 3)
not observed in control mice (data not shown). These clusters of
IgG1™ cells, most likely derived from secondary immune re-
sponse, were mainly Blimp-1* (Fig. 3, higher magnification).
Thus, Blimp-1 is expressed in plasma cells that arise from a sec-
ondary immune response to NP-KLH.

We also wished to determine whether Blimp-1 was expressed in
memory cells before differentiation in response to secondary an-
tigenic challenge. To address this question, we analyzed B cells in
human tonsils, where the localization and surface phenotype of
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FIGURE 2. Immunohistochemical staining for Blimp-1 in spleen sections of mice immunized with TD Ag NP-KLH. A, Blimp-1 (red) and syndecan-1
(blue) staining in spleen PALS detects double-positive plasma cells; these cells are also B220 (blue) negative or low consistent with their plasma cell
phenotype (B). C, Blimp-1(red) and A (blue) staining on spleen sections obtained from mice at day 6 after immunization show clusters of double-positive
cells; these cells are also syndecan-1" (blue) according to their plasma cell phenotype (D). Blimp-1 (blue nuclear staining) and syndecan-1 (surface red
staining) (note reversal of colors) identify plasma cells in human lymph nodes (E). Blimp-1 (blue nuclear staining) and syndecan-1 (surface red staining)
(note reversal of colors) identify clusters of plasma cells in human bone marrow (F).

memory B cells have been defined more clearly than in mice (35).
Human memory B cells are CD20", CD138~ (syndecan-1),
CD237CD10™, and IgD; this phenotype distinguishes them from naive
B cells (CD20"CD23*1gD™), GC B cells (CD20"CD38"CD10™),
and plasma cells (CD20~ CD38"CDI138") (35). Another distinguishing
characteristic of human memory B cells is their localization to specific
areas within the tonsillar epithelium (35).

Serial sections of tonsils were stained with Abs against the sur-
face markers CD10, CD138, CD23, CD20, and Blimp-1 as indi-
cated in Fig. 4. Since Blimp-1 is abundantly expressed in epithelial
cells (D. Chang and C. Angelin-Duclos, unpublished data), the
tonsillar epithelial regions were easily identified by strong staining
for Blimp-1 (in red). In Fig. 4A, the section was stained with a
mixture of antisera against CD10, CD138, CD23 (surface staining
in blue), and Blimp-1 (nuclear staining in red). Cells that stain blue

on the surface with this mixture of Abs are naive, GC, or secreting
B cells but are not memory B cells. As expected, some of these
cells express Blimp-1. In Fig. 4B, the section was stained with
anti-CD20 (surface staining in blue) and anti-Blimp-1 (nuclear
staining in red). Clusters of CD20™ cells within the tonsillar epi-
thelium (see boxed region, Fig. 4B), that were negative for CD10,
CD138, and CD23 (see boxed region, Fig. 4A) have a memory cell
phenotype (35). These cells do not express Blimp-1 although
Blimp-1"CD20~ cells, presumably plasma cells, were observed in
other areas of the section.

We also sorted memory (CD20"IgD~CD38 CD37) cells and
a fraction enriched for plasma cells (CD38"&"CD20 ™) from puri-
fied tonsillar B cells (36) using flow cytometry. The sorted cells
(Fig. 5) were stained for expression of Blimp-1. The IgD*
CD3"CD38*CD20™ fraction contained Blimp-1" cells which are
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FIGURE 3. Immunohistochemical staining for Blimp-1 (red) and IgG1 (blue) in sections of spleen from mice following a secondary immunization with
NP-KLH. Left panel, large clusters of IgG1™" plasma cells that are also Blimp-1" in the enlarged region on the right side of the panel.

probably plasma cells (CD38CD20 ™) and provide a positive con-
trol in this experiment; however, no Blimp-17 cells were observed
in the CD20*IgD CD38 fraction. Thus, we conclude that
Blimp-1 is undetectable, and unlikely to be expressed, in memory
B cells.

Blimp-1 is expressed in a subset of GC B cells that have a
partial plasma cell phenotype

During a TD response, plasma cells (that express Blimp-1) and
memory cells (that do not express Blimp-1) are produced by GCs.
When murine GCs were analyzed, we found that a small but re-
producible subset of the PNA* GC B cells was Blimp-1* (Fig.
6A). During the primary immune response to NP-KLH, GCs are
observed in the spleen at day 5, reach maximum expansion at day
12, and persist until at least day 20 (5, 37). To determine when
Blimp-1" cells appeared during GC formation, spleen sections
from mice immunized with NP-KLH were analyzed 5, 8, 12, 15,
and 22 days after immunization for expression of Blimp-1 (red
nuclear staining) and PNA (blue surface staining). Both the total
number of Blimp-17 cells per GC and the frequency of Blimp-1"
cells in GCs were low at days 5 and 8, high at day 12, and then fell
rapidly by day 15 (Table I). This pattern suggests that Blimp-1"
cells, once formed, do not remain in the GC.

FIGURE 4. Immunohistochemical stain-
ing for Blimp-1 in human tonsils. Serial sec-
tions were stained for Blimp-1(red) and a
mixture of CD10, CD138, CD23 (blue, A), or
Blimp-1 and CD20 (B). Tonsillar epithelial
regions are boxed (upper panels) and en-

Further analysis of GCs in spleens 12 days after immunization
revealed Blimp-1" (red nuclear staining) A™ (blue staining) cells
(Fig. 6B), confirming that these cells resulted from immunization
with NP-KLH. In the Blimp-1" A™ cells, A staining was stronger
than in the majority of GC cells and appeared to be localized to the
cytoplasm rather than on the surface, showing that these cells were
secreting Ig.

GC centroblasts undergo very active proliferation whereas cen-
trocytes do not divide. Based on the Blimp-1-dependent repression
of c-myc transcription and cessation of proliferation observed in
the BCL-1 cell model, we expected that Blimp-1 expression in the
GC would be limited to centrocytes. To test this hypothesis, we
used Ab to Ki-67, a nucleolar protein present only in dividing cells
(38) to distinguish GC centroblasts (large cells) from centrocytes
(small cells, Ki-67"). Surprisingly, two-color immunofluores-
cence, using Blimp-1 and Ki-67 Abs, revealed that at least half of
the Blimp-1* GC cells were Ki-67" (Fig. 6, C-E). Thus, our data
show that some of the Blimp-1" cells in the GC are proliferating
centroblasts.

GCs in human tonsils and adenoids were also examined, and
Blimp-1 expression was observed in ~15% of CD10" GC cells.
To characterize these cells further, human tonsils were stained for
expression of CD10 and Bcl-6 (characteristic of GC B cells);

larged in the lower panels; epithelial cells
are detected by strong Blimp-1" staining.
Boxed regions show clusters of CDI10™,
CD138~, CD23~ (A), CD20*(B), and
Blimp-1— memory cells.
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CD38/gD/CD3

FIGURE 5. A, Flow cytometry analysis
of tonsillar cells stained with anti-IgD,
anti-CD38, and anti-CD3-APC and anti-
CD20-FITC. B, A population enriched
for plasma cells was sorted by gating
on CD20 IgD"CD38"CD3" cells. C,
Memory cells were sorted by gating on
CD20"IgD CD38 CD3~ cells. Sorted
populations were cytocentrifuged, immu-
nostained for Blimp-1 (red), and counter- i
stained with hematoxylin (blue).

CD138 and IRF4 (characteristic of Ig-secreting plasma cells),
CD23 (characteristic of mature mantle B cells and follicular den-
dritic cells), and CD20 (characteristic of pre-B, resting, activated,
or memory B cells, but not plasma cells) (39-41). Fig. 7, A-D,
shows serial sections of a tonsillar GC and extrafollicular regions
stained for Blimp-1 (red) and for CD10, CD138, CD20, or CD23
(in blue), and Fig. 7 (E-G) shows a tonsillar GC stained for
Blimp-1 and IRF-4. Blimp-1" plasma cells were observed outside
the follicles (Fig. 7B); in addition, ~15% of the CD10™" GC cells
were Blimp-17 (Fig. 7A). Frequently the Blimp-17 cells in human
GCs were organized in clusters, possibly around a follicular den-
dritic cell (see boxed regions in A=D). These clustered Blimp-1~
cells are CD10™ (Fig. 7A), CD138™ (Fig. 7B), CD20~ (although
a few are positive) (Fig. 7C), CD23~ (Fig. 7D), IRF4* (Fig. 7,

A ’

A bl | e | A |

CD20

Memory cells

E-G), and Bcl-6~ (data not shown). Expression of CD138 and
IRF4 and loss of expression of Bcl-6 and CD20 are characteristic
of plasma cells rather than GC cells or memory cells.

Enforced expression of Blimp-1 in cultured lines representing
pre-B or mature B cell developmental stages causes apoptosis (24,
42). Therefore, we wondered whether Blimp-1 expression in GC B
cells was associated with apoptosis. In situ TUNEL assay was
performed on the human tonsil sections in combination with
Blimp-1 staining. Most Blimp-17 (red nuclear staining) cells were
not TUNEL™ (Fig. 7H). Because we were technically unable to
detect both Blimp-1 and dUTP incorporation using double immu-
nofluorescence, we cannot rule out the possibility that some
TUNEL" cells may be Blimp-1*. However, by analyzing serial
sections that were single stained with Blimp-1 or TUNEL (data not

B -
: "t"’ !".

_Iambda

FIGURE 6. Immunohistochemical (A and B) and immunofluorescent (C—E) staining for Blimp-1 in GCs of mice immunized with TD Ag. A, Nuclear
Blimp-1 staining (red) and PNA surface staining (blue) detects Blimp-1"PNA™ cells in GC (double-positive cells are indicated by the arrows); some of
the GC Blimp-17 cells, indicated by the arrows, are A* (blue, B). C, Nucleolar proliferating marker Ki-67 (nuclear red fluorescence); Blimp-1 is detected
in the same section (nuclear blue fluorescence). D, Blimp-1 and Ki-67 double-positive cells are detected in purple (E).
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Table I.  Count of Blimp-1" cells in GC of mice immunized with NP-KLH*

IN VIVO Blimp-1 EXPRESSION

Day 5° Day 8 Day 12 Day 15 Day 22
Section 1 2 1 1 2 1 2 1 2
No. of GC/section 16 17 7 20 34 17 27 14 19
No. of PNA*/GC 10-50 10-50 20-100 20-60 20-300 15-200 30-70 25-80 30-80 15-60
Total PNA */section 370 400 250 300 1300 1400 500 920 700 650
Total Blimp* in GC/section 3 2 1 41 62 3 10 2 2
% Blimp " PNA™ 0.8 0.5 0.4 3.1 44 0.6 1 0.28 0.3

“ The count of Blimp-1* cells in GC was performed on spleen sections of two mice for each time point after immunization. Number of GC and PNA™ cells/GCs were counted
in each section. Numbers of PNA™ cells of each GC in a specific section were pooled together as well as for Blimp-1* cells. Percentage of Blimp-1"PNA™ cells was calculated

on the total numbers of PNA™ cells per section.
” Count of PNA™ cells at day 5 was performed in two sections per mouse.

shown), we conclude that many/most Blimp-1" cells are not
TUNEL™. In addition, none of the Blimp-1" cells have an apo-
ptotic morphology. Therefore, the data show that expression of
Blimp-1 in GC B cells is not obligatorily associated with
apoptosis.

In summary, we show that a subset of GC B cells expresses
Blimp-1 in both mouse and human. These cells are not apoptotic
and some of them are proliferating. In mice, their numbers peak at
day 12 following immunization with NP-KLH and they do not
accumulate in the GC thereafter. Although GC markers, PNA, or
CD10 are expressed on these cells, they also express CD138 and
IRF4, but not Bcl-6 and appear to be secreting Ig, suggesting ac-
quisition of a partial plasma cell phenotype.

Discussion

Blimp-1 was first identified as a master regulator B cell terminal
differentiation in the BCL-1 culture model (20) and subsequent
studies have further defined its role and mechanism of action in
cultured cells (24, 42, 43). To understand the role of Blimp-1 in the
development of B cells in vivo, we have studied the expression
pattern of Blimp-1 during immune responses of mice to the well-
characterized hapten NP and in human lymphoid tissues. We show
that Blimp-1 is expressed in plasma cells of all types, including
those formed in a primary response to NP presented as a TI or a
TD Ag, in those formed in a secondary response to NP presented
as a TD Ag and in long-lived plasma cells that home to the bone
marrow. There was no evidence of Blimp-1 expression in memory
cells. Intriguingly, Blimp-1 was found in a subset of GC B cells in
human tonsils and murine spleen. The phenotype of these cells is
intermediate between GC B cells and plasma cells, suggesting in-
volvement of Blimp-1 in commitment of GC B cells to a plasma
cell fate.

Blimp-1 is present in plasma cells but not in memory cells

During a primary response, two types of plasma cells are formed.
Outside of the follicles, short-lived plasma cells producing IgM
with low affinity for Ag (29) provide the first response to TD Ags
and the only response to TI Ags. In response to TD Ags, longer-
lived plasma cells secreting IgG or IgA with higher affinity for Ag
are formed after B cells undergo affinity maturation and isotype
switching. Long-lived plasma cells in the bone marrow are thought
to be derived from plasma blasts that exit the GC (14, 43, 44).
High-affinity isotype-switched plasma cells are also formed from
memory cells in a secondary immune response. Blimp-1 was
present in plasma cells in the PALS, resulting from a primary
response to either TI or TD Ags, and in plasma cells arising from
a secondary response to a TD Ag. In addition, the presence of
Blimp-1 in GC B cells (Fig. 6) further confirms that Blimp-1 is
induced during a TD response.

The small percentage of Blimp-1"* syndecan™ cells may repre-
sent precursors of the AFC in which the syndecan marker is not yet
expressed. A similar precursor can be found in the GC where a
small percentage of Blimp-1* syndecan™ cells is also observed.
Blimp-1 expression in these cells may represent one of the early
signals required for differentiation into short-lived AFC.

Blimp-1 was also present in the long-lived plasma cells resident
in the bone marrow. It has been suggested that Blimp-1 in short-
lived plasma cells is associated with apoptosis due to repression of
the anti-apoptotic gene A/ (43), and this possibility is consistent
with our data. However, since Blimp-1 is also expressed in long-
lived plasma cells, its expression is not necessarily associated with
apoptosis in all plasma cells. Expression of Blimp-1 in all types of
plasma cells is consistent with the presence of Blimp-1 in murine
plasmacytoma and human myeloma cell lines and with its induc-
tion during terminal differentiation of BCL-1 cells to a plasma cell
phenotype.

However, our results differ from a previous report in which an
antisense strategy was used to inhibit Blimp-1 expression in cul-
tured splenocytes (28). In this study, Blimp-1 appeared to be re-
quired for a TI but not for a TD response when splenocytes were
treated in vitro with anti-CD40 mAb and IL-4. It seems likely that
differences between stimulation of splenocytes in culture and an
immune response in vivo account for the apparent discrepancy,
particularly since the role of CD40 in a TD immune response and
its role in plasma cell terminal differentiation is still debated (46—
50). It is also formally possible that even though Blimp-1 is ex-
pressed in plasma cells formed during a TD response in vivo, it is
not required for that response. The final resolution of this question
awaits B cell-specific deletion of the Blimp-1 gene in vivo.

Our studies on human tonsils revealed no evidence for Blimp-1
in CD20"CD23 CD138 CDI10~ memory cells found in the ep-
ithelial area of tonsils (Fig. 4) or in purified populations of memory
cells (Fig. 5). Thus, it is clear that Blimp-1 is not expressed in most
memory cells. This finding is similar to that of Nagumo et al. (51),
who also reported lack of Blimp-1 in CD20™ cells purified from
human PBLs. Given our understanding that Blimp-1 induces Ig
secretion and represses c-myc and class II MHC expression, it is
reasonable that memory cells, which retain surface Ig and class II
MHC expression (35, 52) and retain the ability to proliferate, do
not express Blimp-1.

Blimp-1" cells in the GC may be committed to a plasma
cell fate

Finding Blimp-1 in a subset of GC B cells, in both murine spleen
and human tonsils and adenoids, was unexpected based on the
previously observed expression pattern of Blimp-1 in B cell lines.
The majority of Blimp-1" GC cells are viable and some are pos-
itive for Ki-67, a marker of proliferating cells. Thus, Blimp-1 does
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FIGURE 7. Immunohistochemical staining for Blimp-1 in GCs of human tonsils. Serial sections were stained for Blimp-1 (red) and for surface markers
CD10, CD138, CD20, and CD23 (blue) as indicated (A—D). Boxed regions of each panel are enlarged to show the phenotypic features of the Blimp-1"
cells in the GCs. They mostly are CD10™, CD138*, CD20~, CD23 ™. E-G, E shows in red, fluorescent nuclear staining for Blimp-1 in tonsillar GC; IRF-4
is detected in the same section with a green fluorescence (G); Blimp-1"IRF-4" cells are detected in yellow (F). H, TUNEL assay on human tonsils; the
section was stained for TUNEL (blue) and Blimp-1 (red), bottom panel; an enlarged region of this panel shows that most of the Blimp-17 cells are not

TUNEL™".
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not cause apoptosis in these cells as it does when ectopically ex-
pressed in B cell lines representing earlier stages of development
(24, 42).

Centroblasts are highly proliferative and probably receive mul-
tiple mitogenic signals that activate c-myc transcription. We hy-
pothesize that Blimp-1-dependent repression of c-myc transcrip-
tion may be overcome by these signals so that centroblasts express
Blimp-1 as well as c-Myec. In centroblasts, Blimp-1 may regulate
other target genes, such as A/ (43) or CIITA.* Once B cells leave
the dark zone or the GC, strong proliferative signals that activate
c-myc transcription may be lost, allowing Blimp-1 to repress c-myc
transcription, leading to cessation of cell cycle that accompanies
terminal differentiation.

Blimp-1" cells in the GC appear to represent a dynamic tran-
sition from a GC phenotype (CD10™ or PNA™, CD20*, CD138,
surface Ig) to an AFC phenotype (CD10™ or PNA™, CD20", Bcl-
6, IRF4™, CD138™, Ig secreting). In both human and murine
GCs, the Blimp-17 cells were predominately syndecan-1* (70%);
in the mice immunized with NP-KLH, A expression in Blimp-1"
GC cells was cytoplasmic, consistent with cells secreting Ig rather
than expressing Ig on the surface. The Blimp-1"CD10* GC
cells in tonsils were predominately CD138 IRF4*CD20~ Bcl-
6-CD237, a phenotype associated with AFC. AFC have been ob-
served in the GC previously (53-57). More recently IRF4, which
is required for formation of Ig-secreting cells (58), was shown to
be expressed in a subset of GC B cells with an AFC phenotype
(27). Indeed, we found that IRF4 and Blimp-1 are expressed in the
same subset of GC cells. The existence in the GC of this Blimp-
17IRF4™ subset with an AFC phenotype implies that the fate de-
cision between memory cells and AFC occurs before B cells leave
the GC.

Blimp-1" cells appear in the GC early in the primary response
and peak at day 12; thereafter, they disappear rapidly (Table I).
This timing is consistent with previous reports that AFC are pro-
duced in the GC earlier than the bulk of memory cells (54, 59-62).
The data also suggest that, once formed, Blimp-17 cells do not
accumulate in the GC but exit rapidly. This observation leads to
the interesting possibility that expression of Blimp-1 is important
for the decision of an AFC to exit the GC as well as with com-
mitment to an AFC phenotype.

Further study on the role and regulated expression of Blimp-1 is
likely to illuminate important aspects of AFC differentiation in the
GC. In particular, it will be important to determine whether induc-
tion of Blimp-1 in the GC is stochastic or instructed. Cytokine-
dependent induction of Blimp-1 mRNA in cell culture models sug-
gests that it may be instructed (20, 24). Furthermore, studies with
primary cultures of human tonsillar B cells suggest that CD40/
CD40 ligand signals favor memory cell differentiation and block
plasma cell differentiation (36). Consistent with an instructive
model, treatment with CD40 ligand blocks Blimp-1 induction as
well as plasma cell differentiation in the CH12 cell line (50).
Plasma cell differentiation appears to be driven by signals from
0X40 ligand, CD27, and cytokines, including IL-10, IL-3, and
IL-6 (10, 51, 63, 64). In addition, a recent report suggests that a
threshold level of Ag affinity is required for development of AFC
but not memory cells (62) although another study did not observe
this requirement (65). Thus, signaling via B cell receptor may be
important for Blimp-1 induction. It will be important to learn if one
or a combination of these signals induces expression of Blimp-1 in
GC B cells.

Acknowledgments
We are grateful to Dr. Garnett Kelsoe for critically reading this manuscript
and to Dr. Alan Stall and our colleagues in the Calame laboratory for

IN VIVO Blimp-1 EXPRESSION

helpful discussions. The antiserum to Blimp-1 was a kind gift from Dr.
Mark Davis.

References

1. McHeyzer-Williams, M. G., and R. Ahmed. 1999. B cell memory and the long-
lived plasma cell. Curr. Opin. Immunol. 11:172.

2. Zubler, R. 1997. Key differentiation steps in normal B cells and in myeloma cells.
Semin. Hematol. 34:13.

3. Duchosal, M. 1997. B-cell development and differentiation. Semin. Hematol.
34:2.

4. Liu, Y. J.,J. Zhang, P. J. Lane, E. Y. Chan, and I. C. MacLennan. 1991. Sites of
specific B cell activation in primary and secondary responses to T cell-dependent
and T cell-independent antigens. [Published erratum appears in 1992 Eur. J. Im-
munol. 22:615.] Eur. J. Immunol. 21:2951.

5. Jacob, J., R. Kassir, and G. Kelsoe. 1991. In situ studies of the primary immune
response to (4-hydroxy-3- nitrophenyl)acetyl. I. The architecture and dynamics of
responding cell populations. J. Exp. Med. 173:1165.

6. Smith, K. G., T. D. Hewitson, G. J. Nossal, and D. M. Tarlinton. 1996. The
phenotype and fate of the antibody-forming cells of the splenic foci. Eur. J. Im-
munol. 26:444.

7. MacLennan, I. C. 1994. Germinal centers. Annu. Rev. Immunol. 12:117.

8. Kelsoe, G. 1996. Life and death in germinal centers (redux). Immunity 4:107.

9. Han, S., B. Zheng, Y. Takahashi, and G. Kelsoe. 1997. Distinctive characteristics
of germinal center B cells. Semin. Immunol. 9:255.

10. Choi, Y. S. 1997. Differentiation and apoptosis of human germinal center B-
lymphocytes. Immunol. Res. 16:161.

11. Przylepa, J., C. Himes, and G. Kelsoe. 1998. Lymphocyte development and se-
lection in germinal centers. Curr. Top. Microbiol. Immunol. 229:85.

12. Koch, G., D. G. Osmond, M. H. Julius, and R. Benner. 1981. The mechanism of
thymus-dependent antibody formation in bone marrow. J. Immunol. 126:1447.

13. Dilosa, R. M., K. Maeda, A. Masuda, A. K. Szakal, and J. G. Tew. 1991. Ger-
minal center B cells and antibody production in the bone marrow. J. Immunol.
146:4071.

14. Smith, K. G., A. Light, G. J. Nossal, and D. M. Tarlinton. 1997. The extent of
affinity maturation differs between the memory and antibody-forming cell com-
partments in the primary immune response. EMBO J. 16:2996.

15. Slifka, M. K., M. Matloubian, and R. Ahmed. 1995. Bone marrow is a major site
of long-term antibody production after acute viral infection. J. Virol. 69:1895.

16. Slifka, M. K., R. Antia, J. K. Whitmire, and R. Ahmed. 1998. Humoral immunity
due to long-lived plasma cells. Immunity 8:363.

17. McHeyzer-Williams, M. G. 1997. Immune response decisions at the single cell
level. Semin. Immunol. 9:219.

18. Glimcher, L. H., and H. Singh. 1999. Transcription factors in lymphocyte devel-
opment—T and B cells get together. Cell 96:13.

19. Ye, B. H., G. Cattoretti, Q. Shen, J. Zhang, N. Hawe, R. de Waard, C. Leung,
M. Nouri-Shirazi, A. Orazi, R. S. Chaganti, et al. 1997. The BCL-6 proto-onco-
gene controls germinal-centre formation and Th2- type inflammation. Nat. Genet.
16:161.

20. Turner, C. A., Jr., D. H. Mack, and M. M. Davis. 1994. Blimp-1, a novel zinc
finger-containing protein that can drive the maturation of B lymphocytes into
immunoglobulin-secreting cells. Cell 77:297.

21. Henderson, A., and K. Calame. 1998. Transcriptional regulation during B cell
development. Annu. Rev. Immunol. 16:163.

22. Keller, A. D., and T. Maniatis. 1992. Only two of the five zinc fingers of the
eukaryotic transcriptional repressor PRDI-BF1 are required for sequence-specific
DNA binding. Mol. Cell. Biol. 12:1940.

23. Keller, A. D., and T. Maniatis. 1991. Identification and characterization of a
novel repressor of beta- interferon gene expression. Genes Dev. 5:868.

24. Lin, Y., K. Wong, and K. Calame. 1997. Repression of c-myc transcription by
Blimp-1, an inducer of terminal B cell differentiation. Science 276:596.

25. Angelin-Duclos, C., G. Cattoretti, D. Chang, K. Lin, Y. Lin, J. Yu, and
K. Calame. 1999. The role of B lymphocyte induced maturation protein-1
(BLIMP-1) in terminal differentiation of B cells and other cell lineages. Cold
Spring Harbor Symp. Quant. Biol. 64:61.

26. Cattoretti, G., S. Pileri, C. Parravicini, M. H. Becker, S. Poggi, C. Bifulco,
G. Key, L. D’Amato, E. Sabattini, E. Feudale, et al. 1993. Antigen unmasking on
Formalin-fixed, paraffin-embedded tissue sections. J. Pathol. 171:83.

27. Falini, B., M. Fizzotti, A. Pucciarini, B. Bigerna, T. Marafioti, M. Gambacorta,
R. Pacini, C. Alunni, L. Natali-Tanci, B. Ugolini, et al. 2000. A monoclonal
antibody (MUM 1p) detects expression of the MUMI1/IRF4 protein in a subset of
germinal center B cells, plasma cells, and activated T cells. Blood 95:2084.

28. Soro, P. G., A. P. Morales, M. J. Martinez, A. S. Morales, S. G. Copin,
M. A. Marcos, and M. L. Gaspar. 1999. Differential involvement of the tran-
scription factor Blimp-1 in T cell-independent and -dependent B cell differenti-
ation to plasma cells. J. Immunol. 163:611.

29. McHeyzer-Williams, M. G., M. J. McLean, P. A. Lalor, and G. J. Nossal. 1993.
Antigen-driven B cell differentiation in vivo. J. Exp. Med. 178:295.

30. Bothwell, A. L., M. Paskind, M. Reth, T. Imanishi-Kari, K. Rajewsky, and
D. Baltimore. 1981. Heavy chain variable region contribution to the NPb family
of antibodies: somatic mutation evident in a y2a variable region. Cell 24:625.

31. Cumano, A., and K. Rajewsky. 1985. Structure of primary anti-(4-hydroxy-3-
nitrophenyl)acetyl (NP) antibodies in normal and idiotypically suppressed
C57BL/6 mice. Eur. J. Immunol. 15:512.

32. Jack, R. S., T. Imanishi-Kari, and K. Rajewsky. 1977. Idiotypic analysis of the
response of C57BL/6 mice to the (4-hydroxy-3- nitrophenyl)acetyl group. Eur.
J. Immunol. 7:559.

2202 ‘6 3sn3ny uo 1sons Aq /310 jounwwail: mmm//:dny woiy papeoiumo


http://www.jimmunol.org/

The Journal of Immunology

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Manz, R. A., A. Thiel, and A. Radbruch. 1997. Lifetime of plasma cells in the
bone marrow. Nature 388:133.

McHeyzer-Williams, M. G., G. J. Nossal, and P. A. Lalor. 1991. Molecular char-
acterization of single memory B cells. Nature 350:502.

Liu, Y. J, C. Barthelemy, O. de Bouteiller, C. Arpin, I. Durand, and
J. Banchereau. 1995. Memory B cells from human tonsils colonize mucosal ep-
ithelium and directly present antigen to T cells by rapid up-regulation of B7-1 and
B7-2. Immunity 2:239.

Arpin, C., J. Dechanet, C. Van Kooten, P. Merville, G. Grouard, F. Briere,
J. Banchereau, and Y. J. Liu. 1995. Generation of memory B cells and plasma
cells in vitro. Science 268:720.

Kelsoe, G. 1995. In situ studies of the germinal center reaction. Adv. Immunol.
60:267.

Kubbutat, M. H., G. Key, M. Duchrow, C. Schluter, H. D. Flad, and J. Gerdes.
1994. Epitope analysis of antibodies recognising the cell proliferation associated
nuclear antigen previously defined by the antibody Ki-67 (Ki- 67 protein). J. Clin.
Pathol. 47:524.

Sanderson, R. D., T. B. Sneed, L. A. Young, G. L. Sullivan, and A. D. Lander.
1992. Adhesion of B lymphoid (MPC-11) cells to type I collagen is mediated by
integral membrane proteoglycan, syndecan. J. Immunol. 148:3902.

Cattoretti, G., C. C. Chang, K. Cechova, J. Zhang, B. H. Ye, B. Falini,
D. C. Louie, K. Offit, R. S. Chaganti, and R. Dalla-Favera. 1995. BCL-6 protein
is expressed in germinal-center B cells. Blood 86:45.

Ling, N., I. C. MacLennan, and D. Mason. 1987. B-cell and plasma cell antigens:
new and previously defined clusters. In Leukocytes Typing III. A. J. McMichael,
ed. Oxford Univ. Press, Oxford, p. 302.

Messika, E. J., P. S. Lu, Y. J. Sung, T. Yao, J. T. Chi, Y. H. Chien, and
M. M. Davis. 1998. Differential effect of B lymphocyte-induced maturation pro-
tein (Blimp-1) expression on cell fate during B cell development. J. Exp. Med.
188:515.

Knodel, M., A. W. Kuss, D. Lindemann, I. Berberich, and A. Schimpl. 1999.
Reversal of Blimp-1-mediated apoptosis by Al, a member of the Bcl-2 family.
Eur. J. Immunol. 29:2988.

Tew, J. G., R. M. DiLosa, G. F. Burton, M. H. Kosco, L. I. Kupp, A. Masuda, and
A. K. Szakal. 1992. Germinal centers and antibody production in bone marrow.
Immunol. Rev. 126:99.

Takahashi, Y., P. R. Dutta, D. M. Cerasoli, and G. Kelsoe. 1998. In situ studies
of the primary immune response to (4-hydroxy-3-nitrophenyl)acetyl. V. Affinity
maturation develops in two stages of clonal selection. J. Exp. Med. 187:885.
Kawabe, T., T. Naka, K. Yoshida, T. Tanaka, H. Fujiwara, S. Suematsu,
N. Yoshida, T. Kishimoto, and H. Kikutani. 1994. The immune responses in
CD40-deficient mice: impaired immunoglobulin class switching and germinal
center formation. Immunity 1:167.

Han, S., K. Hathcock, B. Zheng, T. B. Kepler, R. Hodes, and G. Kelsoe. 1995.
Cellular interaction in germinal centers: roles of CD40 ligand and B7-2 in es-
tablished germinal centers. J. Immunol. 155:556.

Grabstein, K. H., C. R. Maliszewski, K. Shanebeck, T. A. Sato, M. K. Spriggs,
W. C. Fanslow, and R. J. Armitage. 1993. The regulation of T cell-dependent
antibody formation in vitro by CD40 ligand and IL-2. J. Immunol. 150:3141.
Maliszewski, C. R., K. Grabstein, W. C. Fanslow, R. Armitage, M. K. Spriggs,
and T. A. Sato. 1993. Recombinant CD40 ligand stimulation of murine B cell
growth and differentiation: cooperative effects of cytokines. Eur. J.mmunol. 23:
1044.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

5471

Randall, T. D., A. W. Heath, L. Santos-Argumedo, M. C. Howard,
I. L. Weissman, and F. E. Lund. 1998. Arrest of B lymphocyte terminal differ-
entiation by CD40 signaling: mechanism for lack of antibody-secreting cells in
germinal centers. Immunity 8:733.

Nagumo, H., K. Agematsu, K. Shinozaki, S. Hokibara, S. Ito, M. Takamoto,
T. Nikaido, K. Yasui, Y. Uehara, A. Yachie, and A. Komiyama. 1998. CD27/
CD70 interaction augments IgE secretion by promoting the differentiation of
memory B cells into plasma cells. J. Immunol. 161:6496.

Arpin, C.,J. Banchereau, and Y. J. Liu. 1997. Memory B cells are biased towards
terminal differentiation: a strategy that may prevent repertoire freezing. J. Exp.
Med. 186:931.

Tew, J. G., R. M. DiLosa, G. F. Burton, M. H. Kosco, L. I. Kupp, A. Masuda, and
A. K. Szakal. 1992. Germinal centers and antibody production in bone marrow.
Immunol. Rev. 126:99.

Kosco, M. H., and D. Gray. 1992. Signals involved in germinal center reactions.
Immunol. Rev. 126:63.

Kosco, M. H., G. F. Burton, Z. F. Kapasi, A. K. Szakal, and J. G. Tew. 1989.
Antibody-forming cell induction during an early phase of germinal centre devel-
opment and its delay with ageing. Immunology 68:312.

Tew, J. G., G. F. Burton, A. K. Szakal, and M. H. Kosco. 1988. A subpopulation
of germinal center B cells differentiate directly into antibody forming cells upon
secondary immunization. Adv. Exp. Med. Biol. 237:215.

Arpin, C., O. de Bouteiller, D. Razanajaona, I. Fugier-Vivier, F. Briere,
J. Banchereau, S. Lebecque, and Y. J. Liu. 1998. The normal counterpart of IgD
myeloma cells in germinal center displays extensively mutated IgVH gene,
Cu-Cé switch, and A light chain expression. J. Exp. Med. 187:1169.
Mittrucker, H. W., T. Matsuyama, A. Grossman, T. M. Kundig, J. Potter,
A. Shahinian, A. Wakeham, B. Patterson, P. S. Ohashi, and T. W. Mak. 1997.
Requirement for the transcription factor LSIRF/IRF4 for mature B and T lym-
phocyte function. Science 275:540.

Liu, Y. J., J. Zhang, P. J. Lane, E. Y. Chan, and I. C. MacLenan. 1991. Sites of
specific B cell activation in primary and secondary responses to T cell-dependent
and T cell-independent antigens. Eur. J. Immunol. 21:2951.

Smith, K. G., A. Light, G. J. Nossal, and D. M. Tarlinton. 1997. The extent of
affinity maturation differs between the memory and antibody-forming cell com-
partments in the primary immune response. EMBO J. 16:2996.

Ridderstad, A., and D. M. Tarlington. 1998. Kinetics of establishing the memory
B cell population as revealed by CD38 expression. J. Immunol. 160:4688.
Smith, K. G., A. Light, L. A. O’Reilly, S. M. Ang, A. Strasser, and D. Tarlinton.
2000. bel-2 transgene expression inhibits apoptosis in the germinal center and
reveals differences in the selection of memory B cells and bone marrow antibody-
forming cells. J. Exp. Med. 191:475.

Liu, Y. J., and J. Banchereau. 1997. Regulation of B-cell commitment to plasma
cells or to memory B cells. Semin. Immunol. 9:235.

Choe, J., and Y. S. Choi. 1998. IL-10 interrupts memory B cell expansion in the
germinal center by inducing differentiation into plasma cells. Eur. J. Immunol.
28:508.

Takahashi, Y., D. M. Cerasoli, J. M. Dal Porto, M. Shimoda, R. Freund, W. Fang,
D. G. Telander, E. N. Malvey, D. L. Mueller, T. W. Behrens, and G. Kelsoe.
1999. Relaxed negative selection in germinal centers and impaired affinity mat-
uration in Bcl-X transgenic mice. J. Exp. Med. 190:399.

2202 ‘6 3sn3ny uo 1sons Aq /310 jounwwail: mmm//:dny woiy papeoiumo


http://www.jimmunol.org/

